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Supporting information
Section 1: The coupled mode theory for acoustic metasurface (AM)

As is well known, two-dimensional acoustic waves and electromagnetic waves in homogeneous media can be equivalent,
and this equivalence also applies to anisotropic media. In two-dimensional coordinate system, for an inviscid fluid with zero

shear modulus, the acoustic wave equations are written as follows [1,2]:

ov
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where p is scalar pressure, v is velocity, p is mass density, and « represents bulk modulus. The effective density and bulk

modulus of AM satisfy n(x):pyzx‘lz—( ’(x-Ax)2+F 2_F)/L, p,—oo. Based on Egs. S(1) and S(2), we can obtain the acoustic

wave form inside AM as follows:

p= f(x)eik""(x)y,vy = —ﬁf(x)e”“)"(x)y,vx =0, S(3)
w

where f(x) is the coefficient function with respect to x, ky=2m/A is the wave number in air, and w=2nf is the angular

frequency.

The proposed AM consists of m=24 unit cells with a width of a. The total length of the acoustic structure is 2p=ma, the
focal distance and the thickness of AM is F and L, respectively. When vortex wave with an OAM of /i, is incident on the
AM, the entire system is divided into three regions: Region 1, the incident region above the AM; Region 2, the AM region;
and Region 3, the transmitted region on below of the AM. Here, we set the coordinate at the center for the upper surface of
AM as the origin, and the x-coordinate of each unit cell is given by x.==(j-1)p/m. The angle formed between the x-axis and
different unit cells corresponds to f=arctan(F/x;), and AM forms an angle a with the transmitted plane wave. The unit cell is

filled with the impedance-matched equivalent density material, where the density of the j-th unit cell is given by

n=p,=pyFxt=-( /(X-AX)2+F2-F)/L, p,—o0, with j ranging from 1 to m.

In the incident region above the AM (Region 1), the incident source is a vortex field with an OAM of /,, given by
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i 1 . . .
H;_L)(-)ellme. Here, Hl(_ n) (*) represents the /[, -th order Hankel function of the first kind, which represents the vortex
propagating outward from the center. As a result, the total pressure fields for y<0 is the combination of the incident vortex
wave and the reflected plane wave as follows:

py =[H" (kyr)e™® +r, exp (—ikyy)] exp(ik,x)> S(4)

where ky;=kosin8; and kx;=kocos6;. The complex number 7, represents the corresponding reflection coefficient. Therefore, the

y-components of the velocity fields can be obtained as follows:

v, = __1 [ﬂH{(” (kyr)e™ —ik r, exp(—ikvy)]exp(ikXx), S(5)
T oiwp, T ’ ’ ’

where po is air density. In the AM region (Region 2), according to Eq. S(3), the pressure and velocity fields in the j-th

medium (r-x[<a/2, 0<y<L) are written as

Py, =4, exp(ikjy)+bj exp(—ikj(y—L)),(j =1,2...m/2), S(6)

Vo = p J [aj exp(ikjy)—bj exp(—ikj(y—L))},(

J

x—xj|Sa/2)' S(7)

In the above Eqgs. S(6) and S(7), the coefficients a; and b; are the normalized coefficients representing the amplitude
coefficients of plane wave propagating in both the inward and outward directions of the j-th medium. The propagating wave

vector in the j-th medium is k=kon,=2nn;/A.

The pressure and velocity fields for y>L in the transmitted region below the AM (Region 3) can be expressed as

Py, =1, €xp [ik;, (y —L)] exp(ik.x), S(8)

_k’
T =1, eXp [ik; (- L)] exp(ik,x), S(9)
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where k;=kocosa and kj,=kosina. The function 7 denotes the corresponding transmission coefficient.
At the boundary y=0 between Region 1 and Region 2, with the continuity of the boundary pressure fields, we obtain as

follows:

(H,f:) (korj )e”""g +71,)exp(ik.x) = a; +bjuj,(

x—xj|§a/2), S(10)

where 7= /x]?+F2 and u=exp(ik;L). Similarly, applying the continuity boundary condition of the velocity field at the

boundary y=0,

%[gHgfn (kor,)ef/f,,a —ik,ryJexp(ik,x)=a, —biu/,(|x—xi| <al 2). S(11)
J

At the boundary y=L between the Region 2 and Region 3, we apply the continuity of boundary pressure field, given by

tyexp(ikx)=au, +bj,(

x—xj|Sa/2). S(12)



Likewise, following the continuity boundary condition of the velocity field at the boundary y=L, we obtain

tocosaexp(ik;x):ajuj—b_].,(x—xj|£a/2). S(13)

Integrating Egs. S(10) and S(12) with respect to dx over the region xj-a/2<x<x;+a/2, we can obtain

il . kx'W .
(H}" (korj )e "4 g Ysine( é )exp(zkxjxj) =a,+bu,, S(14)
. k'w o
f,sIn c(?) exp(zkxxj)= au;+b;. S(15)

Furthermore, we can multiply both sides of Eq. S(11) and, as well as Eq. S(13) and, by e'ik”C", respectively. Integrating both
sides with respect to dx over the region 0<x<p, m is as large as possible,

ml . kow ([F o, . . z S(16
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It is worth mentioning that a similar derivation process is also applicable to the region -p<x<0. Eventually, we can solve the

reflection coefficient o and transmission coefficient #. Then, we can calculate the corresponding reflectivity R:|ro|2 and

transmissivity T=|t|?.

Section 2: The acoustic experimental design details for vortex converter

To overcome the difficulty of producing vortex wave with larger OAM, the vortex converter using zigzag microstructure is
designed to generate vortex waves with different topological charges [3—5]. Specifically, we denote the vortex converters
generating vortex sources with OAM of -7 and -14 as CVT-1 and CVT-2 respectively, and the point source with OAM of 0
is formed by arranging 8 loudspeakers in a circular arrangement. The specific working approach is to place the point source
at the center of different vortex converters, and they automatically generate vortex wave with different OAM. The different
vortex converters are formed by combining the different number of the supercells in a circular arrangement, and a supercell
structure shown in Fig. Sl(a) is composed of 4 unit cells whose structural parameters are depicted in Fig. S1(c). The
transmissivity of each acoustic unit cell is over 97% for generating better the experimental vortex sources, and the phase
difference between adjacent unit cells is w/4, as shown in Fig. S1(b). Therefore, we can utilize the designed vortex converter

to generate vortex waves with the OAM of -7 and -14 for further acoustic experiment.
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Cell-1 0 0 t=1.905mm
Cell-2 d-=5 61 h=0.415(a-1) a=214375mm
Cell-3 d>=5.3t h3=0.505(a-1) p=72.28mm
Cell-4 da=3.6t hs=0.520(a-1) d=85.75mm

Fig. S1 The experimental design detail for a vortex converter supercell. (a) Geometric topography of a supercell. (b) Phase

shift (left) and transmission (right) of the 4 different unit cells. (¢) Designed parameters for the four different unit cells.

To further validate the working performance of CVT-1 and CVT-2, we conduct the numerical simulations and acoustic
experiments to obtain the generated vortex sources with OAM of -7 and -14, as shown in Fig. S2. Specifically, the CVT-1
and CVT-2 are formed by arranging 7 and 14 supercells in a clockwise annular arrangement. By placing the designed point
source at the center of vortex converter, they automatically generate vortex wavefronts with OAM of -7 and -14. The
simulation results of CVT-1 and CVT-2 generating vortex sources with OAM of -7 and -14 are clearly shown in Figs. S2(a)
and (c), and the results of acoustic experiments also produce identical vortex waves patterns, as depicted in Figs. S2(b) and
(d). Therefore, both the numerical simulations and acoustic experiments confirm that the plan is feasible to utilize vortex

converter to generate vortex sources with different OAM.
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Fig. S2 Numerical and experimental demonstrations of vortex converters. The simulation results: (a) /cyri1=-7 and (c)



lcvr2=-14. The experimental results: (b) lcyvri1=-7 and (d) /cyvr2=-14.

Section 3: The acoustic experimental design details for AM sample

(a) AM Sample (m=24)
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Fig. S3 The experimental design detail for (a) AM sample (refer to Table 1 for detailed parameters), and (b) the relationship
between the phase shift (left) / transmissivity (right) and different unit cells.

As shown in Fig. S3, we design the AM sample using zigzag microstructure [3—5]. The AM sample has a length of 2p=61
and a height of L=A, which is divided into 24 unit cells, and each with a length of a=2p/m. The phase delay and
transmissivity of different unit cells are shown in Fig. S3(b), and the transmissivity of each unit cell exceeds 97%. The

detailed parameters of each unit cell are listed in Table 1, where the inner wall thickness of the microstructure is /=2mm.

Table 1 Designed parameters for the twenty-four different unit cells.

Number | Distance of blocks Height of blocks Number | Distance of blocks Height of blocks
Cell-1 d1=10.952t h1=0.334(a-t) Cell-2 d2=10.952t h2=0.412(a-t)
Cell-3 d3=10.952t h3=0.465(a-t) Cell-4 d4=12.063t h4=0.566(a-t)
Cell-5 d5=6.147t h5=0.455(a-t) Cell-6 d6=6.147t h6=0.466(a-t)
Cell-7 d7=5.714t h7=0.474(a-t) Cell-8 d8=5.714t h8=0.475(a-t)
Cell-9 d9=6.147t h9=0.470(a-t) Cell-10 d10=6.147t h10=0.461(a-t)
Cell-11 d11=6.147t h11=0.446(a-t) Cell-12 d12=12.063t h12=0.545(a-t)

Cell-13 d13=10.952t h13=0.440(a-t) Cell-14 d14=10.952t h14=0.375(a-t)

Cell-15 d15=10.952t h18=0.274(a-t) Cell-16 d16=5.714t h16=0.069(a-t)

Cell-17 d17=8.278t h17=0.723(a-t) Cell-18 d18=11.478t h18=0.729(a-t)

Cell-19 d19=12.063t h19=0.596(a-t) Cell-20 d20=6.147t h20=0.461(a-t)

Cell-21 d1=10.952t h21=0.450(a-t) Cell-22 d22=10.952t h22=0.314(a-t)

Cell-23 d23=6.081t h23=0.682(a-t) Cell-24 d24=9.648t h24=0.683(a-t)




To verify the manipulation effect of the designed AM sample on vortex waves generated by different vortex converters, we
conduct the corresponding experimental simulations on the combination of the AM sample and vortex converters, as shown
in Fig. S4. Specifically, the designed point source placed at the center of vortex converters is converted into vortex wave
with OAM of -14 after passing through CVT-2, and the AM further convert the vortex wave into a plane wave with
deflection angle of -17.35°, as shown in Fig. S4(a). Similarly, the designed AM can also convert the vortex wave with OAM
of -7 generated by CVT-1 into vertical plane wave, as depicted in Fig. S4(b). In addition, when only point source is incident,
we can observe the plane wave with deflection angle of 16.51° in the transmitted region, as shown in Fig. S4(c). Therefore,
from acoustic experimental simulation perspective, we confirm that the designed AM sample can achieve efficient

conversion of vortex waves with different OAM to plane waves.

@) goyro=-14 a=-1735° ©)  for=7 o=0°

Fig. S4 The experimental simulation field patterns of vortex waves with (a) lcvr->=-14, 0=-17.35°; (b) lo=Icvr1=-7, a=0°; (¢)

[n=0, a=16.51°.

Section 4: The acoustic experimental results for vortex wave with the OAM of 7 and 14

In fact, we do not only measure the control effect of the AM sample on vortex sources with OAM of -14, -7, and 0 as
mentioned in the main text, but also obtain the experimental results of incident vortex waves with OAM of 7 and 14 as
additional verification, as shown in Fig. S5. Here, we denote the vortex converters generating vortex wave with OAM of 7
and 14 as CVT-3 and CVT-4 respectively, and they are formed by arranging 7 and 14 supercells in an anticlockwise annular
arrangement. Specifically, when the vortex source with OAM of 7 generated by CVT-3 goes through the AM sample, the
conversion of vortex wave into plane wave with the deflection angle of 32.72° could be observed, as shown in Fig. S5(a).
By further increasing the OAM of the incident vortex wave to 14, the vortex wave generated by CVT-4 is smoothly
converted into the plane wave with deflection angle of 49.83°, as shown in Fig. S5(b). It is worth mentioning that for vortex
waves with OAM of 7 and 14, the deflection angles still satisfy the proposed formula in the main text. Therefore, this
further confirms the correctness of our conclusion that AM can efficiently convert vortex waves with arbitrary OAM to
plane waves. The foundational principles of this study are relevant to both two-dimensional and three-dimensional vortex

wave research systems, with potential applications in particle manipulation and OAM-based detection.
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Fig. S5 The experimental demonstration for the efficient conversion of vortex wave with OAM of 7 and 14. The

experimental total field patterns of vortex wave with (a) lcvr3=7, a=-32.72°; (b) lcvr-4=14, 0=49.83°.

References

1. H. Chen and C. T. Chan, Acoustic cloaking in three dimensions using acoustic metamaterials, Appl. Phys. Lett. 91,
183518 (2007)

2. S. A. Cummer and D. Schurig, One path to acoustic cloaking, New J. Phys. 9, 45 (2007)

3.Y. Li, S. Qi, and M. B. Assouar, Theory of metascreen-based acoustic passive phased array, New J. Phys. 18, 043024
(2016)

4.8S. Chen, Y. Fan, F. Yang, K. Sun, Q. Fu, J. Zheng, and F. Zhang, Coiling-up space metasurface for high-efficient and
wide-angle acoustic wavefront steering, Front. Mater. 8, 790987 (2021)

5.Y. Fu, C. Shen, Y. Cao, L. Gao, H. Chen, C. T. Chan, S. A. Cummer, and Y. Xu, Reversal of transmission and reflection
based on acoustic metagratings with integer parity design, Nat. Commun. 10, 2326 (2019)




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



