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The acoustic wave propagation from a two-dimensional subwavelength slit surrounded by metal plates decorated
with Helmholtz resonators (HRs) is investigated both numerically and experimentally in this work. Owing to the presence
of HRs, the effective impedance of metal surface boundary can be manipulated. By optimizing the distribution of HRs,
the asymmetric effective impedance boundary will be obtained, which contributes to generating tunable acoustic radiation
pattern such as directional acoustic beaming. These dipole-like radiation patterns have high radiation efficiency, no finger-
print of sidelobes, and a wide tunable range of the radiation pattern directivity angle which can be steered by the spatial

displacements of HRs.
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1. Introduction

The research on abnormal light propagation, such as ex-
traordinary optical transmission (EOT) or directional beam-
ing through a subwavelength metallic aperture or slits, has
attracted increasing interest in the last decade.l'"8! Like the
optical counterparts, the enthusiasm of studies about manip-
ulating the acoustic wave is on the rise.”->3] Recently there
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were breakthroughs in acoustic metamaterials.
cally, the active acoustic metamaterials were proposed, such
as using active devices to break the reciprocity for nonrecipro-
cal acoustics.[?8-3%1 Acoustic radiation pattern control has now
gathered widespread attention in recent years due to its various
application prospects in medical ultrasound instrumentation,
secure communication, etc. In common cases, the acoustic
wave will diverge in propagation, owing to the diffraction ef-
fect. Besides, the directivity of radiation pattern will fall off
with the decrease of frequency. In order to save transmitted
energy or retain the confidence of the signals, manipulating
directional radiation is needed.

The pioneering work by Lu ef al. on the transmission of
an impinging acoustic wave through a one-dimensional acous-
tic grating with subwavelength apertures has proved an effec-
tive way to excite the phenomenon of extraordinary acoustic
transmission (EAT).[°! By investigating the beam from a sub-
wavelength slit surrounded by periodic grooves, Christensen
et al. successfully obtained a collimated wave, '’ which was
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experimentally demonstrated by Mei et al.l''l The underly-
ing physics of EAT phenomenon is already intensively stud-
ied nowadays, which is mostly attributed to the contribu-
tion of acoustic surface evanescent wave (ASEW) and the
interplay of the waveguide modes inside the apertures.!!%!3]
Based on wave-vector analysis, a theoretical model of tun-
able directional acoustic beaming assisted by surface acous-
tic wave (SAW) has been proposed by using asymmetric sur-

(141 Though these on-axis sound beams have

face gratings.
good collimation effects, the fundamental mechanism in-
evitably brings many unwanted sidelobes into the radiation
pattern. Recently, instead of adjusting the material proper-
ties throughout the propagation region,!">~!7 regulating sur-
face impedance has been demonstrated as another valid way to
manipulate radiation patterns.!'®23] Owing to the presence of
designed inhomogeneous impedance, steerable extraordinary
reflection can be achieved.!'%!°) Meanwhile, the manipulation
of EAT has been achieved through tuning structure topology
or acoustic metasurface impedance.!?°2?] By optimizing sur-
face impedances, our team has successfully obtained a dipole-
like radiation pattern from a subwavelength slit, which con-
veys sound energy directly into the front region.[?}! Extending
our previous studies of the surface impedance which is identi-
cal on both sides in the scheme, it naturally leads to the ques-
tion of what we will obtain by breaking the surface impedance
symmetry.
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In this paper, we propose a scheme to tune the direction
of an acoustic beam. As the boundary acoustic impedance can
be changed by introducing Helmholtz resonators (HRs), we
find that it is possible to obtain an inhomogeneous impedance
boundary by rearranging the HRs. Using this method, asym-
metric surface impedances can be obtained, which will result
in a tunable directional radiation pattern.

2. Simulation results and discussion

The proposed structure consists of a subwavelength slit
surrounded by two metal plates on both sides, whose surfaces
are decorated with HRs. The schematic configuration is given

by Fig. 1. For simplicity, we assume the HRs on both sides
have the identical size and periods. D is the period of HRs;
dp (dR) is the distance between the side-line of the slit and the
HRs; d’ is the width of the central slit; /# and [ are the length
and width of the neck of HRs, respectively; a and b are the
width and length of the cavity of the HRs, respectively; H is
the thickness of the sample. The structure is invariant in the z
direction. The background medium is air, whose mass density
and sound speed are denoted as py and c¢( respectively. An
acoustic plane wave impinges normally into the slit from the
bottom. In order to simplify the analysis, the acoustic resis-
tance and boundary layer effects in the narrow slit are ignored
in the scheme.
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Fig. 1. Schematic diagram of subwavelength slit surrounded by two metal plates decorated with Helmholtz resonators (HRs).

Firstly, we survey the underlying mechanism of the effec-
tive impedance boundary caused by HRs. Without HRs, the
specific acoustic impedance of a metal surface can be regarded
as being infinite, Zg — oo, owing to a large difference between
air and steel. Once the HR is introduced, on a subwavelength
scale, the effective impedance of the region boundary can be
expressed as

1
Zg =i (—(DMHR) D, (D

wCyr
where @ is the angular frequency; D is the period of the HRs
under investigation, satisfying VD < A; Cyr and Mygr are
the acoustic capacitance and the acoustic mass of the HRs, re-
spectively. In a two-dimensional (2D) situation, they can be
expressed as follows: (%3]
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where k = @/cy is the wave number; l.¢ denotes the effective
length of the neck of the HR, which consists of two parts: the
actual length of neck /,¢; and the correction length /., caused

by the presence of HR. The correction length . also results
from two parts: one is Iy, caused by radiation reactance at the
location from neck into the background, and the other is .4y
induced by the cavity at the tube end that links the neck with
the cavity. Their expressions are presented as follows: (%3]
Ibor = 1(0.514—0.3181nkl),

bl

a2
leav = %*F Z

. Myl
3 1n
ny=1 (I/lxﬂ') l a

bl
leff - lact + lcorr - h+l (0.514 — 03181nk1) + ?
a

+ZZ

) nxﬂl
3 n
ne=1 (}’lxﬂf) ) a

3)

From these above equations, it is easy to deduce that ar-
bitrary surface impedance can be obtained with optimized de-
signed HRs size. In other words, we are capable of changing
the original boundary into the desired condition with different
HRs. Of course, the sizes of HRs should be within the prac-
tical working limits. In particular, when frequency meets the
resonance condition, ® = 1/1/CyrMug, then Z§ = 0. This
means that this surface region with HRs is converted from
the original rigid boundary to a free boundary. Meanwhile,
the other region without HRs will remain in a rigid condition.
Thus if we change the distribution of HRs, then the boundary
impedance can be adjusted, which can be used to generate the
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tunable acoustic radiation pattern.

Without loss of generality, we assume that dy, is the only
control variable which contributes to the radiation pattern
manipulating effect, and the configuration on the right side
remains unchanged in the discussion. Full-wave simulations
using finite-element method (FEM) are presented to verify our
scheme. The parameters of the sample are set to be as follows:
D=8mm,dr =1.5mm,d =2mm, h=0.5mm, [ =1 mm,
a=>b=5mm, and H = 36 mm. The frequencies of incident
acoustic plane waves are all set to be f = 8600 Hz, and the
corresponding wavelength should be A = ¢o/f = 39.9 mm.
Since the period of HRs is much smaller than the wave-
length, the premise of Eq. (1) is completely satisfied, i.e.,
(VD =12.828 mm < 1), then we can regard the structure as
being on a subwavelength scale, and view it as an acoustic
metamaterial. Firstly, we let dp = 1.5 mm, the impedances
of both sides are totally identical, for the distributions of HRs
on both sides are now the same. The transmitted beam looks
very similar to the half-plane of a dipole radiation pattern, as
shown in Fig. 2(a). Normally the radiation efficiency of dipole
pattern is very low, but this dipole-like pattern in Fig. 2(a)
has managed to overcome this shortcoming. The reason is
that at this frequency point, a correction length caused by
HRs is added to the original length of the slit; the sum of
these lengths meets the requirement of Fabry—Perot resonance
associated with waveguide modes in the centre slit, thus a
transmission peak is achieved.!>’! In Fig. 2(b), dy. is assigned
to 9.5 mm. A minor deflection occurs in the direction of the
transmitted beam. As frequency equals 8600 Hz, we can de-
duce the effective surface impedance of the region with HRs
from Eq. (1), which can be obtained to be Zg =~ —396i. Mean-
while, the other region without HRs will remain in a rigid
condition, whose specific acoustic impedance Zg can be re-
garded as being infinite. Therefore the distribution of HRs
turns the output surface of left sample into inhomogeneous
boundary, consisting of both impedance boundary condition
and rigid boundary condition. While the left sample becomes
a ‘mixed’ one, the right sample decorated with a full set of
HRs remains ‘pure’ impedance boundary. Owing to the asym-
metric boundary conditions of both sides, the radiation pattern
no longer maintains initial up-straight direction. The main
energy of the beam is now delivered into the left region,
with a deflection angle 8 ~ 15°. Comparing Fig. 2(a) with
Fig. 2(b), it is natural to propose that the deflection angle
0 be related to the distance between the side-line of the slit
and the HRs dp.. To verify this postulation, we increase the
distance further to di, = 17.5 mm. From Fig. 2(c), a much
more obvious deflection phenomenon can be observed, with a
deflection angle 6 ~ 30°. The asymmetric level of two sides
contributes to the variation of deflection angle. The whole
relationship between di. and the deflection angle 6 is given in
Fig. 2(d). With the increase of dr, the left sample is gradu-

ally transited from impedance boundary into inhomogeneous
boundary, and finally has a completely hard boundary. Dur-
ing the boundary transition, the main energy of transmitted
acoustic beam from the narrow slit is more and more deliv-
ered into the left spatial region, i.e., the deflection angle of the
radiation pattern is increasing. Besides, from the result, we
can see that the most drastic changing section of the value of
0 corresponds to the region when d, < 30 mm. It leads to
the conclusion that the location of HRs near the slit, i.e. the
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Fig. 2. (color online) ((a)—(c)) Simulated results of intensify patterns
of a plane wave passing through the sample at f = 8600 Hz when
di, = 1.5 mm, 9.5 mm, and 17.5 mm, respectively. (d) The beam de-
flection angle as a function of the distance between the left side-line of
the slit and the HRs.
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boundary conditions of those regions near the slit, is the key in-
fluential factor on the acoustic radiation pattern, which mostly
dominates the beam deflection angle. It should be noted that
all the radiation patterns shown in Fig. 2 have no evident in-
dication of any sidelobe, which is significantly different from
the existing acoustic directional beam tuning methods.
Comparing our study with the existing EAT or tunable
beam manipulation schemes, one thing that should be men-
tioned is that our scheme is not just narrow-banded, i.e., the ra-
diation pattern can occur in a relatively wide frequency range,
which is demonstrated in Figs. 3(a)-3(c). While frequencies
are assigned to three different values, the deflected beam an-
gles in Figs. 3(a)-3(c) almost remain unchanged compared
with the original radiation pattern in Fig. 2(c). Though the

frequencies of the incident waves in Figs. 3(a)-3(c) no longer
satisfy the FP resonance condition, the desired pattern still ex-
ists, but only with lower radiation efficiency.

The underlying mechanism is the effective impedance
boundary caused by optimized HRs that contributes to these
exotic radiation patterns, not the excitation of the SAW by in-
ducing surface gratings. To confirm this, figure 3(d) shows
two flat metal plates with no HRs nor surface gratings. The
impedance of the output surface is directly given by Zi= —
396i in those regions with HRs as shown in Fig. 2(c), and the
remaining area is assumed to satisfy the hard boundary con-
dition. By comparing Fig. 2(c) with Fig. 3(d), one can easily

find the coherence in these two results.
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Fig. 3. (color online) (a)—(c) Simulated results of intensity patterns of a plane wave passing through the sample when f = 8300 Hz,
8400 Hz, 8500 Hz, respectively when giving di, = 9.5 mm. (d) Simulated result of intensity pattern of a plane wave passing through
the undecorated sample when giving a specified impedance value at f = 8600 Hz.

There are two reasons that need to be pointed out, which
can explain the subtle differences between Figs. 2(c) and 3(d).
First, owing to the absence of HRs, there is no correction
length to compensate for the necessary thickness to meet the
Fabry—Perot resonance requirement. Thus the radiation effi-
ciency of Fig. 3(d) is weaker than that in Fig. 2(c). Second,
the impedance values assigned to those boundaries are approx-
imate, which do not satisfy the totally identical boundary con-

dition as shown in Fig. 2(c).

3. Experimental results and discussion

An experiment is conducted to further confirm the influ-
ence of asymmetric distribution of HRs on the radiation pat-
tern directivity. The experiment is carried out in the anechoic
chamber in order to eliminate the influence of the reflected
waves. To avoid the diffraction from the edge of the sample, a
sound insulation box is used. The pressure signal is picked up
by a free-field 1/2-inch (1 inch=2.54 cm) microphone, which

is fixed in a stepper motor controlled by the computer. The
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3560B Briiel & Kj@r Pulse Sound and Vibration Analyzer
is used to generate output signals and collect input signals.
The schematic diagram of experimental set-up can be found in
Fig. 4.

The sample is made of steel, whose material parameters
are as follows: mass density p = 7800 kg/ m>, Young’s mod-
ulus E = 21.6 x 10'° N/m?, Poisson’s ratio ¢ = 0.28, and
sound speed ¢ = 5200 m/s. The total width, height and thick-
ness of each metal sample are 128 mm (containing 16 units,
if decorated with HRs), 25 mm and 36 mm respectively. To
avoid the complexity of sample processing, we choose dj, to
be very large (di, — o) and dr = 1.5 mm. In other words, the
left sample has no HRs, while the right one is full of HRs as

shown in Fig. 5(a).
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Fig. 4. (color online) Schematic diagram of experimental set-up of asym-
metric effective impedance boundary.
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Fig. 5. (color online) (a) Top views of the sample fabricated by asymmetric distribution of periodical HRs and a single slit in the center
(scale bar: 40 mm). (b) Experimental and (c) simulated results of intensity patterns of a plane wave passing through the sample.

Figures 5(b) and 5(c) show experimental and simulated
data, respectively. The good consistence between the two pic-
tures demonstrates that HRs are the main factor influencing
the generation of the radiation pattern of the acoustic wave.
The obtained result looks like a combination of the half left
monopole pattern with the half right dipole pattern, which can
be regarded as the consequence caused by rigid boundary and
impedance boundary, respectively. The left part of the trans-
mitted acoustic beam is far stronger than the right part, i.e.,
the vast majority of the transmitted sound energy is preserved
in the left spatial region. Normally speaking, the transmitted
radiation pattern from a slit should be omnidirectional with no
directivity, like a half sphere. However, it is noted that our
asymmetric radiation pattern has obvious directivity, which is
almost parallel to the horizontal surface. This means that opti-
mizing the locations of HRs is an effective way to manipulate
radiation pattern, which can be used to deliver sound energy

into the desired spatial region.

4. Conclusions

Owing to the presence of HRs, the effective impedance
boundary or surface condition can be adjusted. By rearrang-
ing the HRs, asymmetric impedance boundaries surrounding a
subwavelength slit are obtained, which plays a key role in pro-
ducing the tunable acoustic radiation pattern. The feasibility
of the proposal is verified by both simulation and experimen-
tal results. Compared with existing methods, our proposed
scheme presents the radiation patterns with no sidelobes nor
surface acoustic waves caused by structure, which conserves
most of the acoustic energy in the main lobe. The low com-
plexity facilitates the proposal realization and application. We
believe that the enthusiasm of numerous research studies of
effective impedance boundary is just starting and prospective
applications of directional radiation in the fields such as se-
cure communication or ultrasonic medical instrument would

be expected.
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