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We design an asymmetric transmission system (ATS) with two flat acoustic metasurfaces (AMs) to yield bidirectional
asymmetric acoustic focusing (BAAF). The acoustic waves could be focused on both sides of the ATS with different
focal lengths and intensities. To achieve high intensity energy concentration, the accelerating acoustic beams are selected
to realize the BAAF. The working bandwidth of the BAAF based on our ATS could reach ~ 0.4 kHz. It is found that
by adjusting the distance between two flat AMs, the focal length and intensity of the bidirectional focusing could easily
be modulated. Because the distance between two flat AMs is large enough, the BAAF even could be converted into a
unidirectional acoustic focusing. The proposed BAAF may find applications in non-destructive evaluation, biomedical

imaging and medical diagnosis.

Keywords: asymmetric focusing, acoustic metasurface, phase manipulation

PACS: 43.35.+d, 43.25.+y, 43.38.+n

1. Introduction

Acoustic metasurfaces (AMs) have received significant
attention in recent years due to their compact planar sub-
wavelength structures and unprecedented wave modulation
capabilities.!'8 Various applications have been achieved

9,10]

based on AMs including planar focusing,! acoustic

1] peam steering,[12’13] noise control,[' and so on.

imaging,
Up to now, most of AMs yield symmetric manipulations
for the acoustic waves coming from two opposite directions.
More recently, several groups focused on the acoustic asym-

[15-18] For example, Jiang

metric transmission system (ATS).
et al.!"! demonstrated an acoustic one-way AM which could
realize three distinct unidirectional phenomena; i.e., anoma-
lous refraction, wave splitting and conversion of propagation
wave to surface wave. A bilayer acoustic gradient meta-
surface was proposed to realize the controllable asymmetric
transmission. 18]

Acoustic focusing is an important wave phenomenon
and it has extensive applications in ultrasound imaging,
biomedical therapy, particle trapping and manipulation. 19231
AMs-enabled planar acoustic lens overcomes the geometrical
and wave aberrations of the conventional acoustic focusing
lenses.[>*2%1 In general, an AM lens is a symmetric system
and the focal length and intensity of the focus are fixed. Re-

L7

cently, Xia et al.[?’! designed a dual-layer metasurface to re-

alize unidirection focusing. However, the bidirectional asym-

DOI: 10.1088/1674-1056/27/12/124302

metric acoustic focusing (BAAF) with different focal lengths
and intensities is still unexplored.

In this paper, we design an ATS with two different flat
AMs to realize the bidirectional asymmetric acoustic focus-
ing. To achieve high intensity energy concentration, the ac-
celerating acoustic beams with non-diffracting property are
selected to realize BAAF. The acoustic field distributions of
the BAAF are demonstrated numerically by using the finite
element method (FEM). It is demonstrated that the acoustic
waves could be focused on both sides of the ATS with differ-
ent focal lengths and intensities. We further carefully study
the influence of the space L between two AMs on the BAAF.

2. Bidirectional asymmetric acoustic focusing
model

Figure 1 shows schematic diagrams of the ATS for BAAF.
The ATS consists of two different flat AMs (AM-1 and AM-
2) with a space L in between. The accelerating acoustic
non-diffracting beams!?%°! are selected to realize the BAAF.
When the acoustic plane wave normally impinges on the AM-
1 on the left, the transmitted waves propagate along two
parabolic trajectories: y = ax’> (y < 0) and y = —ax* (y > 0)
[marked as PT-1]. When acoustic wave normally impinges
on the AM-2 on the right, the transmitted waves propagate
along other two parabolic trajectories: y = —bx!/2 (y<0) and
y= bx!/? (y > 0) [marked as PT-2]. Here, we define the propa-
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gation directions of the waves normally incident on the AM-1
and AM-2 as the positive direction (PD) and negative direc-
tion (ND), respectively. For the PD case shown in Fig. 1(a),
the transmitted waves through AM-1 are divided into PT-1,
which further propagate through AM-2. Finally, the transmit-
ted waves through the AM-2 are focused with a short focal
length. In contrast, for the ND case shown in Fig. 1(b), the
transmitted waves through AM-2 are divided into PT-2, which
further transmit through AM-1 and hence focusing with a long
focal length is achieved.
(a)

positive direction
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Fig. 1. (color online) Schematic diagram of the working principle of the
asymmetric transmission system (ATS) for (a) positive direction (PD) case
and (b) negative direction (ND) case.
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Fig. 2. (color online) (a) Arrangement of AM with 80 subunits. (b) Schemat-
ics of three-layered acoustic space-coiling (TAS) subunit. (c) Transmitted
phase shifts ( dashed line for left-hand scale) and amplitudes (solid line for
right-hand scale) of TAS subunit as a function of ¢.

Next, we demonstrate a practical implementation of the
proposed AM in air. Each AM is composed of 80 subunits
with different phase shifts, as shown in Fig. 2(a). A three-layer
acoustic space-coiling (TAS) structure is used as the subunit
to build the AM. 3! Figure 2(b) shows the structure of a TAS

subunit. Only on parameter ¢ is picked to adjust the phase shift

and amplitude through the TAS. The other parameters are set
to be s = 0.065, d = 0.014p, I = 0.15384¢, a = 0.5, and
h = 0.22A9. Some other structural parameters, just like d and
s, can also modulate the phase shift of the subunit, but the
phase shift and amplitude cannot meet the requirement simul-
taneously. We calculate the distributions of the acoustic fields
based on FEM (the commercial software COMSOL Multi-
physics 5.2a). In the simulations, all microstructures with ac-
tual geometric sizes are fully considered. The plastic frame
of the TAS is modeled as an acoustically rigid frame. The
relative weights for varied diffractive branches are extracted
after the scattering matrix of the complex sample have been
calculated accurately. Air with mass density p, = 1.21 kg/m3
and acoustic speed c; = 343.2 m/s is assumed to be the back-
ground medium and steel with mass density p; = 7800 kg/m>
and acoustic speed ¢ = 6, 100 m/s is selected as the medium
of the acoustic metasurface. Figure 1(c) shows the transmitted
phase shifts (the dashed line for left-hand scale) and ampli-
tudes (the solid line for right-hand scale) of the acoustic plane
wave through the TAS subunits as a function of 7. The ampli-
tude of the incident plane wave herein is fixed at 1 Pa and the
working frequency is fixed at 3.432 kHz (A9 = 10 cm). It is
observed with increasing ¢-value that the phase shift changes
almost linearly from O to 27 while the transmission amplitude
keeps a very high value.

Phase shift ()
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Fig. 3. (color online) (a) Spatial phase profile in y axis for two parabolic tra-
jectories [y = 0.5x2 (y < 0) and y = —0.5x% (y > 0)] (PT-1) and (b) acoustic
field distribution of the PT-1 through the AM-1. Scattered dots in panel (a)
represent discrete phases of 80 subunits (one dot corresponds to one sub-
unit).

For the AM-1, it is now required to derive the initial phase
¢ (x) corresponding to two parabolic trajectories y = 0.5x>
(y <0) and y = —0.5x> (y > 0). The derivation is based
on the caustic theory and geometrical properties where the
parabolic trajectory can be constructed by multiple geomet-
rical rays which are tangent to the curve itself.?$2%3!1 In our
case, the transverse modulation of the phase generates these
geometrical rays at angles 6(y) with respect to the x axis,
where d¢(y)/dy = k-sin[6(y)]. This sets the relation between
the angle 6(y) and the parabolic trajectory to be the following
expression

dg(y)/dy = —ksin(0) = kf'(x)/\/ 1+ [f'(x)]>.

124302-2



Chin. Phys. B Vol. 27, No. 12 (2018) 124302

Therefore, the spatial phase profile on the y axis should be sat-
isfied and is given as follows:

00) = k| 3n2O3DT+ /15200
e m

The solid line in Fig. 3(a) shows the spatial phase profile in the
y axis based on Eq. (1). It is observed that two mirror-imaged
phase profiles appear on two sides of y axis. According to
this spatial phase profile, we design 80 TAS subunits with dif-
ferent ¢-values, and each subunit could provide the required
transmitted phase shift [scattered dots in Fig. 3(a)] and ensure
high transmitted amplitude. Because an acoustic plane wave
normally impinges on the AM-1 from negative x axis, PT-1
acoustic beams emerge from the right surface of the AM-1 as
shown in Fig. 3(b). For AM-2, we choose PT-2 acoustic beams
asy = —0.8x!/2 (y < 0) and y = 0.8x'/2 (y > 0). The corre-

sponding spatial phase profile in the y-axis direction could be
28,29,31]

0(y) = 0.16k [ln(\/yz 10.0256 + y} . 2)

In Fig. 4(a), the solid line shows the spatial phase profile in the

obtained as!

y-axis direction based on Eq. (2) and the 80 scattered dots rep-
resent the transmitted phase shifts of 80 TAS subunits in the
y-axis direction. Figure 4(b) shows the transmitted acoustic
fields through AM-2. It is observed that PT-2 acoustic beams
emerge from the right surface of the AM-2.

()
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Fig. 4. (color online) (a) Spatial phase profile in y-axis direction for two
parabolic trajectories [y = —0.8x'/? (y < 0) and y = 0.8x'/2 (y > 0)] (PT-2)
and (b) acoustic field distribution of PT-2 through AM-2. Scattered dots in
panel (a) represent discrete phases of 80 subunits (one dot corresponds to
one subunit).

3. Numerical results and discussion

Based on AM-1 and AM-2, we design the ATS to realize
the controllable bidirectional asymmetric acoustic focusing.
We define the distance from the center of ATS to the focus
as the focal length. Figure 5(a) shows the simulated acous-
tic field distribution of the ATS for the PD case. Here, the
working frequency is fixed at 3.432 kHz (A9 = 10 cm) and the
space L between AM-1 and AM-2 is fixed at 8.54. Perfectly

matched layers (PMLs) are used around the model to prevent
reflections. In this case, a focus with a short focal length of
~ 6.82) is found on the right of the ATS. To illustrate this
acoustic focusing more clearly, we calculate the focal intensity
contrast |p/po |2 along and perpendicular to the x axis near the
focal point [marked as dotted lines “I”” and “II”” in Fig. 5(a)], as
shown in Figs. 5(b) and 5(c), respectively. Here, p and pg are
the amplitude of the focused and incident wave, respectively.
The full width at half maximum (FWHM) in Fig. 5(b) is about
0.42p and in Fig. 5(c) is about 1.68A¢ and the maximal in-
tensity contrast could reach about 34.6. Figure 5(d) shows the
simulated acoustic field distribution of the same ATS for the
ND case at the same working frequency of 3.432 kHz. Under
this condition, a focus with a long focal length of ~ 17.45A is
found on the left of the ATS. Figures 5(e) and 5(f) represent the
intensity contrasts on lines I and I in Fig. 5(d), respectively. It
is found that the FWHM is ~ 0.38 ¢ in Fig. 5(¢) and ~ 2.23 ¢
in Fig. 5(f) and the maximum of |p/po|* value reaches about
30.9.

Figure 6 illustrates the intensity contrasts |p/ po\2 in dot-
ted line “I” at working frequencies f = 3.232, 3.332, 3.432,
3.532, and 3.632 kHz, in which the structures of the ATSs are
the same as those in Fig. 5. For the PD cases, the numeri-
cal simulation results reveal that the maximal |p/ po|2 values
at f = 3.232, 3.332, 3.432, 3.532, and 3.632 kHz, are about
24.3, 36.3, 34.6, 27.2, and 17.2, respectively, as shown in
Fig. 6(a). Meanwhile, the corresponding focal lengths are
about 6.73Ag, 7.13A9, 6.82A¢, 6.83A9, and 6.814, respec-
tively and the corresponding FWHMs are 1.242y, 1.592,
1.68, 1.47A9, and 1.58 Ay, respectively. For the PD cases, the
numerical simulation results reveal that the maximal |p/po|*
values at f = 3.232, 3.332, 3.432, 3.532, and 3.632 kHz, are
about 13.8, 25.7, 30.9, 30.8, and 24.5, respectively, as shown
in Fig. 6(b). The focal lengths are about 15.85¢, 16.654¢,
17.451¢, 18.12A¢, and 18.85A, respectively and the corre-
sponding FWHMs are 2.154, 2.26¢, 2.2349, 1.854, and
2.352¢, respectively. It is obvious that the high focusing per-
formances occur at these frequencies, which indicates that the
working bandwidth of the BAAF based on our ATS could
reach ~ 0.4 kHz.

We further study the influence of the space L between the
AM-1 and AM-2 on the BAAF. Figures 7(a) and 7(b) show the
acoustic field distributions of the ATS with L = 12.5A for the
PD and ND case, respectively. Figures 7(c) and 7(d) show the
acoustic field distribution of the ATS with L = 16.5A for the
PD and ND case, respectively. The structures of two AMs
are the same as those in Fig. 5 and the working frequency
is 3.432 kHz. Compared with the results shown in Fig. 5,
the intensity and focal length of the bidirectional asymmet-
ric acoustic focusing are changed by adjusting the space L.
The underlying mechanism could be intuitively understood as
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the additional gradient phase profile change with the space L
between AM-1 and AM-2.12821 To illustrate the change of
asymmetric acoustic focusing more clearly, we calculate the
focal length (dashed-circle line for the left-hand scale) and the
corresponding intensity contrast |p/po|* (dashed-triangle line
for the right-hand scale) of the ATSs as a function of L for the
PD and ND case as shown in Figs. 7(e) and 7(f), respectively.
For the PD case, it is observed that with increasing L value
from 7.5 to 17.5A the focal length increases from ~ 5.94
and ~ 11.5, and the corresponding maximal |p/po|* value

(b) x/2

x/Ao

decreases rapidly from ~ 36 to ~ 1. For the ND case, with
increasing L value, the focal length increases almost linearly
from ~ 16.5A¢ to ~ 22.94 while the corresponding maximal
lp/ p0|2 value decreases almost linearly from ~ 33 to ~ 20. It
is found that, as L = 17.5A¢, the focusing of the ATS in the
PD case almost disappears while the focusing in the ND case
still exists. In this case, a unidirectional acoustic focusing is
achieved by our ATS. Therefore, without changing the struc-
tures of two AMs, the BAAF could be manipulated easily by
mechanically adjusting the space L of two flat AMs.

(d).‘)()

2232,

-22 -20 -18
x/2o

-24

Fig. 5. (color online) (a) Acoustic field distribution of the ATS for PD case. (b) Intensity contrasts |p/ po\z on dotted line “I” in panel (a). (c)
Intensity contrast |p/ p()|2 on dotted line “II” in panel (a)]. (d) Acoustic field distribution of the ATS for the ND case. (e) Intensity contrasts
|p/pol® on dotted line “I” in panel (d). (f) Intensity contrasts |p/po|* on dotted line “II” in panel (d)]. The working frequency is fixed at
3.432 kHz and the space L between two AMs is fixed at 8.5A.
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Fig. 6. (color online) Intensity contrasts |p/ 170|2 on dotted line “II” for (a) PD case and (b) ND case at the working frequencies f = 3.232,
3.332,3.432, 3.532, and 3.632 kHz, respectively. Structures of the ATSs are the same as those in Fig. 5.
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Fig. 7. (color online) Acoustic field distributions of acoustic plane waves impinging normally on ATS with L = 12.5 for (a) PD case and (b)
ND case. Acoustic field distributions of the acoustic plane waves impinging normally on ATS with L = 16.54 for (c) PD case and (d) ND case.
Focal length (dashed-circle line for the left-hand scale) and corresponding intensity contrast |p/ po\2 (dashed-triangle line for the right-hand
scale) of the ATSs as a function of L for (¢) PD case and (f) ND case. The working frequency is fixed at 3.432 kHz.

4. Conclusions

An ATS with two different flat AMs is proposed to
achieve bidirectional asymmetric acoustic focusing. Two flat
AMs with different phase profiles could generate different
parabolic acoustic beams, which are used to realize the BAAF.
Numerical simulations based on the FEM have been carried
out to verify the proposed design. We have proven that the de-
signed ATS for BAAF is robust within ~ 0.4 kHz frequency
band. On the one side of the ATS, the acoustic wave is focused
with a short focal length. Meanwhile, on the other side, the
acoustic wave is focused with a long focal length. Moreover,
we find that the intensities and focal lengths can be modulated
by adjusting the space L between two flat AMs. Because the
space L is larger than ~ 17.5Ay, BAAF could be converted
into unidirectional acoustic focusing. The proposed ATS with
two AMs may provide more possibilities in controlling acous-

tic waves and it may find applications in focused ultrasound
therapy and ultrasound imaging.
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