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Fig. 1. (a) Schematic diagrams of traditional space-coiling
acoustic metamaterial units and their series connection, the
yellow frame shows the SCAMI unit, and the green frame
shows the SCAM2 unit; (b) schematic diagrams of exponen-
tially graded acoustic metamaterial units and their series
connection, the yellow frame shows the EGAMI unit, and
the green frame shows the EGAM2 unit.
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Fig. 2. Transmission and phase modulation performances of the unit structures: (a) Phase modulation and transmission coefficient

of the EGAM1 unit; (b) phase modulation and transmission coefficient of the EGAM2 unit; (c) relationship between insert plate

length of EGAM unit and normalized acoustic impedance.
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Fig. 3. Transmission and phase modulation performances of the series-connected structure: (a) Relationship between the acoustic
pressure transmission coefficient of the series-connected structure and c¢;, ¢; (b) relationship between the phase variation of the
series-connected structure and the structural parameter ¢; under broadband conditions; (c) influences of the structural parameter c;

and frequency on the transmission coefficient of the series-connected structure.
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Fig. 4. Relationship between the extra phase delay and structural parameters: (a) Total phase delay of series-connected EGAM,
wraam; (b) sum of EGAM phase delays, ¢paam + Yrcamz; (¢) phase delay of series-connected SCAM, pgcan; (d) sum of SCAM

phase delays, @scant + @scame-
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Fig. 5. Schematic diagram of abnormal acoustic refraction achieved by acoustic metamaterials: (a) Abnormal refraction achieved via

the generalized Snell's law; (b) misalignment distance 0; (c¢) misalignment distance d.
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Table 1. Structural parameters ¢; and ¢, corresponding to the acoustic metamaterials EGAM1 and EGAM?2.

A bRz/mm 0 29 58 87 116 145 174 203 232 261 290 319 348 377 406 435 464

c1/mm 16 183 165 764 624 43 204 56.6 23.6 544 78 254 393 — — - —
Co/mm 16 82 16 213 364 546 787 384 739 435 20 722 586 52 498 53 61
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Fig. 7. (a) Schematic diagram of the experimental setup; (b) additively manufactured samples of EGAM.
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Fig. 8. Variation of the refracted acoustic pressure field with misalignment distance d: (a) Acoustic pressure field at misalignment

distance d = 0 mm; (b) acoustic pressure field at misalignment distance d = 58 mm; (c) acoustic pressure field at misalignment dis-

tance d = 116 mm.
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Table 2.  Theoretical and simulation results of Eq. (9).
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Fig. 9. (a) Schematic diagram of acoustic focusing realized by metamaterials; (b) schematic diagram of focusing at misalignment dis-

tance 0 mm; (c) schematic diagram of focusing at misalignment distance d.
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Fig. 10. Cloud diagrams of relative error u: (a) Influences of z, d, and y, on relative error when o = 2; (b) relative error when y, =

8\ and a = 1; (c) relative error when y, = 8\ and o = 1.5; (d) relative error when yy = 8\ and a = 2.
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Fig. 11. Metamaterial phase distributions: (a) Phase distribution of EGAM1I; (b) phase distribution of EGAM2; (c) phase distribu-

tion of overlapping area when d = 0 mm; (d) phase distribution of overlapping area when d = 29 mm; (e) phase distribution of

overlapping area when d = 58 mm.

%3 11(a), (b) ARG R A ZEL ), o

Table 3.  Structural parameters ¢; and ¢, corresponding to the phase distributions in Fig.11(a), (b).

B AR 2 /mm 0 29 58 87 116 145 174 203 232 261
c1/mm 16 81.3 76 66 52.7 36 16 59 32.6 70.4
¢y/mm 16.0 16.7 19.5 26.4 36.3 47.3 60.9 77.6 26.0 47.2

B A A% 2/ mm 290 319 348 377 406 435 464 493 522 551
¢1/mm 36.5 69 29.4 56.5 81.7 35.7 55.6 — — —
Cy/mm 70.3 23.6 51.8 79.5 39.1 71.1 34.9 68.0 34.4 69.7

*4 SRS E S (T HE

Table 4. Theoretical and simulated values of focal coordinates.
ZHd/mm PR AR R /mm D5 FLAR KR /mm w#E /% AR/ (Wm?)
0 (0, 596) (0, 571) (0, 4.2) 1.68x10°2
29 (58, 596) (57, 566) (1.7, 5.0) 1.72x10°2
58 (116, 596) (113, 555) (2.6, 7.8) 1.71x10°2

H R T 52500 A AN BRAR DL R 5 ) 1 A A —
FEVRZE, I RS ST B A R AR LE R 22 53
PR AR SARAR S O AR AR BR AN 4 R, AR KR
HS AL BN N 596 mm, B K220 41 mm,
ZERN T.8%, BALARIR RN ZE 2 3 mm, fi 255
H 2.6%. BABBRAY R 221/ VT LA ZIE AN T, SR TN
AEBR AR AR 22, — D7 T, T A e ey 2
REAHAS 73 A1 5 T SR RN 18 52 BRAR L 53 A A7 A

—EIRZE u, R ASOIIES d WK, AR )R
A3 2R B FARIR S 5 — T, MR AL R
B HHA A RETE A PSR MBS AN, JUH:
SRR v AR S A BE RS, BATT 98 B S KAl
[ @ s T e Bty E VAL I 1] b A e p S NN o
NSRS AN 25 5. By B2 S b £ g b 7 i
IFIESRAER 4, R A/NZY R 1.7x102 W/m?, it
KFZSHIRIES 1 Pa BFAYRHR 1.2x103 W /m2,
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Fig. 12. Focusing simulation results: (a) Sound intensity diagram of acoustic focusing simulation at d = 0 mm; (b) sound intensity
diagram of acoustic focusing simulation at d = 29 mm; (¢) sound intensity diagram of acoustic focusing simulation at d = 58 mm;

(d) magnified view of the focal position at d = 0 mm; (e) acoustic focusing simulation sound intensity diagram at d = 29 mm;

(f) magnified view of the focal position at d = 58 mm.
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Design and verification of tunable acoustic field devices
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Abstract

Traditional acoustic metamaterials are limited by their fixed structures, usually enabling only a single
acoustic field manipulation function. To alter their acoustic field regulation performance, redesign and
remanufacturing are required, which restricts the practical applications of acoustic metamaterials. Although
acoustic metamaterials based on the Moiré effect have provided a novel strategy for the dynamic manipulation
of acoustic waves, the coupling effect between cascaded units can introduce significant additional phase delay,
interfering with the precise manipulation of wavefront phase. To address this, we propose a cascadable
exponentially graded acoustic metamaterial (EGAM) based on the space-coiling structure. Its key design is the
exponential gradient of insert plate lengths, achieving smooth acoustic impedance transition and suppressing
additional phase delay during cascading. When used individually, the metamaterial exhibits a low transmission
coefficient; however, after cascading, the minimum sound pressure transmission coefficient exceeds 0.8, meeting
the requirements of acoustic transmission. A single structural unit can achieve a full 0-360° phase adjustment,
with the phase delay exhibiting a linear correlation with the structural parameters. Even under broadband
conditions, the structure maintains excellent phase manipulation capability and transmission performance.
Compared with traditional space-coiling structures, the additional phase delay induced by the coupling effect
between units during cascading is negligible. Leveraging this advantage of minimal additional phase delay, an
abnormal refraction acoustic metamaterial with tunable refraction angles is designed by combining the Moiré
effect. Verified through numerical simulations and experimental measurements, the refraction angle can be
continuously tuned from 0° to 51°, with a maximum error of only 4% between the theoretical and simulation
results. Furthermore, the same design strategy is employed to realize tunable acoustic focusing. By analyzing
the error between the ideal phase distribution and the actual phase distribution of the cascaded structure, the
horizontal coordinate of the focusing point is successfully shifted from 0-116 mm, with a maximum horizontal
error of 2.6%. Both the tunable refraction angle and focusing position achieved in this work are in high
consistency with the theoretical predictions. This study expands the application scope of reconfigurable acoustic

metamaterials and provides a new perspective for multifunctional acoustic wave manipulation.
Keywords: acoustic metamaterial, additional phase delay, abnormal acoustic refraction, acoustic focusing
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