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Natural creatures and ancient cultures are full of potential sources to provide inspiration for applied sciences. Inspired
by the fractal geometry in nature and the fretwork frame in ancient culture, here we design the acoustic metasurface
to realize sound anomalous modulation, which manifests itself as an incident-dependent propagation behavior: sound
wave propagating in the forward direction is allowed to transmit with high efficiency while in the backward direction
is obviously suppressed. We quantitatively investigate the dependences of asymmetric transmission on the propagation
direction, incident angle and operating frequency by calculating sound transmittance and energy contrast. This compact
fractal fretwork metasurface for acoustic anomalous modulation would promote the development of integrated acoustic
devices and expand versatile applications in acoustic communication and information encryption.

Keywords: acoustic metasurface, fractal geometry, sound anomalous modulation

PACS: 43.20.+g, 43.28.+h

1. Introduction

Fractal is glowing with new vitality in multidisciplinary
sciences, including mathematics, physics, biomimetic mate-
rials, and geology.!'=! Fractal geometry exhibits a high de-
gree of self-similarity on different scales, which is inspired by
the unique structures in nature such as snowflakes, ferns, and
nautiluses. Due to the self-similar property, fractal architec-
tures manifest hierarchical physical responses arising from the
synergism of multiple units, while maintaining the behavior
of each individual unit.[%-'% Diverging surface areas within
a finite volume is conducive to construct the ultra-deep sub-
wavelength configurations and develop the integrated minia-
turized devices. Besides the wisdom from natural creatures,
one can also learn from the intelligence in ancient cultures
such as the origami which has spurred diverse applications
in mechanical engineering, robots design, and computational
algorithm.[!!=131 Another elegant ancient art is the fretwork
frame. It refers to a traditional decorative pattern folded hor-
izontally and vertically to form a “square convolute” shape,
which is prevalent in ancient pottery, bronze, jade, and archi-
tectural ornaments for continuous good fortune. The spatial
convolute geometry is derived from the vortex generated by
water flow and has been introduced into acoustics to extend
the propagation path of sound wave, exciting important appli-
cations in sound manipulation. 1417}

Ongoing developments of acoustic metasurfaces have
opened up new avenues to realize sound anomalous modu-
lation. Metasurfaces with specially designed artificial mi-
crostructures can remarkably modulate sound wave. Ex-
traordinary abnormal transmission previously inconceiv-
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able has been achieved, including sound cloaking,!'8-20]
hologram,?’->? super-resolution  focusing,>>*!  and
insulation, [25-27] Asymmetric transmission, 28-311  which

solely allows sound wave to be travelling in one direction
and strongly decreased in the opposite direction, enabling
an incident-dependent functionality and extraordinary poten-
tials in acoustic communication and information encryption.
Although relevant works have provided useful strategies to
realize asymmetric manipulation based on the complex active
systems or passive structures,3>#?] new design schemes are
still highly desired for the more robust unidirectional trans-
mission with compact subwavelength structures.

2. Metasurface design

We introduce the multi-scale self-similar fractal mod-
els to design acoustic metasurface, based on the fundamen-
tal architecture frame of the fretwork pattern, as schematically
depicted in Fig. 1(a). The fractal fretwork meta-atom occu-
pies compact space due to the shrinkage size of fractal hier-
archy and inward rotation of fretwork pattern to increase the
path length of sound transmission. The comparison of sound
pressure fields for acoustic anomalous modulation is presented
in Fig. 1(b). For the normal transmission (left panel), sound
wave penetrates both from the front (red arrows) and rear
(blue arrows) sides, obeying the reciprocity principle. How-
ever, sound wave can only transmit in the forward guidance
and almost entirely blocked in the opposite guidance for the
abnormal transmission (right panel). This incident-dependent
propagation constitutes a selective on/off state control over the
wave energy flow.
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anomalous modulation. (a) Design concept of the acoustic meta-atom in-
spired by the fractal geometry and fretwork frame. (b) Comparison of sound
fields in the normal (left) and abnormal (right) transmissions.

Recently, the inherent viscosity loss has been incorpo-
rated in asymmetric transmission as a new degree of freedom
to design acoustic diodes and chiral exceptional point.!3>43]
Diffraction of the metasurface is affected by the interplay of
phase gradient and structure period, following the general-
ized Snell’s law: [*+*] & (sin 6, —sin 6;) = 2tm /L= d P/ dx+
(m—1)G. Here, ky is the sound wave vector in air, 6; and 6
are the incident and transmit angles, respectively. m is the
diffraction order and L is the structure periodicity. Both the
phase gradient d®/dx and the reciprocal lattice vector G are
2n/L in our configuration. Then, the x and z components
of sound wave vector in the m-th order diffraction are repre-

sented as Gy, = ky +2wm/L and k,, = ,/k% — G2, where k,

Order 1
(a)

Order 2

is the incident wave vector in x direction.*®! Only the modes
of real value k,,, are allowed to propagate, that is k%m >0
(k(z) — G2, > 0). Therefore, we can obtain that the dominant
propagating modes of sound are m = +-1 in the forward direc-
tion and m = —1 in the backward direction. !

Three-dimensional (3D) geometry structures of the meta-
atom with the first, second, and third orders are illustrated in
Fig. 2(a). The width and length of each meta-atom are stan-
dardized as a = 20 mm and b = 100 mm, and the layer thick-
ness within the meta-atom is w = 1 mm. The layer height &,
is adjustable to control the phase delay in the structure, and
other distances between the layers are fixed to be d = 8§ mm
and / = 3 mm. The evolution of higher-order meta-atoms is
proportionally replicated from the lower-order meta-atoms by
the fractal scale factor. In order-1 structure, the fractal scale
factor is selected as the ratio o = h; /(hy +1). In order-2 struc-
ture, new layers with the height of h; are scaled down via the
fractal scale factor @ = hy/(d — w) and bend inward at the
position m = oth; to construct the self-similar geometry. Sim-
ilarly, in order-3 structure, the height of new layers /3 is ob-
tained by @ = h3/(2m — hy —[), with the bending position of
n= ohy. The effective propagation length of sound wave pass-
ing through the meta-atoms becomes extended and circuitous
with the increase of fractal orders. We summarize the rela-
tionships between the phase/transmittance and the structure
parameter /1 in different hierarchical orders. For obtaining a
phase interval of 7 /3 with high transmittance, the meta-atoms
of hy = 5.5 mm, hy = 9.4 mm, and #; = 13.6 mm in order-1
structures, 4 = 13.4 mm and /; = 14.8 mm in order-2 struc-
tures, and 2; = 14.9 mm in order-3 structures are selected to
construct the metasurface, as denoted by the solid markers in
Fig. 2(b).

Order 3

—
=z
3

Phase (rad)
=
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5
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Fig. 2. Geometry analysis of the fractal-inspired hierarchical meta-atoms based on the fretwork frame. (a) Three-dimensional schematic
diagram of the meta-atom from order 1 to order 3. (b) Dependence of phase and sound transmittance on the geometry parameter /;. The six
structures selected to construct the metasurface are marked, with a phase interval of 77/3 and transmittance over 0.7.
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3. Results and discussion

The numerical simulation is performed by using the cou-
pled modules of Pressure Acoustics and Thermoacoustics in
the finite element software (COMSOL Multiphysics). The
background is air and the metasurface is made of acrylic plas-
tic (density: 1190 kg/m?; sound speed: 2750 m/s). The bound-
aries of background area are set as plane wave radiation condi-
tion, and the boundaries of the structure are set as rigid bound-
ary condition. Sound waves at the target incident angle prop-
agate from one side and transmit to another side of the meta-
surface. The experiments are conducted in an airborne sound
measurement system, as depicted in Fig. 3(a). The metasur-
face sample is 3D-printed by resin and firmly sandwiched be-
tween the planar waveguide plates (3-cm air gap between the
plates). The continuous sine wave is generated by the func-
tion signal generator (Keysight, 33500B Series) and fed to the
speaker array consisting of 7 elements through an audio am-
plifier (Shinco, X-500). A microphone (BSWA-MPA436A,
7-mm diameter) is installed on the electric stepping motor to
record the acoustic signal in the 20 cmx20 cm scanning re-
gion, with a scanning step of 1 cm in both the x and y direc-
tions. The measured signals and incident signals are simulta-

neously connected to the sound and vibration acquisition card
(National Instruments, 9232), for synchronizing the measured
phase and referent phase. The enlarged photograph displays
the details of one period structure including six meta-atoms
with the phase interval of /3. The dependence of unidi-
rectional transmission on the propagation direction is demon-
strated by measuring the sound pressure fields incident from
the forward and backward directions, both in simulations and
experiments, as shown in Figs. 3(b) and 3(c). The operating
frequency is 4500 Hz and the incident angle is 25°. The black
and red arrows represent the incident and transmitted wave,
respectively. An apparent difference in sound transmission is
revealed between the opposite orientations: the incident wave
from the front side is preferentially propagating with high ef-
ficiency, whereas from the back side is dramatically reduced
due to the multiple reflections. Fairly good agreements are
observed between the measured and simulated results. The
transmitted energy contrast here is 8 times (9.03 dB), by cal-
culating the ratio of the transmitted acoustic intensity integral
within the same area in the forward and backward incident sit-

uations.

—34 —14 14 34

z (cm) z (cm)

. ,

—34 —14 14 34
z (cm) z (cm)

Fig. 3. Dependence of asymmetric transmission on the propagation direction. (a) Photographs of the experimental (Exp.) setup for the airborne
sound measurement system and one period structure of the 3D-printed metasurface. (b) Simulated sound pressure fields in the forward and
backward incident situations, with the incident angle of 25°. (c) Comparisons between the experimental and simulated (Simu.) pressure fields.
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We further quantitatively evaluate the relationships of
asymmetric transmission on the incident angle and operating
frequency. The transmitted energy contrast with the incident
angle from 0° to 50° at 4500 Hz is displayed in Fig. 4(a).
The critical angle of the anomalous modulation in our de-
sign is calculated to be 21.4°, according to the formula 6 =
arcsin[1 — (d®/dx) /ko|.13! Therefore, the energy contrast is
inconspicuous if the incident angle is smaller than the criti-
cal angle. Conversely, strong asymmetry is expected to ap-
pear when the incident angle exceeds the critical angle. The
energy contrast over 8 times is acquired within the incident
angle from 25° to 50°, agreeing with the theoretical calcula-
tion. The larger effective incident angle range could contribute
to expanding the applications in practical scenarios where one
might aspire to transmit the modulated waveform consisting of
different wavevector components, and suppress the undesired
noise from different directions. Furthermore, we analyze and

compare the energy contrast as a function of frequency range

(a) 60¢

Exp.

y (cm)

1.0

0.5

Transmittance
Transmittance

0
—-50

— 25 0 25
Incident angle (°)

50

at 4000 Hz—5000 Hz with the incident angles from 5° to 45°,
as plotted in Fig. 4(b). The energy contrast remains relatively
low over the frequency range for the 5° and 15° oblique in-
cidences. On the contrary, an obvious resonance peak around
4500 Hz is observed for the incident angles of 25°, 35°, and
45°, convincingly verifying the remarkable sound anomalous

modulation in the forward and backward propagations.

12 12
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Fig. 4. Characterization of transmitted energy contrast between the for-
ward and backward propagations in simulation. (a) Energy contrast as
a function of incident angle within 0°-50° at 4500 Hz. (b) Energy con-
trast as a function of operating frequency at 4000 Hz-5000 Hz, with
different incident angles.

0.57

4400 4600 4800 5000

Frequency (Hz)

O4000 4200

Fig. 5. Dependence of asymmetric transmission on the incident angle from the same propagation side. (a) Simulated pressure fields at —25°
and 0°. (b) Comparisons of sound pressure fields in simulations and experiments. (c) Relationship between sound transmittance and incident
angle at 4500 Hz. (d) Simulated transmittance at 25° and —25° within the frequency range 4000 Hz—5000 Hz.
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In addition to the incidence from the opposite propaga-
tion directions of the fractal fretwork metasurface, acoustic
asymmetric transmission also occurs between the positive and
negative angles when sound wave propagates from the same
side. Here we demonstrate the comparison of opposite an-
gles both in the forward propagation as an example, and the
unidirectional results are inverse for the backward propaga-
tion. Sound pressure fields incident from different angles are
shown in Figs. 5(a) and 5(b). In the left panel, it is clearly
found that the sound wave at the negative angle —25° is ob-
viously suppressed, distinctly compared with the unhindered
propagation at the positive angle 25° [left panel in Figs. 3(b)
and 3(c)]. We also present the normalized pressure field at 0°
in the right panel, where sound wave vertically impinges to
the metasurface and transmits without significant attenuation.
The experimental sound fields agree well with the simulated
enlarged views. Furthermore, we summarize the relationship
between sound transmittance and incident angle at 4500 Hz in
Fig. 5(c). The transmittance, calculated as the ratio of trans-
mitted sound intensity with and without the metasurface, is
higher than 0.7 for the small incident angle from 0° to 25°. On
the contrary, sound wave at —50° to —25° experiences multi-
ple reflections due to the viscosity loss within the metasurface,
resulting in the transmittance lower than 0.2. As a result, the
transmittances in the cases of 25° and —25° are 0.72 and 0.19,
respectively. The gradually increasing of transmittance within
—20° to 0° and the dropping within 30° to 50° are mainly at-
tributed to the critical angle and impedance mismatch between
the background medium and the metasurface at large incident
angle. Moreover, we compare the transmittance at 25° and
—25° in the frequency of 4000 Hz-5000 Hz, as plotted in
Fig. 5(d). The durative significant difference within the fre-
quency range indicates the effective manipulation between the

positive and negative angles in the same propagation direction.

4. Conclusions

In conclusion, we draw inspiration from both the frac-
tal geometry in nature creature and the fretwork frame in an-
cient culture to design the acoustic subwavelength metasur-
face, which greatly packs detailed structural features into com-
pact space and produces additional sound propagation path
without the scale-up of overall dimensions. We experimentally
demonstrated the application of the fractal fretwork metasur-
face for sound anomalous modulation, and realized the robust
and high-contrast asymmetric transmission. Sound wave in the
forward direction effectively transmits at positive angle while
suffers strong attenuation at negative angle. The propagation
of sound wave in the backward direction is exactly opposite

to the forward guidance, giving rise to an incident-dependent

control to select the on/off state over sound energy flow. In ad-
dition, sound transmittance and transmitted energy contrast are
quantitatively summarized to analyze the unidirectional trans-
mission under different propagation conditions, involving the
incident direction, angle, and frequency. Our proposal may
offer a feasible approach for the metasurface design method-
ology, and possess fascinating prospects in the integration of
acoustic devices.
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