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Abstract: Acoustic metasurface has attracted increasing attention due to the ability of manipulating the transmitted

and reflected phase of waves to generate various acoustic functionalities with planar layer of sub-wavelength structure.

We design an acoustic metasurface with a semi-closed and nested slotted tube array, and it possesses the capacity of

modulating the reflected phase with sub - wavelength thickness (about A/23). The reflected phase shifts can be

obtained from 0O to 2= by different rotation angles of internal slotted tubes. The theoretical results agree well with the

numerical results by a finite element method. The results show that some excellent wavefront manipulations are

demonstrated with the phase array by using acoustic metasurface such as anomalous reflection and sub-wavelength flat

focusing. The design may offer a path for acoustic manipulation and promote the potential applications of acoustic

metasurface in low frequency noise control, acoustic imaging and cloaking.
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0 Introduction

The precise manipulation of wavefront has at-
tracted increasing attention over the last few de-
cades, and great progress has been made since meta-
materials was first proposed. The two-dimensional
equivalent of metamaterials, i.e. the so-called meta-
surface, brought more possibilities in manipulating
waves. Acoustic metasurface (AM), which composed
of unit cells with thickness much smaller than the
wavelength, has attracted tremendous attention due
to the ability of tailoring the scattered wavefront into
arbitrary desired shape. AM reveals the huge appli-

IL 1-5]

cations at low frequency noise control'' ™, acoustic

[6-7]

imaging'®” , unidirectional sound transmission"*'"

and cloaking'*"*",

According to the generalized
Snell’s law, the modulation of wavefront by AM re-
quires the phase discontinuities with the phase shifts

covering 2w span by unit cells of metasurface. At the
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moment, some investigations for the phase control
by AM have been acquired such as membrane-type
AM" | Helmholtz resonator AM'"*" and space -
coiling AM'**", However, the membrane-type AM
is difficult to realize in practice through the mem-
brane stress. The complex structure of space-coiling
AM leads to the difficulty of the continuous modula-
tion of the phase shifts. For the Helmholtz resonator
AM, the simple structure and phase shifts can be
manipulated continuously. Li et al. proposed the
AM by hybrid structure consisting of a straight pipe
of height and four Helmholtz resonators'**!. The ar-
ea of necks of Helmholtz resonators serves as de-
signed parameter to realize the reflective AM based
on split hollow sphere and double-split hollow

spheres[ 17-19

', The reflection phase of the split ring
resonators can be controlled by altering the geome-
tries of the spilt and cavity™'. However, this may

not be an effective method to overcome the draw-
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back of relative bulky dimensions of Helmholtz reso-
nators. Meantime their acoustic behaviors highly de-
pend on their dimensions in the previous studies. So
the Helmholtz resonators have not been considered
to be good candidates for ultrathin metasurface "',

In this paper, a new type of unit cell structure
of Helmholtz resonators has been proposed, which
is semi-closed and nested slotted tube (SANST).
The SANST is one of Helmholtz resonator struc-
tures, which has to wrestle with the challenges of
relativity bulky volume and their acoustic behaviors
highly depending on their dimensions. This struc-
ture breaks the symmetry of nested slotted tube and
extends the length of the necks with Helmholtz reso-
nators. Therefore, the relativity bulky volume can
be decreased. Meanwhile, the extended length of
the necks with Helmholtz resonators can make their
acoustic behaviors less depend on their dimensions.
In this study, we design the AM with the SANSTs
structure with sub-wavelength thickness (about A/
23). By different angles between inner and outer
seam of slotted tube (the length of the necks with
Helmholtz resonators) , the unit cells have the prop-
erties of arbitrary steering of the reflection phase
shifts ranging from 0 to 2x. With the phase array of
AM, the capability of general modulation of the re-
flected wavefront can be obtained. It is demonstrat-
ed that the SANSTs can manipulate the acoustic
wavefronts at a broadband frequency range. The
anomalous reflection and acoustic planar focusing ef-
fect are achieved by the present metasurface. The
new unit cell structure of Helmholtz resonators may
offer a new path to design relative small scale of

Helmholtz resonator AM.

1 Design of AM Unit Cell

The schematic sketch of the AM unit cell, as
shown in Fig.1(a), is composed of nested slotted tube.
The interspace of nested slotted tube is closed off by
the wall, which is located on the left side of the out-
er slotted. The radius of the outer slotted is . The
width of the seam between the outer and the inner
slotted is w, the tube wall thickness is 7, the width

of the space between the outer and the inner slotted

is w,. The angle between the inner and the outer
seam of the slotted tube is . The main idea is that
the phase shift is tuned by coupling the cavity of
SANST and the interspace of the nested slotted
tube, while the bottom rigid wall is used to enhance
reflection. Consider that the work wavelength is con-
siderably larger than the unit cell structure’s dimen-
sion. The acoustic characteristics of the unit cell can
be understood by the lumped parameter model*".
Based on the lumped parameter model, the imagi-
nary parts of acoustic impedance of unit cell can be
expressed

. 1— w’VI/S,ct
Z, =~ 1;00€§TM

where p, is the air density; ¢, the sound speed in

(1)

air; V=m=(r— 2t— w,)h the volume of the cavity
of SANST, here A is the height of vertical direction
l=alr—t— w,/2)+ 2t+ w, the

length of interspace of nested slotted tube; and S, =

on  paper;

woh the area of seam. When Z, — 0, the resonance
frequency of SANST can be calculated by f=

\/W/Zn. The imaginary parts of acoustic im-
pedance of unit cell can be expressed as Z,=
i00co/ (2ah)tan [ ¢ (x) /2 ™. Substituting the specif-
ic acoustic impedance into Eq.(1), the reflected phase
can be obtained as

1— @’VI/Syc]

¢ (x) = 2arctan |2c,ah oV

(2)

To demonstrate the properties of modulation
of phase shifts ranging from 0 to 2= capability of the
reflected wavefront of the SANST with relativity
small modules at designed frequency of 907.4 Hz,
the geometric parameters of SANST can be select
ed as 8 mm, w,—1 mm, w=1 mm, =
0.5 mm. By simultaneously tailoring « from 0° to
346°, one can obtain the corresponding reflection
phase shifts covering 2m range at the designed fre-
quency of 907.4 Hz. The reflection phase is present-
ed in Fig.1(b) , where the theoretical results and
the numerical results are basically compatible. The
reason of the deviation is ignoring the length correc-
tion factor of Helmholtz resonance. The phase shift
of the unit cell can be adjusted with the step of =/4

by rouing the inner slotted tube and the correspond-
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(c) Schematic demonstration of the designed acoustic metasurface

Fig.1

ing angles have been marked by solid dots in Fig.1,
which means 10°, 142°, 170°, 185°, 198°, 214°,
239°, and 338°. In the simulation, the AM is com-
posed of eight unit cells mentioned above. The
phase array can be tuned by different combinations
with eight unit cells of a supercell (the length is D)
to realize the AM, as shown in Fig.1 (c). Here,
the choice of simulation software 1s COMSOL mul-
tiphysics software based on a finite element method.
The background material is the air with the mass
density of 1.21 kg/m® and sound speed of 343 m/s.
The material of the SANST in simulation is steel.
Therefore, the boundaries between the SANST
and air can be regarded as rigid boundaries with im-
pedance mismatch. The side face is set as periodic
boundaries, as shown in Fig.1(a). The top surface
is plane wave radiation boundary with incident wave
amplitude 1 Pa, the y-direction transmitted bound-
ary is set as sound hard boundary. The downward
arrow indicates the incident waves and the upward
arrow indicates the reflected waves. Note that we
ignore the imtrinsic loss of the structure because the

viscous boundary layer of the air-hard wall inter-
face!® | [, = \/m, is only 0.07 mm,
much smaller than the height of the air passage,
where y & 1.7 X 107° Pa*s denotes the air viscosi-

ty.

[lustration of the designed acoustic metasurface

2 Realization of Anomalous Reflec-
tion by Using AM

2.1 Reflection waves with different phase gra-

dient AM

The control of reflection wave needs to follow
the Snell’ s law via appropriately introducing a su-
percell with the phase gradient at the interface be-
tween the AM and air. The behavior of reflection
wave follows the generalized Snell’ s law of reflec-
tion" "’

(sind,. — sind; ) ky = & (3)

where 0; and @, are the incident and reflected angles,

. 2 . L
respectively; k,— e 1s the wave vector in air; A

~d¢p 2= .
the wavelength; and {= > D the phase gradi
ent on the AM along x-axis. The angle of reflection

wave can be obtained by Eq. (3) as 0.=—

. ) 1 S
arcsin (s1n0i+ kg), which indicates that 4,. can be
0

tuned by designing suitable phase profiles along AM.

In order to investigate the reflection wave be-
havior with different phase gradient of AM, we sim-
ulated the reflected acoustic field at 907.4 Hz, when
the normal incident is plane wave with the phase gra-
dient of ¢ = =/216, =/288, =/360 rad/mm, as
shown in Figs.2(b), (d) and (f). The thickness of
the supercell is 16 mm (about A/23), which is at the
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deep wavelength scale. In the simulation, the reflect-
ed angles of 60°, 41°, 31.5°, which agree with the
theoretical results of the generalized Snell’ s law
with the angles of 61°, 41°, 31.7°, respectively. The
results indicate the angle of reflection wave can be
controlled via the appropriate phase gradient AM.
We also calculated a normal material with the corre-
sponding slant angle ../2 with the phase gradient of
&= n/216, =/288, and n/360 rad/mm to investi-
gate the effect of the reflection of the AM. The
length of acoustic prism is the same as the phase gra-
dient AM. The pressure field distributions of the re-
flected waves are shown in Fig.2, and the simula-
tion results agree well with the reflected effect of
phase gradient AM. These results illustrate that the
integration of smart AM based on SANST in flat ar-

ea can realize the acoustics illusion of slope of any an-

gle.
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Fig.2 The reflected acoustic field distribution at 907.4 Hz

2.2 Discussion of broadband property of phase
gradient AM

In this section, the frequency dependence of
the AM was studied. The AM of phase gradient of
& = n/288 rad/mm is selected as a research object
which is designed at 907.4 Hz. The simulations of
the phase gradient of ¢ = =/288 rad/mm of AM is
conducted from 840 Hz to 1 000 Hz for the cases of
plane wave normal incident, and the acoustic pres-
sure field distributions of the reflected waves are
shown in Fig.3. The results imply that the reflection
waves could be manipulated from 850 Hz to 990
Hz, and the engineered AM is capable of steering
sound waves in a broadband frequency range, al-
though the phase profile is only designed for a specif-
ic frequency. The reflected angles in simulation are
45°, 41°, 39°, and 36.9° which agree well with the
theoretical values of 44.8°, 41.4°, 38.8° and 36.5° at
the frequencies of 850, 900, 950, and 990 Hz, re-

spectively. It is obvious that the anomalous reflected

+1

(a) The anomalous reflection  (b) The anomalous reflection
at 850 Hz with 45° reflection at 900 Hz with 41° reflection

Pressure / a.u.

(c) The anomalous reflection  (d) The anomalous reflection Bl _¢
at 950 Hz with 39° reflection at 990 Hz with 36.9° reflection
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Reflection
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(e) The reflection at 840 Hz  (f) The reflection at 1 000 Hz
Fig.3 Reflected acoustic pressure field distribution of AM
with the phase gradient of § = =/288 rad/mm
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angle decreases as the frequency increases. This
phenomenon follows the principle of the generalized
Snell” s law. When the incident wave frequency is
fo = 990 Hz or f; << 850 Hz, the phenomenon of
anomalous reflection lose efficacy, as shown in
Figs.3(e) , (f). The results show that the anoma-
lous manipulation of the reflected wave with AM 1is
effective in a broadband frequency range from

850 Hz to 990 Hz.

3 Sound Focusing of Planar Lens
by Using AM

Here, further possible application of this model
has been demonstrated. The ultrathin sound focus-
ing planar lens can be designed by rearranging the
unit cells of the AM. The focal length f'is an impor-
tant parameter for the design of sound focusing pla-
nar lens. For the given focal length f, the hyperbolic
phase configuration along the AM can be ascer-

tained by the following equation"*"

$(x) =k (\Ja' +f" —f) 4)

where &, is the wave vector and the focal length is
chosen to be f= 1 500 mm. The acoustic metasur-
face is constructed according to Eq.(4). The simu-
lated region 1s from O to 4 000 mm along the Y-ax-
is, and from —1 647 mm to 1 647 mm along the X~
axis. The length of the metasurface is 3 294 mm.
The metasurface is composed of 183 unit cells.
When incident plane waves impinging normally on
the metasurface, the spatial distribution of the re-
flected sound field for the planar lens perfectly
matches that for the ideal concave spherical mirror
at 907.4 Hz, as shown in Figs.4(a)—(e). The trans-
verse cross - section intensity distribution at X =
0 mm along the Y-axis, for the ideal concave spheri-
cal mirror and the planar lens by using AM, is
shown in Figs.4(c), (f). The focal length is perfect-
ly matched. The intensity of pressure at the focal
spot is nearly 15 times larger than that of the inci-

dent waves, which shows excellent focusing effect.
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(a) The spatial distributions of reflected
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(d) The spatial distributions of reflected
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lens metasurface

(e) The spatial distributions of reflected
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lens metasurface
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focal point (X=0 mm) for the planar
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Fig.4 Numerical illustration of the acoustic metasurface lens
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4 Conclusions

We have designed a new type of AM structure
with a semi-closed and nested slotted tube array at
the subwavelength scale. It can realize complex
acoustic wavefronts modulation with the phase array
by using acoustic metasurface. The simulation re-
sults agree well with the theoretical predictions for
wavefronts manipulation of unit cell. By properly se-
lecting a of unit cells, the phase file can be obtained
to assemble metasurface. The simulation results al-
so show that the designed AM exhibits the anoma-
lous reflection in a broadband frequency ranging
from 850 Hz to 990 Hz. Furthermore, acoustic fo-
cusing lens can be constructed by using the hyperbol-
ic phase gradient. With the presented ultrathin AM
in the study, acoustic potential applications, such as
low frequency noise control, acoustic imaging and

cloaking devices, are promising in the future.
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