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In-situ and ex-situ twisted bilayer liquid crystal
computing platform for reconfigurable image
processing
Kang Zeng1†, Yougang Ke1†*, Zhangming Hong1, Linzhou Zeng1* and
Xinxing Zhou2*

All-optical  image processing has been viewed as a promising technique for its high computation speed and low power
consumption. However, current methods are often restricted to few functionalities and low reconfigurabilities, which can-
not meet the growing demand for device integration and scenario adaptation in next-generation vision regimes. Here, we
propose and experimentally demonstrate a bilayer liquid crystal computing platform for reconfigurable image processing.
Under different in-situ/ex-situ twisted/untwisted conditions of the layers, our approach allows for eight kinds of image pro-
cessing functions, including one/two-channel bright field imaging, one/two-channel vortex filtering, horizontally/vertically
one-dimensional edge detection, vertex detection, and photonic spin Hall effect-based resolution adjustable edge detec-
tion. A unified theoretical framework for this scheme is established on the transfer function theory, which coincides well
with the experimental results. The proposed method offers an easily-switchable multi-functional solution to optical image
processing by introducing mechanical degrees of freedom, which may enable emerging applications in computer vision,
autonomous driving, and biomedical microscopy.

Keywords: reconfigurable image processing; bilayer liquid crystal; mechanical operation; photonic spin Hall effect
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 Introduction
Image processing refers to a set of techniques for manip-
ulating,  enhancing,  and  analyzing  images,  which  has
found applications in various fields such as photography,
robotics,  and  medicine1,2.  Conventional  image  process-
ing  relies  on  the  use  of  a  digital  electronic  computer  to
perform  designated  algorithms  on  pixelated  images.
With the increasing requirement for computation speed

and  energy  efficiency,  optical  analog  computing  has
emerged  as  a  promising  alternative  by  leveraging  the
high speed and inherent parallelism of light3−6. Such sys-
tems can directly process physical images formed by the
light  waves  from  an  object,  offering  potential  for  real-
time,  energy-efficient  processing  of  image  data7−10.
Prominent operations in all-optical image processing in-
clude  spatial  differentiation11−13,  convolution14 and 
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integration15,  indicating  its  value  in  real-world  applica-
tions.  Unfortunately,  traditional  optical  image  process-
ing platforms consist  of  bulky components,  which com-
promises  portability,  integrability,  and  stability  of  the
system.

Recently, the rapid advancement of nanophotonic ma-
terials has provided an effective way to address these is-
sues.  Metasurfaces16−21,  two-dimensional  materials  com-
posed of subwavelength structures22,23, possess extraordi-
nary capability to control the phase, amplitude, polariza-
tion  of  the  light.  Particularly,  those  for  computational
purposes,  a.k.a.  computing  metasurfaces24,25,  enable
mathematical operations on the input optical field, creat-
ing opportunities for thin, lightweight optical image pro-
cessors.  However,  most  planar  optical  elements  offer
limited  functionality,  typically  performing  only  a  single
operation  such  as  one-dimensional  or  two-dimensional
differentiation.  To  expand  their  capabilities  or  enable
resolution  switching,  existing  approaches  often  rely  on
complex  optical  setups  or  the  replacement  of  different
metasurfaces.  While  these  methods  can  partially  en-
hance system functionality, they still face challenges such
as  limited  reconfigurability,  bulky  system  architectures,
and  high  costs.  To  introduce  dynamic  tuning  capabili-
ties,  researchers have integrated active media26,27 such as
phase-change  materials  into  metasurface  structures28,29.
However, these active configurations often involve com-
plex fabrication processes and higher costs. For instance,
devices based on phase-change materials typically rely on
thermal  stimuli  for  state  switching,  which  complicates
system  integration  and  portability  while  adding  extra
cost and power overhead.

Notably,  recent  advances  in  liquid  crystal  (LC)-plas-
monic hybrid systems have opened promising pathways
toward  high-performance  tunable  optics.  For  example,
Franklin  et  al.  demonstrated  a  reflective  surface  capable
of  full  RGB  colour  tuning  via  a  single  nanostructure,
leveraging a  hybrid mechanism combining bulk and in-
terfacial  LC  effects30.  In  a  follow-up  work,  the  same
group  achieved  a  remarkable  95  nm  plasmonic  reso-
nance shift in the visible spectrum using highly birefrin-
gent  LCs  and  optimized  nanowells,  enabling  millisec-
ond-scale  switching  and  full  visible-range  colour
control31. These works highlight the potential of LC-inte-
grated platforms in achieving wide-range, fast, and prac-
tical reconfigurability32−35.

Inspired in part by these dynamic tuning concepts, at-
tention  has  also  turned  to  alternative  methods  that  cas-

cade  multiple  entirely  passive  elements36−41.  This  ap-
proach enables functional reconfiguration simply by ad-
justing  the  relative  positions  or  rotation  angles  of  these
elements, offering a compact, integrable, and flexible so-
lution that can be readily embedded into various optical
systems. The system also exhibits excellent scalability. By
carefully designing the phase profiles, additional LC ele-
ments  can  be  integrated  to  further  extend its  functional
versatility.  Although  mechanical  adjustment  is  slightly
slower  than  fully  electrical  control  schemes,  it  signifi-
cantly  reduces  system  fabrication  complexity,  power
consumption,  and  cost,  thereby  presenting  a  highly
promising  route  for  constructing  low-cost,  multifunc-
tional, and reconfigurable optical systems.

In this paper, we propose and experimentally demon-
strate a simple yet effective computing platform based on
bilayer LC for reconfigurable image processing. By twist-
ing the  layer(s)  at  in-situ  and ex-situ  positions,  the  out-
put beam mode exhibits a series of variations, which en-
ables  a  range  of  functions  such  as  bright-field  imaging
and  edge-enhanced  imaging.  The  schematic  of  the  pro-
posed scheme is  illustrated  in Fig. 1,  where  the  two lay-
ers  of  LC  are  named  as  LC1 and  LC2,  respectively.  The
in-situ position is defined by the perfect alignment of the
centers of the two layers, as illustrated in Fig. 1(a). By ro-
tating LC2 to different angles, one- or two-channel Gaus-
sian and Hermite-Gaussian (HG) beams can be generat-
ed,  corresponding  respectively  to  the  configurations  at
0°,  180°,  90°,  and  270°  in Fig. 1(a).  Specifically,  the  HG
beams shown in Fig. 1(a) operate in the HG11 mode. Fig-
ure 1(b) illustrates  the  ex-situ  position,  which  occurs
when  LC1 and/or  LC2 are  displaced  from  their  original
locations.  When  only  LC2 is  shifted  leftward  (with  LC1

stationary),  rotating  LC2 to  0°  and  180°  produces  a  one
vector vortex and two scalar vortices, respectively. Simul-
taneously shifting both LC1 and LC2 leftward or upward,
by  a  displacement  of  2.4  mm  in  all  cases,  and  rotating
LC2 to 90° or 270° yields HG01 or HG10 modes. Based on
the  structured  beams  generated  in Fig. 1(a) and 1(b),
multiple  imaging  functionalities  can  be  achieved  and
switched  accordingly,  as  demonstrated  in Fig. 1(c) and
1(d). Notably, each beam pattern at a given angle corre-
sponds to the image processing result at the same angle:
patterns in Fig. 1(a) match results in Fig. 1(c), and those
in Fig. 1(b) correspond to results in Fig. 1(d). Such a re-
configurable  image  processor  simultaneously  features
low  expense,  high  compactness,  and  wide  applicability,
which may advance the field of optical analog computing.
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 Design and principle

 Phase design
Recent years have witnessed remarkable advances in pla-
nar  optics  based  on  the  geometric  phase,  particularly
through LC materials.  As  a  state  of  matter  intermediate
between  isotropic  liquids  and  crystalline  solids,  LCs
combine  fluidity  with  anisotropic  optical  properties.
Their molecules tend to align along a preferred direction,
described by the local director, which defines the optical
axis  and  enables  spatially  varying  birefringence.  More
importantly,  LCs  exhibit  a  number  of  advantageous
characteristics: high transparency across a broad spectral
range,  large  and  tunable  birefringence,  and  responsive-
ness to external stimuli such as electric fields and surface
alignment. These properties make them ideal candidates
for  reconfigurable  metasurfaces  and  wavefront-shaping
elements42,43.

For  optical  edge  detection,  several  differentiation
schemes  have  been  established,  each  with  distinct
strengths and limitations. The photonic spin Hall effect-
based (PSHE) approach enables  directional  edge extrac-
tion  with  tunable  edge  thickness  by  varying  the  grating
period; vortex-filtering methods capture full two-dimen-
sional edges; HG modes such as HG10/HG01 allow polar-
ization-independent differentiation along one axis, while

the  HG11 mode  supports  vertex  detection  by  highlight-
ing intersections of x- and y-directional edges.

To  leverage  these  complementary  behaviors  in  a  sin-
gle platform, we aim to develop a unified phase formula-
tion that would allow dynamic switching between differ-
entiation  modes.  Initial  designs  relying  solely  on  rota-
tional  tuning  proved  insufficient.  While  rotation  en-
abled  PSHE-type  differentiation  and  HG11-mode  vertex
detection,  it  could  not  access  vortex  or  single-axis  HG
modes.  This  motivated  the  introduction  of  lateral  dis-
placement  as  an  additional  control  degree.  The  phase
profile  on  either  piece  of  the  LC in  the  compact  bilayer
LC system is designed as40
 

φ±(r, θ) = ±
[
mod(lθ, 2π)/2+ 2π

d0
rcos θ

]
, (1)

(r, θ)

l = 2
d0 = 0.432

where  denotes  the  polar  coordinates,  the  symbol

"+"  or  "–"  corresponds  to  left-handed  circularly  polar-
ized  (LCP)  or  right-handed  circularly  polarized  (RCP)
incident light, respectively. In this work, we set  and

 mm.
In the Cartesian coordinate system, we can derive the

total phase at in-situ and ex-situ positions under twist as40
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Fig. 1 | Schematic diagram of the proposed scheme. (a) Intensity patterns obtained by rotating LC2 at the in-situ position. (b) Intensity patterns

obtained by rotating LC2 at the ex-situ position. (c) Bright-field imaging and vertex detection functionality corresponding to (a), where the single

Gaussian spot pattern at 0° in (a) corresponds to the single bright-field image processing result at 0° in (c), and the same correspondence ap-

plies to the remaining patterns. (d) Edge-enhanced imaging functionality corresponding to (b), where the single vortex spot pattern at 0° in (b)

corresponds to the single two-dimensional imaging processing result at 0° in (d), with analogous correspondences for the other patterns.
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φ±
bilayer(x, y)
=±φ1 ((x− x1) cosθ1 − (y− y1) sinθ1,

(x− x1) sinθ1 + (y− y1) cosθ1)
∓ φ2 ((x− x2) cosθ2 − (y− y2) sinθ2,
(x− x2) sinθ2 + (y− y2) cosθ2)

=± mod

(
l·arctan (x−x1) sinθ1+(y−y1) cosθ1

(x−x1) cosθ1−(y−y1) sinθ1
, 2π

)
/2

±2π
d0

((x− x1) cosθ1 − (y− y1) sinθ1)

∓mod

(
l·arctan (x−x2) sinθ2+(y−y2) cosθ2

(x−x2) cosθ2−(y−y2) sinθ2
, 2π

)
/2

∓ 2π
d0

((x− x2) cosθ2 − (y− y2) sinθ2) , (2)

(x1, y1) (x2, y2)

θ1 θ2

where LC1 and LC2 are translated by  and 
along  the x- and y-axes,  respectively,  and  subsequently
rotated  by  and  around  their  respective  centers.
Here, both LC1 and LC2 share the same phase function as

φ1(r, θ)
φ2(r, θ)

in Eq. (1). To distinguish between them,  is used
to denote the phase of LC1, while  denotes that of
LC2.

 Unified transfer function

Ein,obj(x, y)
In  the  4f system,  denote  the  final  illuminated  object  of
the  incident  electric  field  by .  Then,  the  rela-
tionship between the  input  and output  fields  can be  ex-
pressed as 

Eout,img(x, y) = Ein,obj(x, y) ∗ F{H(u, v)}, (3)

u = x′/λf v = y′/λf
(x′, y′)

(u, v) = (x′/λf, y′/λf) F
∗

H(u, v)

where  and . Note that position coor-
dinates  at  the  Fourier  plane,  corresponding  to
spatial  frequencies ,  denotes  the
Fourier transform, and the symbol  represents the con-
volution  operation.  Notably,  represents  the
transfer function in the Fourier plane, as given by

H±(u, v) =exp
[
±i · mod(l · arctan (u− u1) sinθ1 + (v− v1) cosθ1

(u− u1) cosθ1 − (v− v1) sinθ1
, 2π

)
/2±i · 2π

d0
((u− u1) cosθ1 − (v− v1) sinθ1)

∓ i · mod(l · arctan (u− u2) sinθ2 + (v− v2) cosθ2
(u− u2) cosθ2 − (v− v2) sinθ2

, 2π
)
/2∓ i· 2π

d0
((u−u2) cosθ2−(v−v2) sinθ2)

]
, (4)

u1 v1 u2 v2 θ1 θ2

u1 u2

v1
v2

θ1 θ2

which allows for various functions by altering the param-
eters , , , , , and . In the system, the center of
each  LC  layer  is  typically  aligned  with  the  optical  axis,
which corresponds to the origin of the Cartesian coordi-
nate  system.  Accordingly,  and  denote  the  transla-
tional displacements of LC1 and LC2 along the x-axis, 
and  represent their translations along the y-axis, while

 and  are  the  rotation  angles  of  LC1 and  LC2 about
their own centers, respectively. In the following, we show
how  those  functionalities  are  obtained  under  different
parameter settings.

 One/two-channel bright-field imaging

0◦ 180◦
The  one- and  two-channel  bright-field  imaging  can  be
obtained by rotating LC2 by  and , respectively, in
the  absence  of  any  spatial  displacement  (i.e.,  the  in-situ
case).

u1 = 0 v1 = 0 u2 = 0 v2 = 0
θ1 = 0◦ θ2 = 0◦

For the one-channel bright field imaging, the parame-
ter  conditions  are  set  as , , , ,

,  and .  Substituting these conditions into
Eq. (4), we have 

H0◦
o-bright(u, v) = exp(0). (5)

This shows that the transfer function applied to the in-
cident  field  is  unity.  Hence,  the  corresponding  expres-

sion for the one-channel bright field imaging can be ob-
tained as 

Eout,o-bright(x, y) = Ein,obj(x, y) ∗ F
{
H0◦

o-bright(u, v)
}

= Ein,obj(x, y). (6)

u1 = 0 v1 = 0 u2 = 0 v2 = 0 θ1 = 0◦

θ2 = 180◦

In  contrast,  the  two-channel  bright  field  imaging  can
be realized under , , , , 
and .  From Eq.  (4),  the  transfer  function  now
becomes 

H180◦
d-bright(u, v) = exp

(
±i · 4π

d0
u
)
. (7)

This  leads  to  a  one-dimensional  grating  modulation
within the 4f system. Accordingly, under linear polariza-
tion,  the  two-channel  bright  field  imaging  can  be  ex-
pressed as44,45
 

Eout,d-bright(x, y) =Ein,obj(x, y) ∗ F
{
H180◦

d-bright(u, v)
}

=Ein,obj[(x− Δ), y]
[

1
−i

]
+ Ein,obj[(x+ Δ), y]

[
1
i

]
, (8)[

1 ±i
]T
/
√
2

Δ
where  denote the LCP and RCP compo-
nents, respectively, and  represents the spatial displace-
ment.  For  this  function,  the  displacement  is  sufficiently
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large to form two spatially separated bright-field replicas
of the object.

 Vertex detection

90◦

u1 = 0 v1 = 0 u2 = 0 v2 = 0
θ1 = 0◦ θ2 = 90◦

In the in-situ case, vertex detection can be implemented
within the 4f system based on the generated HG11 mode
via rotating solely LC2 by . At this point, the parame-
ter  conditions  are  set  as , , , ,

 and .  The  resulting  transfer  function
can be written as 

H90◦
HG11

(u, v)=exp
[
±i

[
V(u, v)−V(−v, u) + 2π

d0
(u+v)

]]
,

(9)

V(u, v) ±mod(
2arctan

v
u
, 2π

)
/2 L =

2π
d0

(u+ v)

where  the  function  is  defined  as 

. The linear term  only

affects  the  spatial  location  of  the  differentiation  result,
which does not alter the differentiation process.

Considering  the  property  of  the  mod  function  in  the
first quadrant, rewrite 

H90◦
HG11

(u, v) =exp
[
±i

[(
arctan

v
u
− arctan

−u
v

)

+
2π
d0

(u+ v)
]]

, (10)

where the argument without the linear term can be sim-
plified, using trigonometric identities, into 

arctan
v
u
− arctan

−u
v

≈arctan

 v
u
+

u
v

1+
v
u
· −u

v


=


−π
2
, uv > 0

π
2
, uv < 0

. (11)

exp
[
±i

(
arctan

v
u
−

−u
v

)]
∼exp

[
±i

(
sgn(u) sgn(v)π

2

)]It  is  easy  to  show  that arctan

,  which  is  actually

a  four-quadrant  sign  function  for  the  HG11 mode.  The
linear term, acting as  a  grating function,  manifests  itself
as  a  spatial  shift  of  the  image  after  Fourier  transforma-
tion. Then, under linear polarization, the output field of
the HG11 mode can be expressed as 

Eout,HG11(x, y) =Ein,obj(x, y) ∗ F
{
H90◦

HG11
(u, v)

}
∝ HxHy [Ein,obj(x− Δ, y− Δ)

+ (x+ Δ, y+ Δ)] , (12)

Hx Hywhere  and  represent the Hilbert transform opera-
tors in the x- and y-directions, respectively.

 Horizontally/vertically oriented one-dimensional
edge detection

90◦

270◦

90◦

To  achieve  horizontally/vertically  oriented  one-dimen-
sional edge detection, we need to shift both LC1 and LC2

vertically/horizontally by 2.4 mm simultaneously (ex-situ
case) and then rotate LC2 by . It is also feasible to ro-
tate  LC2 by ,  which  shares  the  same  principle  and
thus we focus on the rotation of .

u1 = 2.4 mm v1 = 0 u2 = 2.4 mm v2 = 0
θ1 = 0◦ θ2 = 90◦

For vertically oriented one-dimensional edge imaging,
we  use , , , ,

, and . This leads to the HG01 mode, and
the corresponding transfer function can be written as 

H90◦
HG01

(u, v) =exp
[
±i
[
V (u−u1, v)−V (−v, u−u1)

+
2π
d0

(u+ v− u1)

]]
, (13)

V(u, v) ±mod(
2arctan

v
u
, 2π

)
/2

x

π

where ,  as  defined  before,  is 

.  The  HG01 mode  can  be  regarded  as

the  HG11 mode  shifted  along  the -axis,  resulting  in  a
pattern  where  the  upper  and  lower  regions  exhibit  a
phase  difference  of .  Then,  according  to Eq.  (12),  the
output  field  under  linear  polarization incidence is  given
by 

Eout,HG01(x, y) =Ein,obj(x, y) ∗ F
{
H90◦

HG01
(u, v)

}
∝ ∂

∂y
(Ein,obj(x− Δ, y− Δ)

+Ein,obj(x+ Δ, y+ Δ)) . (14)

u1 = 0 v1 =
2.4 mm u2 = 0 v2 = 2.4 mm θ1 = 0◦ θ2 = 90◦

For horizontally oriented one-dimensional edge detec-
tion,  the  parameter  configuration  is , 

, , , ,  and .
Similarly,  the  expression  for  the  HG10 mode  can  be  de-
rived as 

Eout,HG10(x, y) =Ein,obj(x, y) ∗ F
{
H90◦

HG10
(u, v)

}
∝ ∂

∂x
(Ein,obj(x− Δ, y− Δ)

+Ein,obj(x+ Δ, y+ Δ)) . (15)

 Resolution-variable one-dimensional edge
detection
Resolution-variable  one-dimensional  edge  detection  is
based  on  the  PSHE.  The  tunability  of  this  effect  is
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controlled by a small rotation (between −22° and 22°, ex-
cluding  0°)  of  the  LC  layers.  The  in-situ  bilayer  phase
becomes
 

φ1(x, y)− φ2(x, y) =
2π
d0

(xcosθ1 + ysinθ1)

− 2π
d0

(xcosθ2 + ysinθ2) . (16)

θ1 = 0
This  phase  is  actually  a  one-dimensional  grating.  In

particular, for , Eq. (16) can be simplified into
 

Gbilayer =
2π
d0

(x (1− cosθ2)− ysinθ2)

=
4π
d0

sin
θ2
2

[
xsinθ2

2
− ycosθ2

2

]
. (17)

d0

θg
Recall a standard grating with a fixed period  and an

arbitrary  optical  axis  direction ,  which  can  be  ex-
pressed as
 

Ggrating =
2π
d0

(xcosθg + ysinθg). (18)

Then, compared to the standard grating formula, ours
can  be  simplified  toward  the  standard  grating  formula,
and  its  period  and  optical  axis  direction  can  be  ex-
pressed as
 

θbilayer =arctan
(

−sinθ2
1− cosθ2

)
,

dbilayer =
d0

2
∣∣∣∣sin(θ2

2

)∣∣∣∣ . (19)

Δ =
λf

dbilayer

This  clearly  shows  that  the  grating  period  as  well  as
the  direction  of  the  optical  axis  changes  over  rotation.
For orthogonal polarization illuminance, if  the displace-

ment  is  sufficiently  smaller  than  the  image

size, the output electric field can be derived as44,45
 

Eout,tunable(x, y)={Ein,obj [x+Δsinθbilayer, y+Δcosθbilayer]

− Ein, obj [x− Δsinθbilayer, y

−Δcosθbilayer ]}
[

0
i

]
, (20)

λ fwhere  is the wavelength and  is the focal length. Con-
sidering  the  amplitude  of  the  output  electric  field,  the
output  field  amplitude  becomes  approximately  propor-
tional  to  the  first-order  spatial  derivative  of  the  input
field, as given by
 

|Eout,edge|≃2Δ
∣∣∣∣sinθbilayer ∂Ein,obj

∂x
+cosθbilayer

∂Ein,obj

∂y

∣∣∣∣ . (21)

Therefore,  under  linear  polarization,  the  output  field
of  the  tunable  one-dimensional  differentiation  can  be
written as 

Eout,tunable(x, y) =4
λf
∣∣∣∣sinθ22

∣∣∣∣
d0

(
sinθbilayer

∂Ein,obj

∂x

+cosθbilayer
∂Ein,obj

∂y

)
. (22)

θ2

The  coefficient  before  the  derivative  term,  which
quantifies  the  resolution,  namely  the  thickness  of  the
edges and the direction of the differentiation, can be ad-
justed by the rotation angle .

 One-channel vectorial two-dimensional
differentiation and two-channel scalar differentiation

u1 = 0 v1 = 0 u2 = 2.4 mm v2 = 0
θ1 = 0◦ θ2 = 0◦

One-channel vectorial two-dimensional differentiation is
obtained  under , , , ,

 and .  Again  from Eq.  (4),  the  transfer
function can now be written as 

H0◦
o-vortex(u, v) =exp

[
±i
[
V(u, v)− V (u− u2, v)

+
2π
d0

(u2)

]]
. (23)

V(u, v)(
2arctan

( v
u

)
, 2π

) ( v
u

)
2π ·

2arctan
( v
u

)
2π

 .

arctan
( v
u

) (
−π
2
,
π
2

)
mod

(
2arctan

( v
u

)
, 2π

)
= 2arctan

( v
u

)
mod

(
2arctan

(
v

u− u2

)
, 2π

)
(

v
u− u2

)

In  the  expression  of ,  it  can  be  seen  that  mod

=2arctan −

Since  belongs  to , we  have

. Similarly,  we

can obtain that  = 2arctan

. Using these results, the transfer function can

be simplified as  

H0◦
o-vortex(u, v) =exp

[
±i

[
arctan

(
−u2v

u2 − u2u+ v2

)

+
2π
d0

(u2)

]]
. (24)

u = ρcosϕ v = ρsinϕ(ρ → 0) (ρ,ϕ)
Consider a small region around the origin, defined by

, ,  where  denotes  the
polar coordinates in the LC (Fourier) plane. Rewrite the
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transfer function as
 

H0◦
o-vortex(u, v) ≈

exp
[
±i
[
arctan

(
−u2ρsinϕ

ρcosϕ2 − u2ρcosϕ+ ρsinϕ2

)
+

2π
d0

u2

]]

= exp
[
±i
[
arctan(tanϕ) + 2π

d0
(u2)

]]

= exp
[
±i
[
ϕ+ 2π

d0
u2

]]
,

(25)

2π
d0

u2 H0o
o-vortex(u, v)where  is  a  constant.  Hence,  can  be

approximately regarded as a vector vortex transfer func-
tion with the topological charge of 1. Under linear polar-
ization, the output field is given by46
 

Eout,o-vortex(x, y) =Ein,obj(x, y) ∗ F
{
H0◦

o-vortex(u, v)
}

=Ein,obj(x, y) ∗ h(r, θ)

=Ein,obj(x, y) ∗
2π
λf

[
cos (θ−θin)
sin (θ−θin)

]

·
w R

0
J1
(
2π
λf

rρ
)
ρdρ , (26)

(r, θ)where  denote  the  polar  coordinates  in  the  image
plane.  In  this  case,  the  resulting  output  corresponds  to
two-dimensional  edge  features,  realized  through  a  con-
volution operation.

u1 = 0 v1 = 0 u2 = 2.4 mm v2 = 0
θ1 = 0◦ θ2 = 180◦

Two-channel  scalar  differentiation  requires  the  pa-
rameter conditions , , , ,

 and .  The  transfer  function  now  be-
comes 

H180◦
t-vortex (u, v) =exp

[
±i
[
V(u, v)− V (u− u2, v)

+
2π
d0

(2u− u2)

]]
, (27)

which, following a similar procedure to Eq.  (25),  can be
reduced into 

H180◦
t-vortex (u, v) = exp

[
±i

[
ϕ+

2π
d0

(2u− u2)

]]
. (28)

4uπ/d0

Compared  with Eq.  (25),  the  only  difference  here  is
the linear term  instead of the constant. As stated,
such  a  linear  term  acts  as  a  one-dimensional  grating,
which  would  split  the  vector  vortex  into  LCP  and  RCP
components,  i.e.,  two different channels.  By considering
the two components separately, the output light field can
be expressed as
 

Eout,t-vortex(x, y) =Ein,obj(x, y) ∗ F
{
H180◦

t-vortex(u, v)
}

=Ein,obj(x− Δ, y) ∗ 2π
λf

[
1
−i

]

·H180◦
t-vortex-lcp(u, v)

w R

0
J1
(
2π
λf

rρ
)
ρdρ

+Ein,obj(x+ Δ, y)∗ 2π
λf

[
1
i

]

·H180◦
t-vortex-rcp(u, v)

w R

0
J1
(
2π
λf

rρ
)
ρdρ. (29)

 Results and discussion

 Structured light generation
According to the designed phase function, two LC sam-
ples,  i.e.,  LC1 and  LC2,  were  fabricated,  as  presented  in
Fig. 2(a). To verify the optical properties of the samples,
cross-polarized  imaging  was  performed  on  LC1,  while
parallel  and  cross-polarized  images  were  captured  for
LC2.  The central region of the cross-polarized image for
LC2 was  magnified  to  examine  its  structural  details,
which  was  fork-shaped.  Comparing  the  parallel/cross-
polarized  images  with  the  designed  phase  distributions,
we  can  confirm that  the  fabricated  samples  exhibit  spa-
tial phase modulation characteristics that are highly con-
sistent  with  the  theoretical  design.  The  LC  phase  ele-
ments were fabricated via laser direct writing47. The fab-
rication  procedure  is  outlined  as  follows:  First,  a  trans-
parent  glass  substrate  was  thoroughly  cleaned.  Then,  a
solution of sulphonic azo-dye (SD1) was applied to form
an  alignment  layer  on  the  substrate.  Subsequently,  the
designed  phase  pattern  was  transferred  onto  the  sub-
strate point-by-point using a laser direct writing system.
Following  this,  the  substrate  was  spin-coated  with  a  LC
monomer  solution  to  form  a  polymer  network.  Finally,
the sample was exposed to ultraviolet light to solidify the
LC  alignments.  The  resulting  LC  pattern  consists  of
1080×1080 pixels with a single-pixel size of 8 µm. Char-
acterization  measurements  confirm  that  both  LC1 and
LC2 exhibit  a  transmittance  greater  than 98% at  the  de-
sign  wavelength  of  633  nm.  Furthermore,  the  deviation
of  their  measured  retardance  from  the  ideal  half-wave
plate  value  is  merely  0.76%  for  LC1 and  0.83%  for  LC2.
These  parameters  demonstrate  that  the  fabricated  ele-
ments closely match the theoretical design specifications.

To test  the  LC elements,  an  experimental  setup is  es-
tablished, as depicted in Fig. 2(b). A He-Ne laser (Thor-
labs)  is  utilized  to  emit  a  linearly  polarized  Gaussian
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beam at the wavelength of 632.8 nm. Its intensity can be
controlled by a half-wave plate (HWP) and a Glan laser
polarizer  (GLP1).  Meanwhile,  the  combination  of  GLP1

and  a  quarter-wave  plate  (QWP1)  enables  precise  con-
trol of the incident light polarization state. After the po-
larization  modulation,  the  beam  illuminates  the  central
region  of  the  LC  layer.  The  two  LC  layers  are  kept  as
closely adjacent as possible. Specifically, during all exper-
imental  procedures,  the  distance  separating  the  two  LC
layers is  ensured to be within 10 mm. Although a slight
gap inevitably exists between the two LC layers, its influ-
ence  on  the  generation  of  the  expected  phase  profile  is
negligible.  Subsequently,  the  Stokes  parameter S3 of  the
output  optical  field  is  analyzed  using  QWP2 and  GLP2.
Finally,  the  output  intensity  can  be  recorded  by  a  CCD
camera.  In  the  experiment,  we  first  construct  various
structured  light  fields  under  linear  polarization  inci-
dence  by  twisting  LC2 at  in-situ  position,  as  shown  in
Fig. 2(c).  When  the  twist  angle  of  LC2 is  0°,  the  phase
profiles of the two LC layers are identical, canceling each
other out and resulting in an overall composite phase of
zero.  Consequently,  the  output  remains  the  form  of  a
single  Gaussian  spot.  When  the  rotation  angles  of  LC2

are 90° and 270°, the composite phase modulation corre-

sponds to HG11 mode, only differing in direction. If LC2

is  rotated  to  180°,  the  composite  phase  of  LC1 and  LC2

forms  a  one-dimensional  grating  structure,  splitting  the
far-field  intensity  into  two  circular  spots.  The  experi-
mental  intensity  images  in  the  fifth  column  of Fig. 2(c)
show excellent  agreement  with  the  theoretical  results  in
the  fourth  column,  validating  the  correctness  and  feasi-
bility of the design for the LC layers.

Building  upon  the  in-situ  condition  in Fig. 2(c),  we
further  consider  the  ex-situ  condition  to  achieve  more
diverse beam modes, as depicted in Fig. 3. In the experi-
ment, the geometric centers of the LC layers are defined
as the origins, used as the reference for determining off-
set  direction  and  distance.  When  the  rotation  angle  of
LC2 is  0°,  with  LC2 offset  leftward  horizontally  by  2.4
mm  from  its  origin,  we  obtain  a  spot  pattern  that  ex-
hibits single vector vortex characteristics. When the rota-
tion  angle  of  LC2 is  90°  or  270°,  shifting  both  LC1 and
LC2 leftward  by  2.4  mm  from  their  respective  origins
transforms the spot  pattern from the initial  HG11 mode
into  the  HG01 mode.  Under  the  same  rotation  angles,
offsetting both LC1 and LC2 upward by 2.4 mm vertical-
ly  may  convert  the  original  HG11 mode  to  the  HG10

mode. Furthermore,  if  the rotation angle of LC2 is  180°,
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LC1, parallel and cross polarized images for LC2. The central region of the cross polarized image for LC2 is magnified for detail observation. (b)

Schematic diagram of the experimental setup. (c) Phase modulation and corresponding intensity distributions after cascading LC1 and LC2. The

rotation angle of LC2 (i.e., Phase2) changes from the first to the fourth row. The first to fifth columns sequentially show the phase distribution of
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perimental far-field intensity image. Scale bars: 2 mm for the images under crossed or parallel polarizers; 1 mm for the zoomed-in view. Experi-
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offsetting  only  LC2 leftward  by  2.4  mm  yields  a  two
scalar  vortex  mode.  These  experimental  results  demon-
strate the effective reconfiguration of various light fields
by the synergistic combination of spatial offset and angu-
lar control.

 Imaging processing demonstration
To utilize the generated structured light fields for image
processing, we construct an experimental platform based
on  a  4f system,  which  is  illustrated  in Fig. 4(a).  In  this
setup,  the  laser  beam  first  pass  through  a  HWP  and  a
GLP for intensity and polarization adjustment, before il-
luminating the target  object.  Following the target  is  a  4f
system that comprises two lenses (L1 and L2, with the fo-
cal length of 100 mm). The bilayer LC (LC1 and LC2) is
placed at the confocal plane between L1 and L2.  For lin-
ear  polarization control,  a  linear  polarizer  P1 is  inserted
between  L1 and  LC,  and  another  linear  polarizer  P2 is
placed  between  LC  and  L2.  Finally,  the  output  image  is
captured by a CCD camera.  Within this system, various
types of imaging effects can be achieved by twisting LC2

combined  with  the  in-situ/ex-situ  positions.  Under  the
in-situ condition, rotating LC2 to 0° generates the single
Gaussian  beam,  which  produces  the  bright-field  image
shown  in Fig. 4(b).  The  pattern  selected  for  the  experi-
ment  is  the  number '3' from  Group  1  of  the  test  target,
which  has  a  spatial  resolution  of  2.52  lp/mm.  Based  on
our  measurements,  the  maximum  resolution  achievable
by  the  system  is  28.5  lp/mm.  When  LC2 is  rotated  to
180°,  the  dual  Gaussian  mode  results  in  a  two  bright-
field  image,  as  shown  in Fig. 4(c).  The  two-channel
bright-field  imaging  capability  lays  the  foundation  for
constructing  parallel  optoelectronic  processing  systems,
simultaneously  meeting the data  input  requirements  for
both real-time display and subsequent analysis modules.
Figure 4(d) and 4(e) show  the  experimentally  measured
results  corresponding  to Fig. 4(b) and Fig. 4(c),  respec-
tively.  Rotating  LC2 to  0°  while  introducing  a  2.4  mm
spatial  displacement  generates  a  vector  vortex  pattern,
leading  to  a  typical  two-dimensional  edge-enhanced
imaging. Its theoretical calculation result is shown in Fig.
4(f). Under orthogonal polarization configurations of P1
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and P2, the theoretical result in Fig. 4(g) exhibits one-di-
mensional  edge  detection  characteristics,  and  also  veri-
fies that the vortex is vectorial. Figure 4(h) and 4(i) show
the  experimentally  measured  results  corresponding  to
Fig. 4(f) and Fig. 4(g), respectively, which match the the-
oretical  calculations  well.  Furthermore,  rotating  LC2 to
90° and 270° at in-situ position modulates the beam into
the HG11 mode, which can be used to extract line inter-
sections in the object profiles. Such responses to intersec-
tion  structures  are  often  called  vertex  detection. Figure
4(j) shows the relevant theoretical  simulation results  for
it.  The  first  row  shows  the  theoretical  edge  map  under
LCP incidence, the second row shows the theoretical re-
sult under linear polarization incidence with LC2 rotated
to  90°,  and  the  third  and  fourth  rows  show  the  corre-
sponding simulation images for LC2 rotated to 270°. Fig-
ure 4(k) shows the experimental results corresponding to
Fig. 4(j), validating the correctness of the theoretical cal-
culation.  It  can  be  seen  that  vertices  are  effectively  de-
tected by identifying the common intersections of edges
in the x- and y-directions48; however, vertices not formed

by intersections of edges strictly aligned with the x- and
y-directions  yield  responses  exhibiting  a  triangular-like
structure.  Furthermore,  experimental  measurements  re-
veal  that the minimum detectable distance between ver-
tices  is  about  17.54 μm.  In applications  requiring object
contour extraction, this optical system offers advantages
of low energy consumption and high efficiency, as it per-
forms analog computations at the speed of light through
parallel propagation, eliminating the need for analog-to-
digital conversion.

We further investigate the ex-situ condition with more
twist angles of LC2. For intuitive illustration, a schematic
diagram depicting the rotation and spatial  displacement
of  the  bilayer  LC  in  the  4f system  is  presented  in Fig.
5(a). Figure 5(b–f) clearly show the edge imaging results
under  the  modulation  effects  of  different  displacement
directions and rotation angles. From left to right, the first
column shows the theoretical results under linear polar-
ization incidence. The second and third columns display
the theoretical results under LCP and RCP incidence, re-
spectively.  The  fourth  column  shows  the  experimental
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results under linear polarization incidence. The fifth and
sixth columns show the experimental results under LCP
and RCP illumination, respectively. From up to down in
Fig. 5,  each row represents the imaging effect under dif-
ferent bilayer configurations detailed in Fig. 5(a). Specifi-
cally, when the LC2 rotation angle is 180° and the LC2 is
offset leftward by 2.4 mm, the generated dual scalar vor-
tex  beam  results  in  two  side-by-side  two-dimensional
edge profiles. By adjusting the incident polarization state,
two-dimensional  edge  detection  patterns  corresponding
to single  scalar  vortices  under  LCP and RCP conditions
can  be  obtained.  When the  LC2 rotation  angle  is  90°  or
270°  and  both  LC1 and  LC2 are  offset  leftward  by  2.4
mm, the formed HG01 mode performs optical differenti-
ation  along  the y-direction,  yielding  a  vertically  one-di-
mensional  edge  image.  Similarly,  single-edge  responses
can  be  obtained  by  adjusting  the  incident  polarization
state.  When  the  LC2 rotation  angle  is  90°  or  270°  and
both  LC1 and  LC2 are  offset  upward  by  2.4  mm,  the
formed HG10 mode conducts differentiation along the x-
direction. Single-edge extraction can also be achieved by
adjusting the incident polarization state. In each row, we
can  see  that  the  theoretical  and  experimental  results
shows good consistency, demonstrating the practical val-
ue of this method.

Besides  the  aforementioned  imaging  functions  by

large-angle  rotations,  resolution-variable  one-dimen-
sional  edge  detection  can  also  be  achieved  by  applying
fine-angle rotations to the LC under the single Gaussian
mode.  This  is  induced  by  the  PSHE,  which  makes  the
phase element, in this case, behave like a one-dimension-
al  tunable  grating.  To  further  illustrate  the  influence  of
angular variation on the PSHE displacement, representa-
tive  rotation  angles  (−4°, −10°, −15°, −20°)  are  selected,
and the corresponding spot splitting trends are plotted in
Fig. 6(a).  Analysis  of  the S3 parameters  reveals  the  spa-
tial  separation between LCP (red) and RCP (blue) com-
ponents,  as  shown  in Fig. 6(b). Figure 6(c) and 6(d)
present  the  experimental  results  corresponding  to Fig.
6(a) and 6(b), respectively, showing excellent agreement.
Such  tunable  spin-dependent  splitting  in  the  PSHE  can
be  used  to  achieve  resolution-variable  edge  imaging.  In
Fig. 6(e), the theoretical one-dimensional edge detection
results  show an increase  in  edge thickness  with  increas-
ing rotation angle. This trend is well corroborated by the
experimental  results  in Fig. 6(f),  further  confirming  the
accuracy of the theoretical model. To more intuitively vi-
sualize the change in edge thickness, we plot the intensi-
ty  distributions  of  the  experimental  images  in Fig. 6(f)
along the white solid lines therein.

To quantitatively  analyze the intensity  profiles  in Fig.
6(g–j), the edge thickness was determined by calculating
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Fig. 5 | Imaging processing at ex-situ position. (a) Schematic illustration of the shift and twist configurations of the bilayer LC. (b) Comparison of

theoretical and experimental edge detection results by dual scalar vortex structured light under LC2 rotation of 180° and leftward offset of 2.4 mm.

(c, d) Theoretical and experimental edge detection results for the HG01 mode obtained when both LC1 and LC2 are offset leftward by 2.4 mm un-

der LC2 rotations of 90° and 270°, respectively. (e, f) Theoretical and experimental edge detection image comparisons for the HG11 mode ob-

tained when both LC1 and LC2 are offset upward by 2.4 mm under LC2 rotations of 90° and 270°, respectively. All experimental images are dis-

played with a uniform scale bar (200 µm).

Zeng K et al. Opto-Electron Adv  8, 250226 (2025) https://doi.org/10.29026/oea.2025.250226

250226-11

 

https://doi.org/10.29026/oea.2025.250226


the  number  of  pixels  between the  initial  rise  and the  fi-
nal decay points on the normalized intensity curve. This
pixel count was then converted into a physical length us-
ing  the  known  pixel  size  of  1.85  µm×1.85  µm.  The  re-
sults  show  that  as  the  spin-dependent  displacement  in-
creases,  the  peaks  in  the  intensity  curve  stretch  more,
making the edges appear thicker. Subsequently, the actu-
al thicknesses of the edge regions in the intensity images
are extracted and analyzed, which gives us the results of
31.45,  57.35,  66.6  and  146.15  µm.  For  different  applica-
tion scenarios, resolution-tunable edge detection enables
a  flexible  balance  between  precision  and  efficiency.  For
example, high-resolution edge detection is more suitable
for applications demanding high accuracy, such as medi-
cal imaging and industrial inspection. Conversely, in sce-
narios  with  strong  real-time  requirements  like  object
counting  or  video  surveillance,  a  lower  resolution  can
enhance processing speed and improve the robustness of
feature extraction.

To  intuitively  analyze  the  reasons  for  the  resolution
decline in Fig. 6(e, f), we compared the synthesized phase
generated  by  the  bilayer  LC  device  with  the  ideal  phase

calculated  using  the  theoretical  grating  formula  by Eq.
(18),  as  shown in Fig. 7(a) and 7(d).  The period and di-
rection of the grating are determined by Eq. (19). When
the  rotation  angles  are  4°,  10°,  15°,  and  20°,  the  corre-
sponding  grating  directions  are −88°, −85°, −82.5°,  and
−80°,  and  the  corresponding  grating  periods  are  6.189
mm, 2.479 mm, 1.655 mm, and 1.244 mm, respectively.
The light intensity results derived from the phase distri-
butions  in Fig. 7(a) and 7(d) are  shown in Fig. 7(b) and
7(e). It can be observed that both exhibit a high degree of
consistency in terms of light intensity deviation from the
y-axis  direction and the splitting trend.  However,  as  the
rotation angle increases, the optical spot energy generat-
ed  by  the  synthesized  phase  gradually  leaks  outward,
forming interference fringes in the y-direction. From the
edge detection results, as shown in Fig. 7(c) and 7(f), it is
evident that the resolution of the edge pattern generated
by  the  bilayer  LC  device  gradually  decreases  with  in-
creasing rotation angles, whereas the ideal grating phase
does  not  exhibit  similar  resolution  degradation  during
rotation. The fundamental reason for this discrepancy is
that,  as  the  rotation  angle  increases,  the  gaps  in  the
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synthesized  phase  generated  by  the  bilayer  LC  device
gradually  widen,  disrupting  the  ideal  differential  forma-
tion conditions and consequently leading to a reduction
in  resolution.  The  system  demonstrates  relaxed  toler-
ance  to  rotational  errors  (±5°)  while  demanding  high
precision  in  translational  alignment  (±0.05  mm).  Out-
put  remains  stable  within  these  thresholds,  with  perfor-
mance degrading gradually beyond these limits.

 Conclusions
In  conclusion,  we  have  demonstrated  a  reconfigurable
image  processing  platform  based  on  diverse  structured
light  modes  generated  by  bilayer  LC.  The  rationale  be-
hind this is the programmable manipulation of the com-
posite  phase  profiles  via  twisting  the  layer(s)  at  in-
situ/ex-situ positions. The experimental results for inten-
sity distributions agree well with calculated ones, validat-
ing the theoretical  modulation model.  By leveraging the
specific properties of the generated beam modes, we have
realized  multiple  imaging  functions,  including  bright-
field  imaging,  one/two-dimensional  edge detection,  ver-
tex  detection,  and  resolution-adjustable  edge  detection.
In  particular,  the  variation  of  the  resolution  has  been
quantitatively  analyzed.  The  proposed  combination  of

angular control and spatial offset of the bilayer phase ele-
ments  provides  a  new  method  for  tailoring  structured
beams  and  implementing  mathematical  operations,
which may pave the avenue for versatile  yet  economical
all-optical data processing. Our future work will focus on
the following aspects.  Firstly,  we will  explore  alternative
design  strategies,  such  as  direct  imaging  schemes  that
eliminate  the  need  for  the  4f setup,  to  promote  a  more
compact footprint. Secondly, to overcome the resolution
limit,  we  plan  to  integrate  our  approach  with  mi-
croscopy  systems,  pushing  the  capabilities  towards  su-
per-resolution  imaging.  This  includes  employing  high-
precision alignment and translation stages for improved
control  and  repeatability,  alongside  refined  optical  lay-
outs  for  better  beam collimation and the suppression of
parasitic reflections and stray light. Finally, we will inves-
tigate  the  application  potential  of  this  technology  in
fields  such  as  biological  microscopy  and  three-dimen-
sional reconstruction.
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