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Self-imaging phenomena for nonperiodic waves along a parabolic trajectory
encompass both the Talbot effect and the accelerating Airy beams. Beyond the
ability to guide waves along a bent trajectory, the self-imaging component
offers invaluable advantages to lensless imaging comprising periodic repeti-
tion of planar field distributions. In order to circumvent thermoviscous and
diffraction effects, we structure subwavelength resonators in an acoustically
impenetrable surface supporting spoof surface acoustic waves (SSAWSs) to
provide highly confined Airy-Talbot effect, extending Talbot distances along
the propagation path and compressing subwavelength lobes in the perpen-
dicular direction. From a linear array of loudspeakers, we judiciously control
the amplitude and phase of the SSAWs above the structured surface and
quantitatively evaluate the self-healing performance of the Airy-Talbot effect
by demonstrating how the distinctive scattering patterns remain largely
unaffected against superwavelength obstacles. Furthermore, we introduce a
new mechanism utilizing subwavelength Airy beam as a coding/decoding
degree of freedom for acoustic communication with high information density

comprising robust transport of encoded signals.

Artificially structured media in materials and physics sciences have
become a landmark in the scenery of man-made wave responses com-
prising unusual acoustic, optical and mechanical characteristics'™.
Negative refraction” ™, cloaks of invisibility and unhearability'*?°, and
topological wave-based phases® are a few of many exciting directions
in the seemingly ever-growing frontier. These exceptional responses
and wave functionalities stem from diffractive characteristics at super-
wavelength scales but are also engineered using units that are built at
subwavelength dimensions.

The Talbot effect is a classical phenomenon in optics discovered
in 1836 in which near-field diffraction of a periodic structure repli-
cates itself at a designated position referred to as the Talbot
distance”*, Another prominent diffraction phenomenon is the Airy
beam which displays a parabolic intensity bending of its main lobe with
exceptional resilience against perturbations. This effect that was

named after Sir George Biddel Airy, who derived the Airy integral in
connection with optical caustics, has demonstrated its significance
through the ability to direct light or sound along curved paths®~%,
Such unusual yet spectacular bent routes for waves have particularly
capitalized on the use of metamaterials and metasurfaces, which
enable the necessary phase and amplitude textures for the desired
outcome™ .,

The Airy-Talbot effect, which is reminiscent, yet quite different
from the Talbot effect, depicts that a superposition of fundamentally
accelerating beams can reproduce themselves at fixed intervals along
curved trajectories, which greatly broadens the potential of conven-
tional self-imaging. Although previously reported studies have
explored the Airy-Talbot effect in optics***, the observation of the
Airy-Talbot effect for acoustic waves still remains highly challenging,
which is chiefly ascribed to the following reasons. First, caused by
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severe diffraction in free space, an acoustic Airy beam undergoes rapid
spreading during propagation, which hinders the collective super-
position of several Airy beams and perfect periodic reproduction of
the subwavelength amplitude profiles. Moreover, the attenuation
coefficient of sound waves in free space is significantly larger than that
of optical waves, which means that thermoviscous losses restrict the
extended propagation lengths and the formation of self-imaging in the
acoustic regime. Lastly, considering the long wavelength of acoustic
waves, the experimental implementation will be unpractically large in
comparison to the optical counterpart*®. Conclusively, the experi-
mental observation of the acoustic Airy-Talbot effect still remains
challenging.

In this article, we report the theoretical and experimental reali-
zation of the Airy-Talbot effect using sound waves. By employing a
metasurface, we combine the Talbot effect with Airy beams and
quantitatively evaluate their resilience against superwavelength rigid
objects, during which sonic self-healing persists. In order to overcome
the above-named problems in terms of attenuation and diffraction, we
structure Helmholtz resonators (HRs) into an otherwise acoustically
impenetrable surface to sustain SSAWs. Our demonstration showcases
a significant reduction in the transverse lobe profiles, alongside the
capacity to extend the self-imaging of multiple Airy beams along
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Fig. 1| Schematic of superwavelength self-healing effect of spoof surface sonic
Airy-Talbot waves. a The metasurface consisting of Helmholtz resonators (HRs)
above which the spoof surface sonic Airy-Talbot waves are launched. The red line
denotes the distribution of the incident sound waves’ amplitude which resumes to
its original shape at regular distances. The image of the speakers is created with
Adobe Photoshop 2022. b Zoomed-in view of the metasurface shown in (a). The
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curved paths to farther distances, both thanks to the subwavelength
SSAWs. Thus, the realization of surface-confined self-imaging along
curved trajectories at deeply subwavelength scales facilitates distinct
self-healing capabilities against superwavelength objects. Further-
more, we experimentally exemplify resilient parallel multiplexing of
acoustic images by utilizing subwavelength Airy beam as a novel
encoding/decoding degree of freedom in two dimensions. Despite the
reduction of system dimensions in comparison with the existing free-
space sound communication paradigm, our proposed scheme enables
high-quality robust data transmission, which should be significant for
diverse applications ranging from on-chip signal transfer*” and filtering
to acoustofluidic manipulation*®.

Results

Theory of spoof surface sonic Airy-Talbot waves

Figure 1a schematically depicts the robust transmission mechanism of
the Airy-Talbot effect. The Airy beams, which are scattered by the
superwavelength cylinder located on the transmission path, resume
their amplitude envelopes at regular distances. A line array of loud-
speakers is utilized to emit the accelerated wave packet of almost
arbitrary shape. The holey metasurface consisting of HRs, functions as
the acoustic guiding surface, which sustains the propagation of SSAWs
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lower-right inset shows the unit cell and the upper-right inset shows the corre-
sponding first Brillouin zone. ¢ Dispersion curve of the metasurface, where the
symbols, blue and red lines represent the theoretical, numerical results and air line,
respectively. Pressure amplitude plots and profiles at two self-imaging planes of
transmitting d, e one and f, g two Airy beams, respectively.
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(as shown in Supplementary Fig. 1). A microphone is located at the self-
reproducing plane to detect the transmitted signals.

As depicted in Fig. 1b, our metasurface under study contains
periodically arranged Helmholtz-like subwavelength resonators,
whose circular necks are in plane with the surface. The lattice con-
stant a is 2 cm, the diameter of the aperture D is 0.7 cm, the depth of
the resonator h is 0.75 cm, the length of the cavity w is 1.8 cm, the
depth of the cavity ¢ is 0.55cm, and the wall thickness d is 0.1cm,
respectively.

For the lossless metasurface in air, (0o =1.21kg/m?, co =343 m/s),
we obtain the SSAW dispersion relation as follows**™!

® w? PoCo \2
k= |1+ ( oC ) , M
* COJ (@2 — @) \Mir@®

where k, is the wavenumber, w is the angular frequency,
Wyr = /1/MgrCur is the resonance frequency of the HRs. Since the
calculated equi-frequency contour (EFC) at the working frequency is
near perfectly circular, we only need to calculate the dispersion
relation along k, (see Supplementary Note 2 for more details). Myr and
Cyr are the acoustic mass and the acoustic capacitance of HRs,
respectively, which can be written through the structural parameters

_ ta-2d)
g @

Figure 1c displays the computed SSAW dispersion relation, in
which the analytical expression from Eq. (1) displays a remarkably
good agreement with finite element simulations. When cutoff is
reached, i.e., @ = wy, the band asymptotically approaches a perfectly
flat band for k, — oo. This means that even when additional Airy
beams are superimposed, we are able to reduce the transverse extent,
i.e., generating the entire spatially bent Airy beam profile at compact
source array scales. To further demonstrate the subwavelength pro-
pagation property, we compare the amplitude profiles of a single Airy
beam propagating in free space and above the metasurface, showing
the subwavelength spatial compression above the SSAWs metasurface
(see Supplementary Notes 3-5 for more details). Additionally, along
the longitudinal axis, the band flattening effect shrinks the effective
wavelength, which in turn extends the Talbot distance along the pro-
pagation length, enabling Airy beams to interfere adequately at pro-
nounced distances (see Supplementary Note 6 wherein we
demonstrate the capability of metasurfaces in modulating Talbot
distances).

In the next part, we prove mathematically the acoustic Airy-Talbot
effect. In homogeneous isotropic discrete media, the Airy beam can be
written as

POY) = CoA {y -(3) 2} exp {i () - z’l‘—;} , 3

where the c, is the arbitrary coefficient, Ai is the Airy function, x and y
are the normalized propagation distance and transverse coordinate, i
is the imaginary unit. Figure le depicts the simulated results of
amplitude distributions along two self-imaging planes marked by
dashed lines in Fig. 1d. Throughout the paper, the finite element
method based on COMSOL Multiphysics software is used for the
numerical simulations.

Furthermore, we superpose the Airy beams at periodic intervals
and write the sound field as

Py = {Zn:CnAi {J’ - (;)2 - nd] exp(— %inAx) } exp [i <x7y> - ')1%] 4)

where A is the interval of Airy beams. The Talbot length can be
deduced as (see Supplementary Note 7 for detailed derivations)

4
Xp= Tn 6))

The coordinate variables x, y and the interval period of Airy beams
A in Egs. (3-5) are dimensionless. For simplicity but without losing
generality, we use two Airy beams to display the Airy-Talbot effect and
set the interval between each two Airy beams as 0.45m to obtain a
suitable self-imaging distance (Fig. 1f, g). It is worth noting that more
incident Airy beams will allow for a better Talbot effect, which, how-
ever, calls for a larger experimental setup and a more complicated
design of the sound source. In our current design, to facilitate the
experimental implementation, we emit two Airy beams to display the
Airy-Talbot effect, which is sufficient to validate the mechanism of the
self-imaging effect (See Supplementary Fig. 9 for more details). In
addition, for the purpose of avoiding thermal viscosity and anisotropy,
we set the operation frequency at 3170 Hz, which is slightly off-
resonance (see Supplementary Note 9 for the discussion of thermo-
viscous losses). The sound velocity of the SSAWs is calculated as
¢=253.6 m/s. The Airy-Talbot effect is mathematically proved by the
calculated similarity between the amplitude profile at the sound
source with that at the self-producing plane where x = nxr=nx 0.65m
(n=1, 2), as demonstrated in Supplementary Note 7.

Experimental demonstration of the self-reconstruction and self-
healing effect

Considering the scattering of sound waves, the presence of obstacles
usually has an adverse impact, which is the main drawback in areas such
as communications. With the unique feature of self-healing®?*°*%,
Airy beams can remain largely intact against superwavelength scat-
terers. Here, we demonstrate experimentally the Airy-Talbot effect,
wherein the accelerated wave packet remains resilient in the presence
of superwavelength obstacles along its trajectory, ensuring a notable
level of transmission efficiency.

Figure 2a shows the experimental setup and structured surface
sample fabricated by 3D printing. The measurement is carried out in an
anechoic chamber to eliminate the undesired reflections from the
boundaries. Solid material for the SSAW device is chosen as
acrylonitrile-butadiene-styrene (ABS), which can be considered
acoustically rigid. The surrounding columns of holes are filled with
sound-absorption materials to mimic a perfect absorption boundary
for the SSAWs. The entire sound field near the metasurface sample is
measured utilizing a 1/4-in. free-field microphone (Briiel & Kaejr type-
4961) which is attached to a 3D stepping motor to scan the target
region point by point. Using full-wave simulations, a complex sound
source, whose amplitude and phase are asymmetric along the y-axis
and modulated as denoted by blue solid lines in Fig. 2b, c respectively,
is utilized to effectively mimic the incident SSAWs. Experimentally, an
array of 26 1.3-in. loudspeakers with a diameter of 3.3 cm is used for
such a system, whose amplitude profile is shown in Fig. 2b. Figure 2b, ¢
illustrates the discrete amplitudes and phases of each channel, as
indicated by the solid lines in red and blue. A single-chip-
microcomputer Arduino Mega 2560 is utilized to send the appro-
priate signals to each loudspeaker. Considering the size of our source,
the acoustic field can only be reproduced a limited number of times.
Yet, extending the source length increases the number of reproduc-
tions (see Supplementary Note 10 for more discussions about the
influence of the source’s length on the Airy-Talbot effect).

In order to explore quantitatively the influence of the size of an
obstacle on the Airy-Talbot effect, cylinders with radii of 1.3 cm, 5.1cm,
11.2cm, 12.7 cm (correspond to ka=1, 4, 8.8, 10) are successively
placed (x=0.15m, y=0.6 m) in the acoustic path of the main lobe of
the Airy beams, as shown in Fig. 2d-g.
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Fig. 2 | Design of the acoustic SSAW metasurface and self-reconstruction of the
Airy-Talbot effect. a Experimental setup and device model. b Amplitude dis-
tribution of the source comprising continuous (blue) and discretized (red) curves.
¢ Phase distribution. d-g Simulated acoustic fields with cylinders (ka=1, 4, 8.8
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(upper limit), 10) placed at (x=0.15m, y = 0.6 m) above the designed SSAW device.
k is the equivalent wavenumber and a is the radius of the obstacle. h-k Amplitude
profiles along the dashed lines denoted in (d-g). The theoretical and experimental
results are denoted by the red and blue lines, respectively.

We find that the main lobe that intentionally is being obstructed,
as expected, leaves an acoustic shadow behind the obstacle. However,
following the bent trajectory of the Airy-Talbot beam, it is visible that
self-healing takes place in that energy flux around the obstacle gra-
dually converges into the center to resuscitate the main lobe. To
unambiguously demonstrate this important feature, we draw the
amplitude profiles along the self-imaging plane in Fig. 2h-k. Similar to
the input and output signals without the object marked by the gray and
pink dashed lines, the diffractive fingerprints of the Airy-Talbot effect
are shown by the pronounced pressure peak of the main lobe at the
center of the self-imaging plane (y = 0.43 m). Here, we find that ka = 8.8
marks the upper limit (UL) at which self-healing prevails, i.e., where the
said peak remains almost unchanged and robust transmission is
guaranteed. Once ka exceeds the upper limit, the peak value will gra-
dually decrease and the amplitude profile will no longer be consistent
with the sound source’s (see Supplementary Notes 11 and 12 where we
demonstrate transmission robustness with scatterers of different radii
by measuring the acoustic field).

Two-dimensional spatial multiplexing via evanescent acoustic
Airy-Talbot modulation

The afore-discussed capability of simultaneously transmitting multiple
signals along a curvy trajectory, suggests a possibility to encode
information using parallel data transfer. In the following, we experi-
mentally showcase the application of the Airy-Talbot effect for the
realization of a two-path parallel communication system. A cylinder

with a radius of 11.2cm (ka=8.8) is placed at (x=0.15m, y=0.6 m),
with the intent to deliberately obstruct the data transmission of
channel 1 (Chl). We also prove the effectiveness when both channels
are blocked (see Supplementary Fig. 13). The experimentally executed
Airy-Talbot communication is shown in Fig. 3a, b, which clearly verifies
its resilience in multiplexed data. For simplicity, we input binary ima-
ges that only contain two types of pixels “1” and “0” encoded as
transmitted wave with normalized amplitude of 1 and O respectively.
By switching between Airy-Talbot and ordinary Airy beams in the time
domain, the emitting source is modulated to generate the multiplexed
data which is characterized by multiple binary signals transmitting
along different channels parallelly. To be specific, a single Airy beam
launching produces detectable signals in only one channel (corre-
sponding to {1,0} or {0,1}), while the Airy-Talbot mode displays
simultaneously two peaks resulting from the interference of two Airy
beams ({1,1}) (see Supplementary Notes 14 and 15 for the method of
parallel transmission and extracting the data stream). The important
self-healing effect ensures the restoration of the wavefront carrying
information along its path of Chl (Fig. 3c, d), which results in high
accuracy in data transmission and perfect reconstruction of encoded
images despite the presence of the superwavelength obstacle. It is
worthwhile that our proposed scheme is fundamentally different from
the acoustic spatial multiplexing which is interesting in underwater
communication®* and commonly relies on the use of vortex beams in
three-dimensional systems™, as it utilizes subwavelength Airy beam as
a new encoding/decoding degree of freedom for acoustic
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Fig. 3 | Parallel transmission of two binary images via Airy-Talbot modulation.
a Schematic diagram of the digital coding and parallel transmission using Airy-
Talbot sound. Two binary images of a lighthouse and a panda (each with 128 x 128
pixels) using two channels (Ch1/Ch2) are encoded by Airy beams and then trans-
mitted along curved paths marked in purple. Chl is obstructed by a super-
wavelength (ka = 8.8) cylinder. b Images are independently retrieved from the

Ho 1

received data carried by Airy beams in Chl and Ch2. ¢ Comparison between the
objective and received output. d Zoomed-in view of the red box part in (b). The two
colors of pixel are encoded by binary information “0” and “1”. The images of
lighthouse and panda are hand-painted and converted from RGB color to binary
images in Adobe Photoshop 2022.

communication with high information density in two dimensions and
enables the reduction on the system dimension while keeping a high-
quality robust acoustic data transmission.

Discussion

In conclusion, the Airy-Talbot effect is experimentally demonstrated
for sound on a metasurface. Thanks to the man-made dispersion of the
SSAWs that carry the Airy-Talbot beams, one is able to engineer the
structural parameters of the metasurface towards deeply sub-
wavelength scales. Different from the conventional Talbot effect, the
spatial superposition of Airy functions makes the self-imaging of
aperiodic signals possible*. In addition, inspired by the Talbot effect’s
applications, the Airy beams could be introduced to conventional
spatial multiplexing techniques, offering the possibility to further
enhance communication efficiency. Furthermore, our mechanism is
general and enables the design of more versatile functional devices in
other systems. It is worth mentioning that in addition to the acoustic
trapping and micromanipulation which Airy beams have been already
used for” ™, our demonstration, comprising Airy beams with self-
healing features, is ideal in the use for non-topological resilient data
transfer of parallel binary signals and may have far-reaching implica-
tions in diverse fields ranging from high-capacity communication to
on-chip applications.

Methods

Numerical simulation

Throughout the paper, the simulations are conducted with a finite
element method based on COMSOL Multiphysics software. The
physical properties of air at 293.15K and standard atmospheric

pressure are mass density po =1.21kg/m?, sound speed co =343 m/s,
thermal conductivity k=0.0258 W/(m-K), dynamic viscosity
u=181x10"kg/(m's), specific heat at constant pressure
C,=1.005 x10%J/(kg-K) and ratio of specific heats y=1.4. The solid
material for the SSAW device is chosen as acrylonitrile-butadiene-
styrene (ABS) with density 1180 kg/m® and sound speed 2700 m/s.

Experimental configuration

The experiment is performed in an anechoic chamber without inter-
ference from other obstacles. The sample of SSAW metasurface is
fabricated via 3D printing technology. Twenty-six loudspeakers (HiVi,
model B1S) are linearly arranged on an acrylic glass plate and a single-
chip microcomputer Arduino Mega 2560 is used to control the
amplitude and phase of the drive signal of each loudspeaker. One 1/4-
in. free-field microphone (Briiel & Kaejr type-4961) is placed at the self-
imaging plane to detect the signals. The real-time signals are recorded
with Briiel & Kaejr PULSE 3160-A-042 2-channel analyzer.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon request.

References
1. Cummer, S. A., Christensen, J. & Alu, A. Controlling sound with
acoustic metamaterials. Nat. Rev. Mater. 1, 16001 (2016).

Nature Communications | (2023)14:7633



Article

https://doi.org/10.1038/s41467-023-43379-9

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Mei, J. et al. Dark acoustic metamaterials as super absorbers for low-
frequency sound. Nat. Commun. 3, 756 (2012).

Ma, G. C. & Sheng, P. Acoustic metamaterials: from local reso-
nances to broad horizons. Sci. Adv. 2, 1501595 (2016).

Liang, Z. X. & Li, J. S. Extreme acoustic metamaterial by coiling up
space. Phys. Rev. Lett. 108, 114301 (2012).

Zhu, J. et al. A holey-structured metamaterial for acoustic deep-
subwavelength imaging. Nat. Phys. 7, 52-55 (2011).

Liu, N. et al. Three-dimensional photonic metamaterials at optical
frequencies. Nat. Mater. 7, 31-37 (2008).

Smith, D. R., Pendry, J. B. & Wiltshire, M. C. K. Metamaterials and
negative refractive index. Science 305, 788-792 (2004).

Zheng, X. Y. et al. Ultralight, ultrastiff mechanical metamaterials.
Science 344, 1373-1377 (2014).

Cheung, K. C. & Gershenfeld, N. Reversibly assembled cellular
composite materials. Science 341, 1219-1221 (2013).

Fang, N. et al. Ultrasonic metamaterials with negative modulus. Nat.
Mater. 5, 452-456 (2006).

Valentine, J. et al. Three-dimensional optical metamaterial with a
negative refractive index. Nature 455, 376-U32 (2008).

Lezec, H. J., Dionne, J. A. & Atwater, H. A. Negative refraction at
visible frequencies. Science 316, 430-432 (2007).

Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev.
Lett. 85, 3966-3969 (2000).

Li, J. & Chan, C. T. Double-negative acoustic metamaterial. Phys.
Rev. E 70, 055602 (2004).

Zhang, X.D. &Liu, Z. Y. Negative refraction of acoustic waves in two-
dimensional phononic crystals. Appl. Phys. Lett. 85,

341-343 (2004).

Cai, W. S., Chettiar, U. K., Kildishev, A. V. & Shalaev, V. M. Optical
cloaking with metamaterials. Nat. Photonics 1, 224-227 (2007).
Chen, H. Y., Chan, C. T. & Sheng, P. Transformation optics and
metamaterials. Nat. Mater. 9, 387-396 (2010).

Chen, H. Y. & Chan, C. T. Acoustic cloaking in three dimensions
using acoustic metamaterials. Appl. Phys. Lett. 91, 183518 (2007).
Zhang, S., Xia, C. G. & Fang, N. Broadband acoustic cloak for
ultrasound waves. Phys. Rev. Lett. 106, 024301 (2011).

Li, H. X. et al. Ultrathin acoustic parity-time symmetric metasurface
cloak. Research 2019, 8345683 (2019).

Lu, L., Joannopoulos, J. D. & Soljacic, M. Topological photonics. Nat.
Photonics 8, 821-829 (2014).

Rechtsman, M. C. et al. Photonic Floquet topological insulators.
Nature 496, 196-200 (2013).

Xiao, M., Lin, Q. & Fan, S. H. Hyperbolic Weyl point in reciprocal
chiral metamaterials. Phys. Rev. Lett. 117, 057401 (2016).

Yang, Z.Z.,Li, X.,Peng, Y. Y., Zou, X. Y. & Cheng, J. C. Helical higher-
order topological states in an acoustic crystalline insulator. Phys.
Rev. Lett. 125, 255502 (2020).

He, C. et al. Acoustic topological insulator and robust one-way
sound transport. Nat. Phys. 12, 1124 (2016).

Zhang, X. J., Zangeneh-Nejad, F., Chen, Z. G., Lu, M. H. &
Christensen, J. A second wave of topological phenomena in
photonics and acoustics. Nature 618, 687-697 (2023).

Talbot, H. F. Facts relating to optical science, No. IV. Philos. Mag. 9,
401-407 (1836).

Wen, J. M., Zhang, Y. & Xiao, M. The Talbot effect: recent advances
in classical optics, nonlinear optics, and quantum optics. Adv. Opt.
Photonics 5, 83-130 (2013).

Schmiedmayer, J. et al. Index of refraction of various gases for
sodium matter waves. Phys. Rev. Lett. 74, 1043-1047 (1995).
Simsarian, J. E. et al. Imaging the phase of an evolving Bose-
Einstein condensate wave function. Phys. Rev. Lett. 85,
2040-2043 (2000).

Dennis, M. R., Zheludev, N. |. & de Abajo, F. J. The plasmon Talbot
effect. Opt. Express 15, 9692-9700 (2007).

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Rayleigh, L. On copying diffraction-grating and on some phenom-
ena connected with therewith. Philos. Mag. 11, 196-205 (1881).

Tu, Z. F. et al. Airy-Talbot plasmon: an accelerating self-imaging
surface wave. Opt. Lett. 47, 1887-1890 (2022).

Zhang, Y. Q. et al. Dual accelerating Airy-Talbot recurrence effect.
Opt. Lett. 40, 5742-5745 (2015).

Siviloglou, G. A., Broky, J., Dogariu, A. & Christodoulides, D. N.
Observation of accelerating airy beams. Phys. Rev. Lett. 99,
213901 (2007).

Siviloglou, G. A. & Christodoulides, D. N. Accelerating finite energy
Airy beams. Opt. Lett. 32, 979-981 (2007).

Broky, J., Siviloglou, G. A., Dogariu, A. & Christodoulides, D. N. Self-
healing properties of optical Airy beams. Opt. Express 16,
12880-12891 (2008).

Airy, G. B. On the intensity of light in the neighbourhood of a caustic.
Trans. Cambridge Philos. Soc. 6, 379 (1838).

Zhang, P. et al. Generation of acoustic self-bending and bottle
beams by phase engineering. Nat. Commun. 5, 4316 (2014).
Chen, D. C., Zhu, X. F., Wu, D. J. & Liu, X. J. Broadband Airy-like
beams by coded acoustic metasurfaces. Appl. Phys. Lett. 114,
053504 (2019).

Chen, D. C., Zhu, X. F., Wei, Q., Wu, D. J. & Liu, X. J. Broadband
acoustic focusing by Airy-like beams based on acoustic meta-
surfaces. J. Appl. Phys. 123, 044503 (2018).

Gao, H. et al. Conformally mapped multifunctional acoustic meta-
material lens for spectral sound guiding and Talbot effect. Research
2019, 1748537 (2019).

Iwanow, R. et al. Discrete Talbot effect in waveguide arrays. Phys.
Rev. Lett. 95, 053902 (2005).

Ramezani, H., Christodoulides, D. N., Kovanis, V., Vitebskiy, I. &
Kottos, T. PT-symmetric Talbot effects. Phys. Rev. Lett. 109,
033902 (2012).

Wang, X. Y. et al. Self-focusing and the Talbot effect in conformal
transformation optics. Phys. Rev. Lett. 119, 033902 (2017).

Lumer, Y., Drori, L., Hazan, Y. & Segev, M. Accelerating self-imaging:
the Airy-Talbot effect. Phys. Rev. Lett. 115, 013901 (2015).
Mulvana, H., Cochran, S. & Hill, M. Ultrasound assisted particle and
cell manipulation on-chip. Adv. Drug Deliv. Rev. 65,

1600-1610 (2013).

Dai, H. Q., Liu, L. B., Xia, B. Z. & Yu, D. J. Experimental realization of
topological on-chip acoustic tweezers. Phys. Rev. Appl. 15,
064032 (2021).

Quan, L., Qian, F., Liu, X. Z., Gong, X. F. & Johnson, P. A. Mimicking
surface plasmons in acoustics at low frequency. Phys. Rev. B 92,
104105 (2015).

Christensen, J., Liang, Z. & Willatzen, M. Metadevices for the con-
finement of sound and broadband double-negativity behavior.
Phys. Rev. B 88, 100301 (2013).

Liu, J. J., Liang, B. & Cheng, J. C. Focusing a two-dimensional
acoustic vortex beyond diffraction limit on an ultrathin structured
surface. Phys. Rev. Appl. 15, 014015 (2021).

Epstein, K. J. & Wong, C. W. Nonspreading wave packets. Am. J.
Phys. 64, 1428-1428 (1996).

Greenberger, D. M. Nonspreading wave packets comment. Am. J.
Phys. 48, 256 (1980).

Jiang, X., Liang, B., Cheng, J. C. & Qiu, C. W. Twisted acoustics:
metasurface-enabled multiplexing and demultiplexing. Adv. Mater.
30, 1800257 (2018).

Wu, K. et al. Metamaterial-based real-time communication with high
information density by multipath twisting of acoustic wave. Nat.
Commun. 13, 5171 (2022).

Park, J. H. et al. Subwavelength light focusing using random
nanoparticles. Nat. Photonics 7, 455-459 (2013).

Li, B. S. et al. MIMO-OFDM for high-rate underwater acoustic
communications. IEEE J. Ocean. Eng. 34, 634-644 (2009).

Nature Communications | (2023)14:7633



Article

https://doi.org/10.1038/s41467-023-43379-9

58. Baum, B., Alaeian, H. & Dionne, J. A parity-time symmetric coherent
plasmonic absorber-amplifier. J. Appl. Phys. 117, 063106 (2015).

59. Mitri, F. G. Airy acoustical-sheet spinner tweezers. J. Appl. Phys. 120,
104901 (2016).

Acknowledgements

This work was supported by the National Key R&D Program of China
(Grant No. 2022YFA1404402 to B.L.), the National Natural Science
Foundation of China (Grant Nos. 11634006 to J.Cheng, 12174190 to
J.Y.,12304493 to J. L.), Jiangsu Provincial Natural Science Foundation of
China (Grant No. BK 20230767 to J. L.), High-Performance Computing
Center of Collaborative Innovation Center of Advanced Microstructures
and a Project Funded by the Priority Academic Program Development of
Jiangsu Higher Education Institutions. J.Christensen acknowledges
support from the Spanish Ministry of Science and Innovation through a
Consolidacion Investigadora grant (CNS2022-135706).

Author contributions

H.L. and J.L. performed the theoretical simulations; H.L., J.L., Z.C. and
K.W. designed and carried out the experiments; H.L., J.L., B.L., J.Y. and
J.Christensen wrote the paper; H.L., B.L., J.Y., J.Cheng and J.Christensen
guided the research. All authors contributed to data analysis and
discussions.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43379-9.

Correspondence and requests for materials should be addressed to Bin
Liang, Jing Yang, Jian-chun Cheng or Johan Christensen.

Peer review information Nature Communications thanks Dongmei
Dong, He Gao and Yanpeng Zhang for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7633


https://doi.org/10.1038/s41467-023-43379-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Superwavelength self-healing of spoof surface�sonic Airy-Talbot waves
	Results
	Theory of spoof surface sonic Airy-Talbot�waves
	Experimental demonstration of the self-reconstruction and self-healing effect
	Two-dimensional spatial multiplexing via evanescent acoustic Airy-Talbot modulation

	Discussion
	Methods
	Numerical simulation
	Experimental configuration

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




