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Fig. 1. (color online) (a) Schematic of direction selection mechanism of acoustic wave in ZIM; schematic of

focusing lenses with ZIM for (b) plane and (c) cylindrical acoustic waves.
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Fig. 2. (color online) (a) Schematic of coiling-up-space structure; (b) real part of relative density pr (red solid line)

and absolute value of relative acoustic velocity |vr| (blue dashed line); (c) transmission (red solid line) and real part

of relative acoustic impedance Z; (blue dashed line) as functions of normalized frequency.
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Fig. 4. (color online) Spatial distributions of phase field
through focusing lenses with (a) coiling-up space, (b) equi-

valent medium, and (c) free space for plan acoustic wave
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Fig. 5. (color online) Normalized acoustic intensity distributions along a line passing through focus (a) in

the horizontal direction and (b) in the vertical direction (shown as lines I and II in Fig. 3(a)).
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Fig. 6. (color online) Spatial distributions of pressure

field through focusing lenses with (a) coiling-up space,
(b) equivalent medium, and (c) free space for cylindri-

cal acoustic wave incidence.

1O () - - - AH%EN

— BB

0.8

0.6

0.4

|p|?/arb. units

0.2

0.5 0.6 0.7 0.8

Kb 75 g R P K iR KB HEAT A — 1k, WTRUE Y, 72
FEpi 0 (55.3 cm, 28.3 cm) &b, #5401 111
ARG R A BINEAE, 75 AR R L0 H 2 [h]

(1) 12.5 4%, U6BIAE I P U5 S8 AR B B R A A R4 )
FERAENERE. MbAh, fE AR O B S A R
ST ) 5 07 B (56.6 cm, 28.3 cm) 23T, UL, 7F
SEBRRLF R, AT DL S R E S N IR AL B
WHERRAE.

0 d y
—0.4 0 0.4 0.8 1.2

7 (MTRt) A A ol (a) i = [ 450 2R A8
B (b) SR B R ERE R e (c) B B3 1 7= AL i AL 2 1)
oA
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cal acoustic wave incidence.

LOr o) - -~ Hbz
i B

|p|?/arb. units

K8 (MTEG) 2 E 51 (a) BUIA5S (b) Ha T — L HREERZ 0 (K6 (a) PLTSLII

Fig. 8. (color online) Normalized acoustic intensity distributions along a line passing through focus (a) in the

horizontal direction and (b) in the vertical direction (shown as lines I and II in Fig.6(a)).
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Fig. 9. (color online) Spatial distributions of pressure field in focusing lenses for (a) plan and (b) cylindrical acoustic waves

with built-in rigid scatterers.
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Fig. 10. (color online) Normalized acoustic intensity distributions along a line passing through focus in the horizontal

direction for (a) plan and (b) cylindrical acoustic waves with built-in rigid scatterers (shown as lines I and II in Fig.9(a)).
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Fig. 11. (color online) Schematic of the lenses with ZIM for (a) horizontal and (b) inclined wavefront manipulation.
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Fig. 13. (color online) Spatial distributions of pressure field for the lenses of wavefront manipulation with inclined angles

(a) a=71°, (b) @ = 63°, (c) @ = 45°, and (d) a = 0°. Black hollow arrows indicate the transmitted direction of acoustic waves.
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Abstract

An acoustic focusing lens based on a coiling-up space structure with near-zero refractive index is studied. According
to the direction selection mechanism for acoustic waves in a near-zero refractive index material, we adopt the coiling-up
space structure as a basic unit for arrangement, and design a geometric structure with specific incident and outgoing
interfaces which is used to manipulate the outgoing direction of transmitted wave. Thus, the focusing effects for plane
acoustic wave and cylindrical acoustic wave are realized. Besides, the influences of rigid scatterers inside the lens on the
focusing performance are also discussed in detail. Moreover, the shape and direction of the acoustic waveform can be
manipulated accurately by changing the outgoing interface of the lens with the near-zero refractive index. The results
show that the lens with a single and two circular surfaces could realize the focusing effects of the plane and cylindrical
acoustic waves, respectively, and the rigid scatterers inside the lens have no effects on the focusing performance. In
addition, the cylindrical acoustic wave could be transformed into the plane acoustic wave through the lens with the
circular incident surface and the plane exit surface, and the inclined angle of the exit surface could be used to manipulate
the propagation direction of the plane wave. The simulation results between the lenses composed of the coiling-up
space structure and the effective medium are in good agreement with each other. This type of lens has the advantages
of single cell structure, high focusing performance, and high robustness. This work provides theoretical guidance and
experimental reference for designing a novel acoustic focusing lens with the near-zero refractive index, and offers a new

idea for studying the manipulation of the acoustic waveforms.
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