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ABSTRACT

Vortex  wave  and  plane  wave,  as  two  most  fundamental  forms  of  wave
propagation, are widely applied in various research fields. However, there
is  currently  a  lack  of  basic  mechanism  to  enable  arbitrary  conversion
between  them.  In  this  paper,  we  propose  a  new  paradigm  of  extremely
anisotropic acoustic metasurface (AM) to achieve the efficient conversion
from 2D vortex waves with arbitrary orbital angular momentum (OAM) to
plane waves. The underlying physics of this conversion process is ensured
by  the  symmetry  shift  of  AM  medium  parameters  and  the  directional
compensation of phase. Moreover, this novel phenomenon is further veri-
fied  by  analytical  calculations,  numerical  demonstrations,  and  acoustic
experiments, and the deflection angle and direction of the converted plane
waves are qualitatively and quantitatively confirmed by a simple formula.
Our work provides new possibilities for arbitrary manipulation of acoustic
vortex,  and  holds  potential  applications  in  acoustic  communication  and
OAM-based devices.

Keywords  efficient  wave  conversion, vortex  wave, plane  wave, orbital
angular momentum, acoustic metasurface

 1   Introduction

Since 2011, the concept of metasurfaces has been introduced
to the field of electromagnetic waves with the generalized
Snell’s law (GSL) [1], and then rapidly been extended to
the acoustics fields [2, 3]. As the two-dimensional coun-
terpart  of  metamaterials,  metasurfaces  has  been  shown
to  provide  unparalleled  possibilities  for  the  arbitrary
manipulation of vortex waves and plane waves [4–7].  It
has  enabled  various  fascinating  acoustic  functionalities,

such as the anomalous reflection and refraction of plane
waves [4, 8–10], the conversion and asymmetric generation
of  acoustic  vortices  [11–14],  the  spin  of  acoustic  beams
[15],  acoustic  imaging  [16–18],  observation  of  acoustic
vortices [19, 20],  and others [21–25].  The heart of these
achievements is the functional unit cell controlling phase
delay  (including  optical  and  acoustic),  which  generates
arbitrary  phase  modulation  on  a  subwavelength  scale
through  resonant  materials  [26, 27],  resonance  modes
[28],  acoustic  microstructures  [29, 30],  and  different
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propagation  media  [4, 31–33].  Distinguished  from  the
former  three  approaches  that  are  constrained  by  the
manufacturing  losses  and  specific  frequencies  [34],  the
propagation  materials,  including  isotropic  and
anisotropic media, are highly favored in various applica-
tions because of their high transmissivity and operability.
On one hand, the isotropic materials play a crucial role
in  exploring  the  parity-dependent  diffraction  effects  in
phase gradient  metasurfaces  [4, 12, 35],  while  its  trans-
missivity  is  significantly  affected  at  larger  incident
angles. On the other hand, the anisotropic metasurfaces
are theoretically applied in the highly efficient generation
of larger OAM, and it is challenging to achieve it experi-
mentally  [36, 37].  To  date,  the  exploration  for  the
extremely  anisotropic  metasurfaces  [38],  which  bridges
the above two and inherits both of their advantages,  is
still far from sufficient, which hinders the application of
metasurfaces in various complex scenarios.

Despite the significant progress has been made in the
research and application of metasurfaces for manipulating
vortex waves and plane waves [39–45], to the best of our
knowledge,  there  is  still  a  lack  of  comprehensive  and
systematic  theoretical  explanations  of  the  conversion
mechanism  between  them.  For  two-dimensional  vortex
wave  with  topological  charge  of  zero  to  be  converted
into  a  vertical  plane  wave,  it  can  be  viewed  as  the
inverse process of plane wave focusing [46–48]. However,
the scattering-free conversion of vortex waves with arbi-
trary OAM into different plane waves remains an unre-
solved problem. This conversion involves complex physical
processes, including the wavefront reshaping [49–51], the
directional compensation of phase [52] and the generation
and  conversion  of  OAM [12, 13, 51, 53].  In  particular,
the generation of vortex waves with larger OAM is also
a difficulty in the acoustic experiments of wave conver-
sion. Therefore, the conversion mechanism between two
types of waves based on extremely anisotropic metasurfaces
remains sufficiently challenging.

In  this  work,  we  design  and  demonstrate  a  type  of
extremely  anisotropic  AM  based  on  the  characteristics
for  the  phase  of  vortex  wave  to  enable  the  efficient

conversion  from 2D vortex  waves  with  different  OAMs
to plane waves. This conversion is achieved through the
precise  compensation  of  vortex  wave  phase  and  the
symmetry  shift  of  AM  materials.  Analyzing  from  the
perspective  of  phase  variation,  we  summarize  a  concise
formula  to  accurately  determine  the  magnitude  and
direction  of  deflection  angle  for  the  efficient  conversion
of vortex waves with different OAMs into plane waves.
Besides,  we  design  the  AM  sample  and  two  vortex
converters utilizing zigzag microstructures, and they are
manufactured  using  3D  printing  technology  [4, 29, 30].
The measured experimental results perfectly confirm the
proposed theory of wave conversion. Our research estab-
lishes  a  one-to-one  corresponding  relationship  between
the  deflection  angle  and  incident  OAM lin,  which
provides  a  new  idea  for  the  manipulation  of  vortex
waves,  and  it  has  potential  applications  in  OAM rapid
detection, OAM-based signal demultiplexing and OAM-
based communication devices.

 2   Results and discussion

Figure  1(a)  provides  an  overall  conceptual  illustration
for the proposed efficient conversion of arbitrary vortex
fields,  indicating  the  phenomenon  that  the  perfect
conversion  of  vortex  wave  with  critical  OAM (denoted
as l0)  into  vertical  plane  wave  at  a  fixed  operating
frequency.  The  entire  research  system  is  divided  into
three  regions  with  the  upper  and  lower  surfaces  of  the
AM  as  the  boundary:  Region  1,  the  incident  region
above the AM; Region 2, the AM region; and Region 3,
the  transmission  region  below  the  AM.  The  incident
vortex  source  located  at  the  focusing  point  S  and  the
converted  plane  wave  are  respectively  situated  in
Regions  1  and  3  in  the  air,  and  the  acoustic  pressure
field  of  the  incident  vortex  wave  with  OAM  of l in
Region 1 is represented as follows: 

p = H
(1)
l (k0r) eilθ, (1)

 
Fig. 1  (a) Conceptual illustration of AM, which efficiently converts the vortex wave with critical OAM of l0 into vertical
plane wave. (b) The relationship between phase delay and relative position, where x ranges from –3λ to 3λ. (c) The analytical
process for the deflection angle of the converted plane wave.
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H
(1)
l

∆φ = k0(

√
(x−∆x)

2
+F 2−F )

where k0 = 2π/λ is the wave number in air, and (•)
is the l-th order Hankel function of the first kind, which
represents  the  vortex  wave  propagating  outward  from
the  center.  The  key  of  the  conversion  between  the  two
types of waves is achieved by placing a rectangular AM
with extremely anisotropic medium in Region 2. Specifi-
cally,  the  designed  AM with  a  focal  length  of F has  a
length of 2p (p = Ftanθ0, θ0 is the central angle) and a
thickness of L. According to the distribution characteristics
of  vortex  wave  phase  and  Huygens’ principle  [52, 54],
the required compensatory phase of  wave conversion at
different positions is ruled by ,
as shown in Fig. 1(b). Such a requirement of phase delay
is achieved by filling the density ρ and bulk modulus κ
that  vary  with  the  position  coordinate x in  AM,  and
they satisfy the following relationship: 

n(x) = ρy(x) = ρ0c
2κ−1(x)

=
λγ

2L
− (

√
(x−∆x)

2
+ F 2 − F )/L, ρx → ∞,

(2)

ρ0
λ γ

λ

ρx
ρy

where  and c are the density and acoustic velocity in
air, respectively.  is the working wavelength in air,  is
an undetermined number to adjust the range of refractive
index,  and  its  value  does  not  affect  the  directional
compensation  of  phase.  The  deflection  distance  Δx =
2π l0/40, and it can be seen that the medium parameters
of the AM are extremely anisotropic and symmetric with
respect  to  Δx.  The  numerical  value  of  Δx determines
the conversion of vortex wave with specific OAM value
to  plane  waves  perpendicular  to  the  AM.  Besides,  the
role of Eq. (2) is to convert the phase and amplitude of
vortex  wave  into  the  linear  momentums  at  different
angles.  Specifically,  as  approaches  infinity,  causing
the acoustic velocity in the x-direction to be zero, the 
and κ varying  with  the  coordinate x accomplish  the
directional  compensation  of  phase  for  incident  vortex
source. This results in the efficient conversion of vortex
waves with different OAMs into different plane waves.

∆φSA

∆φSA′ ∆φA′A ∆φSB ∆φSB′ ∆φB′B ∆φSA′ ∆φSB′

∆φA′A ∆φB′B

In  fact,  AM  not  only  enables  the  high-performance
conversion of vortex wave with critical OAM into vertical
plane waves, but also transforms vortex wave with other
OAM  into  a  plane  wave  with  deflection  angle α.  The
value  of  deflection  angle  is  jointly  regulated  and
controlled by multiple factors, such as λ, F, and L. Next,
we will  specifically  analyze  those  influencing  factors  for
the  size  of  the  deflection  angle  from  the  perspective  of
phase  variation.  Let  us  consider  the  situation  that  the
vortex  source  with  OAM  of lin located  at  the  focusing
point  S  is  incident  from  air,  the  phase  accumulation
from point S to point A(B) can be expressed as  =

 + (  =  + ). The ( )
represents  the  propagating  phase  accumulation  from
point  S  to  A(B)  of  a  propagating  vortex  wave,  and

( )  are  the  accumulated  phase  from  point

A′(B′) A(B)

A′ B′ ∆φA′B′ ∆φSA′

∆φSB′

∆φA′A ∆φB′B ∆φAA′ φA φA′

∆φBB′ φB φB′

∆φAB ∆φSA ∆φSB ∆φSA′

∆φSB′ ∆φA′A ∆φB′B

∆φAC

 to point  in AM, as shown in Fig. 1(c). It is
not  difficult  to  obtain the phase difference between the
points  and ,  which  is  given  by  =  –

 =  2linθ0.  Besides,  the  accumulated  phase
( ) are respectively given by  =  –  =

n(–x0)k0L and  =  –  = n(x0)k0L,  where x0 =
Ftanθ0. The phase difference between points A and B is
finally  obtained  as  =  –  =  (  –

)  + (  – ).  For  the  point  C outside  the
AM, its phase with respect to point B is same, that is,

 = k0Δd.  Therefore,  the  deflection  angle  α can  be
quantitatively determined as follows: 

α = arcsin
[
λθ0lin + πL (n (−x0)− n (x0))

2πF tan θ0

]
≈ λ (lin − l0)

2πF
.

(3)

Based on Eq.  (3),  the deflection angle  of  the converted
plane  wave  can  be  accurately  predicted.  Specifically,
when the OAM of incident vortex wave is smaller than
l0,  i.e., lin < l0,  the vortex wave is converted into plane
waves with negative deflection angles. On the contrary,
when lin is  larger  than l0,  the  vortex  wave  is  converted
into  plane  wave  with  positive  deflection  angles.  More-
over, when the vortex wave incident with critical OAM,
the converted plane wave is perpendicular to the AM.

To illustrate the aforementioned theory of the efficient
conversion  for  arbitrary  vortex  fields,  we  perform
numerical  simulations  using  COMSOL  Multiphysics  on
the designed AM with critical OAM of ‒7. Figures 2(a)‒
(c)  respectively  show  the  numerical  results  of  vortex
sources  with  OAM  of  ‒ 14,  ‒ 7,  and  0  being  converted
into plane waves with different deflection angles. Specifi-
cally, when the incident OAM is ‒14, AM can efficiently
convert the vortex wave into plane wave with a deflection
angle  of  ‒ 15.78°,  achieving  a  conversion  efficiency  of
95.7%,  as  shown  in Fig.  2(a).  Moreover,  the  deflection
angle obtained from the numerical simulation is in good
agreement  with  the  prediction  by  Eq.  (3).  When  the
OAM of  incident  vortex  source  is  equal  to  ‒7,  we  can
clearly  observe  in  the  transmission  region  of Fig.  2(b)
that  the  vortex  wave  is  converted  into  a  vertical  plane
wave, i.e., α = 0°. It is worth mentioning that the trans-
mission efficiency is nearly 100% when lin = l0 = –7, and
such  numerical  results  demonstrate  the  high-efficiency
conversion characteristic of the AM for vortex waves. In
addition,  for  comparison,  when  the  OAM  of  incident
vortex  wave  is  symmetrically  greater  than l0 by  7,  i.e.,
lin = 0, the vortex source is converted into a plane wave
of  15.21°,  with  a  transmissivity  of  93.3%,  as  shown  in
Fig.  2(c).  The  slightly  larger  deflection  angle  for  the
incident vortex wave with OAM of ‒14 compared to the
case of lin = 0 is caused by simulation errors, which can
be  viewed  as  approximately  equal  to  each  other.  We
thereby  conclude  that  the  designed  AM  can  convert
vortex  wave  with  critical  OAM  into  a  vertical  plane
wave,  while  the  symmetric  vortex  waves  with  OAM
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greater  or  smaller  than l0 can  be  converted  into  plane
waves  with  completely  opposite  deflection  angles.  It  is
worth  noting  that  the  transmissivity  of  vortex  waves
converting to plane waves varies with different incident
OAM,  and  the  wave  conversion  achieves  the  highest
transmissivity  when lin = l0.  Therefore,  the  above
numerical demonstrations provide a strong evidence that
AM  can  achieve  the  efficient  conversion  of  arbitrary
vortex fields.

To  further  elucidate  the  working  mechanism  for  the
efficient  conversion  of  vortex  waves,  the  coupled  mode
theory  is  employed  to  analytically  compute  the  trans-
mission characteristics of  the AM with critical  OAM of
‒7  (Details  can  be  seen  in  Supplementary  Section  1).
The  relationship  between  the  normalized  transmissivity
and  the  deflection  angle  for  vortex  sources  with  OAM
equal to ‒14, ‒7, and 0 is obtained, as shown in Fig. 3(a).
The  analytical  results  are  in  good  agreement  with  the
numerical  ones,  and  the  deflection  angles  of  different

α

incident  OAM  exhibit  significant  differences.  More
precisely,  for  the  case  of  incident  vortex  wave  with
OAM of ‒14, the normalized transmissivity is close to 1
with the deflection angle of ‒14.6°, while the transmissivity
of other angles is essentially 0. The analytical data also
explain  the  numerical  results  in Fig.  2(a).  Similarly,
when the vortex wave is incident with the critical OAM,
the  normalized  transmissivity  is  100%  with  =  0°,  as
shown  by  the  red  symbols  and  solid  line  in Fig.  3(a).
This  situation  indicates  that  the  vortex  source  with
OAM  of l0 is  perfectly  converted  into  a  vertical  plane
wave,  which  is  consistent  with  the  results  shown  in
Fig. 2(b). Furthermore, considering the case for incident
OAM  of  0,  it  is  symmetric  with  respect  to lin =  ‒ 14
about l0 =  ‒ 7.  Both  analytical  and  numerical  results
exhibit the same magnitude of deflection angle as in the
case  of lin =  ‒ 14,  but  with  opposite  direction.  The
numerical  results  in Fig.  2(c)  correspond  to  the  black
data  in Fig.  3(a),  confirming  that  vortex  waves  with

 
Fig. 2  Numerical demonstration for the efficient conversion of arbitrary vortex fields in AM (γ = 0). The simulated total
acoustic pressure field patterns of vortex waves with (a) lin = ‒14, α = ‒15.78°; (b) lin = l0 = ‒7, α = 0°; (c) lin = 0, α =
15.21°.

 
Fig. 3  Analytic calculation for the efficient conversion of arbitrary vortex waves. (a) The relationship between the normalized
transmissivity and the deflection angle in AM (γ = 0). (b) The relationship between Δx and the critical  OAM. The solid
lines are analytical results, and the symbols represent numerical results.
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symmetrical  OAM  exhibit  opposite α.  In  addition,
Fig. 3(b) simultaneously shows the relationship between
Δx and the critical OAM when λ/L equals 1 and 2. It is
evident that they satisfy a linear relationship,  given by
Δx =  2πλl0/40.  Except  for  a  slight  deviation  at  larger
values of the critical OAM, the analytical and numerical
results in Fig. 3(b) are in excellent agreement with each
other. In fact, the essence of the efficient wave conversion
is  based  on  the  complete  control  of  vortex  wave  phase
through  the  accurate  compensation,  and  the
phenomenon  is  very  robust.  Therefore,  by  carefully
selecting the geometrical and material parameters of AM,
it is possible to achieve the efficient conversion of vortex
fields with arbitrary OAM.

Experimental verification operating at 4.0 kHz for the
efficient  wave  conversion  of  arbitrary  vortex  fields  is
conducted  on  the  acoustic  experimental  platform,  and

the experimental setup is shown in Fig. 4(a). To overcome
the challenge  of  synthesizing  vortex sources  with larger
OAM,  the  annular  structure  consisting  of  clockwise
arranged  14  and  7  supercells  is  designed  as  vortex
converters  to  generate  vortex  waves  with  OAM of  ‒14
and  ‒ 7  (denoted  as  CVT-1  and  CVT-2),  as  shown  in
Figs. 4(b) and (c). The specific approach is to place the
point  source  formed  by  8  same  loudspeakers  at  the
center  of  different  converters,  automatically  generating
the  vortex  sources  with lCVT-1 =  ‒ 14  and lCVT-2 =  ‒ 7
(Vortex converter details can be found in Supplementary
Section  2).  The  AM  sample  is  3D  printed  zigzag
microstructures, which consists of 24 unit cells [4, 29, 30].
Each unit cell  of  the sample exhibits the transmissivity
exceeding 97% to ensure the accuracy of the experimental
results (AM sample details can be found in Supplementary
Section 3). The AM samples and two vortex converters

 
Fig. 4  Experimental demonstration for the efficient conversion of vortex fields. (a) Photograph of experimental setup. The
3D printing fabricated experimental vortex converter sample: (b) CVT-1, and (c) CVT-2. (d) The relationship between the
deflection angle α and incident OAM in AM. The experimental total acoustic pressure field patterns of vortex waves with
(e) lCVT-1 = ‒14, α = ‒16.57°; (f) l0 = lCVT-2 = ‒7, α = 0°; (g) lin = 0, α = 15.87°.
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are  made  of  commercial  photopolymer  material,  which
are  non-transparent  to  acoustic  waves.  In  addition,  the
full-wave  simulations  of  the  designed  acoustic
microstructures are performed, and the excellent agreement
between  the  simulation  results  and  the  theoretical
results  provides a solid foundation for  the experimental
results (Simulated results can be found in Supplementary
Section  2).  Based  on  the  above  experimental  prepara-
tions,  we  can  obtain  the  experimental  results  of  AM
sample  for  the  vortex  sources  with  different  OAMs
generated  by  vortex  converters.  Specifically,  when  the
OAM of vortex wave is lCVT-1 = ‒14, the total acoustic
field in the scanning area below AM sample is measured
by  an  acoustic  probe,  showing  that  the  vortex  wave  is
efficiently converted into a plane wave with ‒16.57°, as
depicted in Fig. 4(e). When the incident OAM equals to
l0,  i.e., lin = lCVT-2 =  ‒ 7,  a  nearly  vertical  plane  wave
(acoustic pressure field) can be observed in the transmission
region,  as  depicted  in Fig.  4(f).  For  the  incidence  of
point  source,  the  experimental  results  in Fig.  4(g)
demonstrate  that  the  deflection  angle  of  the  converted
plane wave is  15.87°.  It  is  worth noting that there is  a
slight deviation between the experimentally measured α
and the simulation results. This is mainly attributed to
the  intrinsic  losses  and  manufacturing  errors  of  AM
sample  and  vortex  converters.  Furthermore,  we  obtain
the relationship between the deflection angle and incident
OAM from ‒21 to 7 through analytical calculations and
numerical  simulations,  as  shown  in Fig.  4(d).  After
adding the experimental data for OAM values of ‒14, ‒7,
and  0  (indicated  by  red  pentagrams),  the  results  show
good  agreement  between  the  numerical,  analytical,  and
experimental  results.  As  an  additional  evidence,  the
total acoustic field patterns for the OAM of 7 and 14 are
also  experimentally  measured,  and  the  results  show  a
consistent trend with the analytical and simulated dates
(Experimental  results  can  be  found  in  Supplementary
Section  4).  Therefore,  from  the  perspective  of  acoustic
experiments,  we  demonstrate  that  AM  can  efficiently
convert vortex waves into plane waves.

 3   Conclusion

In  summary,  under  the  theoretical  framework  of  the
extended  GSL,  we  propose  a  unique  and  ingenious
conversion  method  that  can  efficiently  convert  vortex
fields  with  arbitrary  OAM  into  plane  waves.  This
conversion  establishes  a  one-to-one  corresponding  rela-
tionship between the OAM of incident vortex wave and
the deflection angle of the converted plane wave through
a concise formula, and the relationship is ensured by the
directed  compensation  of  phase  in  AM.  In  fact,  the
conversion of vortex waves to plane waves can be viewed
as  a  process  of  its  decomposition,  and plane  waves  can
similarly  be  synthesized  into  vortex  waves  using  the

same  AM.  To  validate  the  proposed  theory  of  wave
conversion, we conduct analytical calculations, numerical
simulations, and acoustic experiments to investigate the
efficient conversion of incident vortex waves with different
OAMs into plane waves. These three methods prove the
efficient  conversion  phenomenon  of  arbitrary  vortex
fields,  and  confirm  the  deflection  angle  magnitude  and
direction of the converted plane wave. In particular, the
design of vortex sources in acoustic experiments provides
a  universal  approach  for  producing  vortex  waves  with
larger  OAM.  Overall,  this  research  achievement  is
expected to provide important references for the applica-
tion design of OAM-devices.
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