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Abstract

The recently proposed bianisotropic acoustic metagrat-
ings offer promising opportunities for passive acoustic
wavefront manipulation, which is of particular interest
for flat acoustic lenses and ultra-high frequency ultra-
sound imaging. In this work we scale up the concept of
acoustic metagratings to MHz frequencies for airborne
ultrasound and thus to a microscopic size of metagrating
geometry. This leads to strongly increasing thermovis-
cous effects, which cause a drop in efficiency and a fre-
quency reduction of the transmission peak. We present
several microacoustic metagrating designs optimized for
refraction of a normally incident wave towards —35° at
2 MHz, with and without including the thermoviscous
effects in the modeling approach. Furthermore, we fabri-
cate and experimentally investigate the designs, demon-
strating the feasibility of microacoustic metagratings for
anomalous refraction at ultra-high frequencies. This ar-
ticle is a summary of Ref. [1].

Introduction

Acoustic metamaterials enable the creation of unique ma-
terial properties that do not exist in nature [2, 3, 4, 5],
such as negative bulk modulus and negative dynamic
mass density [6, 7]. These properties have drawn inter-
est in unconventional acoustic wave manipulation, lead-
ing to a wide range of applications, including acoustic
cloaking [8], subwavelength acoustic barriers [9, 10], flat
acoustic lenses [11], and ultrasonic imaging with sub-
wavelength resolution. Gradient metasurfaces, including
reflecting and refracting designs, have been experimen-
tally proven to be an effective passive approach for wave-
front control in ultrasonic imaging and acoustic lenses,
such as acoustic Fresnel lenses. In the case of airborne
ultrasound, ultra-high frequency ultrasound, which starts
from 0.5 MHz, poses challenges due to thermoviscous
losses at sound-hard boundaries [12, 13]. The use of thin
acoustic channels and Helmholtz resonators in gradient
acoustic metasurfaces exacerbates this problem, leading
to a need for alternative solutions. Bianisotropic meta-
gratings [14, 15, 16] (see Fig. 1) show promise in this
ultra-high frequency range, as their geometrical features
are larger than those of gradient metasurfaces. However,
scaling to ultra-high frequency ultrasound has never been
investigated due to the challenges in manufacturing such
microscopic structures and the need to make the design
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insensitive to thermoviscous losses. Recent developments
in the additive manufacturing of microscopic structures,
particularly two-photon lithography, have overcome one
of the major hurdles in the experimental realization of
microacoustic metagratings.
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Figure 1: Microacoustic metagrating with three diffraction
orders and viscous losses with a normal incident wave. Re-
fracted and reflected wavefronts are indicated by solid and
dashed arrows, respectively. The diffraction order is indicated
by the subscripts. The global metagrating parameters are the
lattice constant d and the grating thickness t. Adopted from
Ref. [1]

We present a novel concept of microacoustic metagrat-
ings in airborne ultra-high frequency ultrasound, which
can be used for flat acoustics, ultrasound imaging, and
acoustic spectroscopy with high spatial and temporal res-
olution. We set the target frequency to 2 MHz, which is
beyond the previously discussed frequency range in liter-
ature (see Ref.[1]). We chose a range of A and d values
that support only three propagating diffraction orders for
both refracted and reflected waves (-1, 0, and +1). The
metagrating lattice constant of 299 ym is determined by
the Bragg’s condition, where the -1st diffraction order is
aligned with the desired angle of -35.0 degrees. The re-
sulting metagrating can redirect the wave in six different
directions (three transmitted and three reflected diffrac-
tion orders) with the possibility of absorption as an addi-
tional energy channel. We use the finite element method
(FEM) framework to apply different design strategies,
including thermoviscous effects, to maximize the energy
transmitted into the -1st diffraction order. We design and
manufacture three different microacoustic metagratings



using two-photon polymerization, which has not been ex-
plored for acoustic metamaterials before. Our advanced
designs achieve highly directional refraction due to the
optimized meta-atoms’ bianisotropic properties [17, 18]
and the improvement of the models compared to com-
monly used lossless approaches, despite some energy dis-
sipation due to viscous losses in the narrow slits. These
metagratings can be used for various ultrasound applica-
tions, such as flat acoustic lenses for ultrasound imaging
with high temporal and spatial resolution or directional
shaping of high-frequency ultrasonic transducers for ges-
ture recognition.

Methods

Design. The COMSOL Multiphysics software with
Acoustics Module was used to solve the linearized Navier-
Stokes equations for numerical analysis. The model
assumed an infinite metagrating in a two-dimensional
space, with only one strip of length d being modeled.
To ensure solution periodicity, a Bloch-Floquet bound-
ary condition was imposed. Perfectly matched layers
(PML) were utilized to model the infinite domain exten-
sion above and below the metagrating. The transmission
and the reflection coefficients then follow as
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and the absorption coefficient as
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The transmitted energy distribution follows as
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To enhance the performance of an existing meta-atom
geometry, shape optimization (COMSOL Optimization
Module) was employed. The free fhape boundary method
was utilized to optimize the designs B and C. The bound-
ary of the geometry to be deformed was moved while
the Finite Element Method (FEM) mesh was deformed
around the geometry based on the smoothing type. To
achieve this, the three-term Yeoh hyperelastic model was
used with a stiffening factor of 10, which is an exten-
sion of the neo-Hookean material. The final geometries
of designs B and C were attained after 26 and 101 iter-
ations, respectively. Design C’s initial state was created
by performing topology optimization using the density
model in conjunction with the Helmholtz equation. In
this instance, the mesh stayed unchanged, and a domain
control variable was varied as it was discretized on the
mesh. The filter type was set to Helmholtz, the projec-
tion type to hyperbolic tangent, the interpolation type
to linear, and the element order to linear. Design C’s
intermediate geometry was achieved after 48 iterations.

Fabrication. Samples were produced using a two-
photon polymerization based additive manufacturing
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Figure 2: Experimental setup. a The rotatable holder in-
cluding transducer and the moving laser microphone. b Pho-
tograph of the rotatable holder. ¢ Micrograph of the grating
holder created by two-photon lithography. d Micrograph of
the microacoustic metagrating sample. Adopted from Ref. [1]

method. The Photonic Professional GT2 (Nanoscribe
GmbH, Germany) was utilized for the process and has
a build volume of 10 x 10 x 0.8cm®. The voxel shape
has an elliptic shape, and its size ranges from 0.1 ym to
5pm in radius (r,) and from 0.3 ym to 15 um in height
(zy), which depends on the optical properties of the pho-
toresist and the illumination process parameters. The
fabrication process involved scanning the voxel through
the photoresist based on CAD models. After curing, the
excess photoresist was removed, and the resulting struc-
tures were detached from the substrate after drying. For
focusing, a 10x numerical aperture (NA) 0.3 immersion
objective was used for the grating holder, and a 25x NA
0.8 immersion objective was used for the grating sample.
The photoresists IP-Q and IP-S, obtained from Nano-
scribe GmbH, Germany, were utilized for the process.

Testing The experimental setup depicted in Fig. 2 com-
prises a configuration connecting a microacoustic meta-
grating with a sound source, which is positioned on a
system that allows the assembly to move relative to a
microphone. The sound source employed is a capaci-
tive micro-machined ultrasound transducer, designed and
fabricated in-house and installed on a TO-18 chassis (a
transistor-style metal housing) that is clamped into the
frame using a screw. For measuring ultra-high frequency
ultrasound, we use the Eta450 Ultra optical microphone
(Xarion, Austria), which has a frequency range of 50 MHz
to 2 MHz. The frequency range is extended up to 2.2 MHz
in this work, as only relative sound pressure values are
utilized. Motorized stages (Physical Instruments, Ger-
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Figure 3: Fabricated microacoutic metagratings and experimental results. ad Design A, semi-analytically optimized
lossless metagrating. be Design B, reoptimized metagrating including thermoviscous effects. cf Design C, broadband and
subwavelength microacoustic metagrating. a-c SEM micrograph of the meta-atom manufactured by two-photon lithography.
d-f Experimentally and numerically determined normalized transmission 7,, and numerically determined absorption . Adopted

from Ref. [1]

many) are employed to conduct radial scans in one plane.
The directional characteristic of the microphone is disre-
garded, as it is always aligned with the same side to the
axis of rotation on the metagrating. The measured angle
lies within —70° < € < 70° to avoid collisions between
the rotatable holder and the microphone attachment. To
hasten the measurement process, the radial axis is con-
stantly moved, triggering sound pressure measurements
at a resolution of 0.1°. Continuous stimulation is used for
the measurements, with a sinusoidal signal of 10 Vpp and
a DC bias of 20 V. The metagrating is aligned with the
rotation axis, which is orthogonal to the measurement
plane, while the center of the microphone is situated at
half the height of the metagrating. The refracted wave is
then measured using the optical microphone on a circular
trajectory at a radius of 10.66 mm (design A), 8.22mm
(design B), and 8.19 mm (design C) from the metagrating
surface.

Results

Design A. Design A is the first metagrating based
on the Helmholtz equation, assuming an infinite num-
ber of meta-atoms in a 2D model without air viscos-
ity. Lossless structures are optimized with simple shapes
and a semianalytical model based on superposition of
waveguide modes. The final meta-atom design con-
sists of five rectangles with a thickness of ¢ = 196 ym
(see Fig. 3a), achieving |T_;|? 0.95 at 2MHz in
the absence of losses. However, using the more accu-
rate Navier-Stokes equations with air viscosity, transmis-
sion towards —1st diffraction order decreases, and the
peak shifts to 1.90MHz with [T_;|> = 0.36. In Fig-
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ure 3d, we present the measured and numerically cal-
culated normalized transmission (see Eq. (3)), while the
numerical results of the unnormalized transmission are
available in Ref. [1]. The simulation results with ther-
moviscous effects match the experimental results accu-
rately. The maximum 7_; peak determined numerically
is at a frequency of 1.93 MHz with 7_; = 0.82, while
in the experiment, the peak occurs at 1.92 MHz with
7_1 = 0.82 £ 0.02. Moreover, the experiment also shows
the crossing point of 7_; and 79 around 2.10 MHz, as
predicted by the numerical simulations.

Design B. To improve the efficiency and peak frequency
of the acoustic metagrating, a shape reoptimization us-
ing FEM with thermoviscous losses was performed. The
optimization goal was to maximize the transmission to-
wards the —1st diffraction order, resulting in a maximum
transmission of |T_|? = 0.45. The final geometry, design
B, was fabricated using two-photon polymerization, see
Fig. 3b. Comparison between numerical and experimen-
tal results for the normalized transmission (see Fig. 3e)
shows good agreement, with both indicating a peak at
2.02MHz and 7_; values of 0.87 and 0.83 %+ 0.03, respec-
tively.

Design C. To create design C, in the first step, we
use topology optimization to create a new geometry
that maximizes T_; without considering thermoviscous
losses. The optimization domain is an infinite wall with
a thickness limit of ¢ = A/4. In the second step, we
use the newly created geometry as the initial geome-
try for a shape optimization that considers thermovis-
cous losses. The final geometry (see Fig. 3c) achieves



|T_1|?> = 0.41 at the target frequency, with a thickness
of only ¢t = 50 pm ~ 0.29\. The experimentally and nu-
merically determined transmission is shown in Figure 3f,
where we observe a high amount of energy in the —1
diffraction order. The peak 7_; is expected at 1.98 MHz
with 7—1 = 0.90 from the numerics, while the experi-
ment shows the peak at 1.96 MHz with 7_; = 0.904+0.02.
Furthermore, 7—; = 0.88 4+ 0.04 at the target frequency,
which is better than the peak values of previous designs
A and B. The broadband range between 1.80 MHz and
2.08 MHz has 71 > 0.80, which is an improvement over
previous results. Despite having thinner channels closer
to the Stoke’s boundary layer thickness dg (see Ref. [1],
this new design demonstrates the best experimental per-
formance among the investigated geometries.

Summary

Anomalous refraction at frequencies of at least 2 MHz has
been experimentally proven, which is of significant inter-
est for flat acoustics and ultrasonic imaging with high
spatial and temporal resolution. However, it has been
shown both numerically and experimentally that thermo-
viscous effects within metagratings cannot be neglected,
leading to a drop in efficiency and a downshift in peak fre-
quency when designs are based on the lossless Helmholtz
equation. This problem arises due to the close proximity
of the viscous and thermal boundary layer thicknesses to
the geometric dimensions of the meta-atoms when shrink-
ing to microscopic dimensions required for ultra-high fre-
quencies. Therefore, to optimize metagrating designs and
overcome the drop in performance and frequency down-
shift, thermoviscous effects should be explicitly modelled.
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