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ABSTRACT 

Edge detection is a fundamental operation for feature extraction in image processing. The all-optical 
method has aroused growing interest owing to its ultra-fast speed, low energy consumption and parallel 
computation. However, current optical edge detection methods are generally limited to static devices and 
fixed functionality. Herein, we propose a fast-switchable scheme based on a ferroelectric liquid crystal 
topological structure. The self-assembled chiral lamellar superstructure, directed by the azimuthally variant 
photo-alignment agent, can be dynamically controlled by the polarity of the external electric field and 
respectively generates the vector beams with nearly orthogonal polarization distribution. Even after 
thousands of cycles, the horizontal and vertical edges of the object are selectively enhanced with an ultra-fast 
switching time of ∼57 μs. Broadband edge-enhanced imaging is efficiently demonstrated. This work 
extends the ingenious building of topological heliconical superstructures and offers an important glimpse 
into their potential in the emerging frontiers of optical computing for artificial intelligence. 
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enhanced imaging, thus dampening the potential of 
this technology. 

Liquid crystals (LCs) are well known for their 
good sensitivity to external stimuli such as heat, 
electric/magnetic fields and light irradiation, and 
have undergone numerous developments in dy- 
namic functional devices [14 –17 ]. As an arresting 
LC material, ferroelectric chiral smectic C (SmC*) 
LC is characterized by the in-plane switching of 
LC directors under an external electric field and 
the corresponding ultra-fast electro-optical response 
[18 –20 ]. Without any stimulation, ferroelectric liq- 
uid crystal (FLC) molecules rotate, surrounding the 
layer normal with a fixed tilt angle, resulting in the 
self-assembly of a helical lamellar structure. Three 
specific electro-optical modes have been discovered 
in FLCs, including the surface-stabilized FLC mode 
[21 ], deformed helix ferroelectric mode [22 ,23 ] and 
electrically suppressed helix (ESH) mode [24 ,25 ]. 
The ESH mode stands out due to its tunable opti- 
cal axis with an ultra-high speed, where the chiral 
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NTRODUCTION 

mage processing—the procedure of certain opera-
ions to extract practical information from images—
lays a significant role in the rapid development of
odern technology [1 ]. As an indispensable part,
dge detection, which involves computing an image
radient to quantify the magnitude and direction of
dges in an image, has considerable applications in
edical imaging, face recognition and autonomous
ehicles. Nowadays, facing the rapidly growing de-
ands for fast computation, low energy consump-
ion and parallel processing [2 ], all-optical compu-
ation is emerging as a promising avenue for edge
etection [3 ]. To date, several optical differentiators
ave been proposed for real-time and efficient edge
etection, including photonic crystals [4 ], photonic
hips [5 ] and metasurfaces [6 –13 ]. However, those
evices and structures are usually fixed once fabri-
ated and their functionality is always static. The
ighly limited non-reconfigurable photonic devices

ast a shadow on the dynamic tunability of edge- 
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tructure of FLCs is highly suppressed by a proper
lectric field. Successful attempts such as FLC wave
lates [25 ], binary gratings [26 ] and Fresnel lens
27 ] have enriched the platform for active optics and
hotonics. If the reconfigurable optical axis is thor-
ughly investigated and the limitation of common
inary FLC structures is resolved, then FLC can be
ationally expected to be a strong candidate for the
ew scheme of dynamic edge-enhanced imaging. 
In this work, we propose a fast selective and

olychromatic optical edge detection strategy based
n inhomogeneously nanostructured FLCs. The
hoto-alignment technology is utilized to build a
hiral lamellar structure with azimuthal variation,
onstructing topological heliconical superstructures
n FLCs. Due to the unique mechanism of the ESH
ode, the overall space-variant optical axis rotates
ynchronously with opposite electric field polarities.
early orthogonal vector beams can be dynamically
enerated under the same incidence. Based on a con-
entional 4 f system cooperated with crossed polariz-
rs, real-time and high-quality edge-enhanced imag-
ng can be realized. Horizontal or vertical edges can
e selectively highlighted by alternating the polarity
f the applied electric field. The measured switch-
ng time is as fast as 57 μs and the dynamic func-
ionality remains great over 20 0 0 cycles. Since un-
odulated light is filtered by the crossed polarizers
ere, high-contrast edge imaging is also efficiently
chieved throughout an ultra-broad spectrum. Our
roposed strategy extends an innovative course for
he self-assembled construction of hierarchical su-
erstructures and inspires their applications in ma-
hine vision, recognition and sensing. 

ESULTS 

rinciple of dynamic switchable 

dge-enhanced imaging 

n the SmC* LC phase, the equilibrium orientational
tructures of FLC molecules can be described as a
elical twisting lamellar structure [28 ]. The FLC
olecules self-assemble and align averagely on the
one with tilt angle θ , resulting in the formation of
he FLC helix with pitch P0 . The twisting axis is per-
endicular to the smectic layers and the spontaneous
olarization vector PS spirals around the normal of
he smectic layer, always directed perpendicular to
t. Under planar boundary conditions, the FLC he-
ix lies parallel to the substrates. In the ESH mode of
LCs [24 ], an electric field perpendicular to the he-
ix axis completely suppresses the helix at V ≥ Vth ,
here Vth is the threshold voltage. Application of the
lectric field causes FLC molecules to synchronously
otate along the surface of the helical cone towards
Page 2 of 10
a specific side parallel to the substrates, as demon- 
strated in the inset of Fig. 1 a and b. The exact rota-
tional direction ( + θ or –θ) depends on the polar- 
ity of the applied electric field. The electric torque 
resulting from the interaction between the sponta- 
neous polarization PS of the FLCs and the external 
electric field switches the final director orientation 
from one side to the other. Thus, the equivalent lo- 
cal optical axis of the ESH–FLCs can be switched be- 
tween + θ and –θ by changing the electric field po- 
larity. 

To achieve the desired optical differential opera- 
tion for edge imaging, we introduce a delicate pat- 
tern with azimuthal variation into FLC hierarchical 
superstructures. The orientation angle of the equiv- 
alent optical axis varies azimuthally and a topologi- 
cal defect is formed in the central region. This sim- 
ilar structure is also known as a ‘ q -plate’ [29 ,30 ],
with the equivalent optical axis of such an inhomoge- 
neous half-wave plate following α = q ϕ+ α0 , where 
ϕ is the azimuthal angle and α0 represents the initial 
axis angle. When an incidence i l luminates an object, 
i.e. Ein (x, y ) ∝ Tobj (x, y ) , and propagates through
a 4 f system with a FLC topological superstructure 
(i.e. FLC q -plate with q = 1/2) placed at the Fourier
plane, the output optical field is: 

Eout (x, y ) = Ein (x, y ) ⊗ h (x, y ) . (1) 

The symbol ⊗ represents the convolution opera- 
tion and h ( x , y ) denotes the Fourier transform of the
transfer function H ( x , y ) and acts as the point-spread 
function (PSF). Here, under the specific condition 
of crossed polarizers, the transfer function can be ex- 
pressed as: 

H(x, y ) = 

[
cos 

3 π
8 

sin 
3 π
8 

] [
cos 2 α sin 2 α
sin 2 α − cos 2 α

]

×
[
cos 

(−π
8 

)
sin 

(−π
8 

)
]

= cos 
(
ϕ + 2α0 − π

4 

)
, (2) 

where 
[cos (−π

8 ) 
sin (−π

8 ) 
]
and [cos 3 π8 sin 

3 π
8 ] 

T represent 

the polarization state of the incident and output 
light, respectively. 

According to Equation (2) , the transfer function 
of the FLC device introduces the phase difference of 
π between the positive and negative spatial frequen- 
cies of the optical field at the direction parallel to 
–(2 α0 – π/4) and functions similarly to 1D Hilbert 
transform filtering [8 ,31 –33 ]. This direction can be 
described by a direction vector � u , −(2α0 − π

4 ) = 

arccos { � u ·(� x / |� x | ) |� u | } , which is highly dependent on α0 . 
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Figure 1. Schematic of the FLC topological superstructures for fast selective edge- 
enhanced imaging. The ellipsoid represents the unit director of the FLC molecules. The 
helical lines and the planes illustrate the chiral lamellar structure. The double-ended 
arrows designate the direction of the polarizer or analyser. (a) Vertical edge imaging 
under a positive electric field. Inset: the helical structure is suppressed and the FLC 
molecules rotate to the left side of the core parallel to the substrates. (b) Horizontal 
edge imaging under a negative electric field. Inset: the helical structure is suppressed 
and the FLC molecules rotate to the right side of the core parallel to the substrates. 
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herefore, the convolution of Ein and the PSF causes
he destructive interference in the uniform area and
hose edges are emphasized in the area with an inten-
ity gradient along � u . In other words, real-time phase
ontrast imaging, equivalent to the functionality of
he directional derivative ∂ 

∂� u , is realized. Therefore,
he edges along different orientations can be respec-
ively enhanced by selecting distinguished α0 . 
Notably, the overall optical axis of the FLC

opological superstructure can be successfully redis-
ributed by the applied external electric field. When
he electric field polarity alters, α0 wi l l change by
 θ (from –θ/ + θ to + θ/–θ), causing the selected
dges to vary synchronously. As vividly exhibited in
ig. 1 a, for α0 = + θ = + π/8 under the positive po-
arity of the external electric field, H ( x , y ) = cos( ϕ),
hich introduces the π phase shift at the left half
f the filter plane, acting as the differential opera-
ion along the x direction. Thus, the vertical edges
re selected and highly enhanced. Conversely, for the
Page 3 of 10
negative polarity (Fig. 1 b), α0 = –θ = –π/8 and 
H ( x , y ) = cos( ϕ – π/2) = sin( ϕ), which results in
a phase order change in the y direction and performs
the differentiation along y . Therefore, the horizontal 
edges are selectively highlighted in the imaging pro- 
cess. In this design, the selected edges can dynami- 
cally turn from the horizontal/vertical edges to the 
vertical/horizontal edges, depending on the applied 
electric field. 

Reconfigurable topological hierarchical 
superstructures 
To fabricate an inhomogeneously aligned FLC sam- 
ple with good quality, we introduced the photo- 
patterning technique and adopted asymmetric pla- 
nar boundary conditions for the FLC material with 
helix pitch P0 = 245 nm, spontaneous polarization 
PS = 110 nC/cm2 and tilt angle θ = 25°, whose 
phase transitions of isotropic state to chiral smectic 
A (SmA*) and SmA* to SmC* are at 82°C and 72°C,
respectively. The fabrication process of the FLC 

topological hierarchical superstructure is schemati- 
cal ly i l lustrated in Fig. 2 a. Firstly, two bare indium tin
oxide (ITO)-coated glass plates were prepared, with 
only one of them coated with the photo-alignment 
layer of sulfonic azo-dye SD1 (DIC, Japan). Next, 
certain spacers were used to form the sandwich- 
like configuration, with the required cell thickness 
of 1.5 μm. The thickness-to-pitch ratio here satis- 
fies the condition of the FLC ESH mode. Then, the
empty cell was exposed to ultraviolet (UV) light, 
which induced the SD1 molecules to be aligned per- 
pendicularly to the i l luminated UV polarization. Ac- 
cordingly, the predesigned q -plate ( q = 1/2) pattern
(inset of Fig. 2 b) was memorized in the SD1 layer
through the multistep polarized exposure [34 ,35 ]. 
Following this, the FLC materials were fil led into the 
photo-patterned cell with the temperature over the 
clearing point and gradually cooled from isotropic 
phase to SmC* phase at a rate of 1°C/min. In par-
ticular, the cooling rate was further decreased to 
0.1°C/min near the ±2°C range of the phase tran- 
sition points. This slow cooling process promotes 
FLCs to adequately self-organize with low disloca- 
tion density and constructs the topological hierarchi- 
cal superstructures directed by the azimuthally vari- 
ant boundary condition. 

Figure 2 b i l lustrates the expected optical axis dis-
tribution with azimuthal variation. As a typical chi- 
ral structure in FLCs, the unit directors are con- 
fined to the local tilt cone and oriented around the
helix axis, which is also regarded as the equivalent 
local optical axis and is parallel to corresponding 
normal of local smectic layer. When a FLC phase is
subjected to a particular planar boundary condition, 
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Figure 2. Fabrication process and optical micrographs of the FLC topological superstructures. (a) Fabrication process of the 
FLC sample. Double-ended arrows represent the local linear polarization distribution of the UV light. Yellow and blue short 
rods depict the SD1 orientation and the optical axis direction of the FLCs, respectively. (b–d) Expected distribution of the 
equivalent optical axis and optical micrographs of the fabricated FLC q -plate ( q = 1/2) under crossed polarizers (b) without 
an external electric field, (c) under a positive electric field ( + 5 V) and (d) under a negative electric field (–5 V), respectively. 
White, yellow and blue double-ended arrows label the direction of the polarizer, analyser and sensitive tint plate, respectively. 
All scale bars are 100 μm. The relationship between the external electric field and the molecular rotation is illustrated. θ is 
the tilt angle, i.e. half of the cone angle of the FLC helical structure. 
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he equivalent optical axis lies in the plane of the
ubstrate and along the direction of alignment. In
his case, the FLC device is formed by parallel smec-
ic layers that are bent around the central topologi-
al defect point. Polarized micrographs on the right
f Fig. 2 b exhibit the fantastic texture of the fabri-
ated FLC q -plate with q = 1/2 w ithout apply ing
n electric field. The space-variant intrinsic defect
ines perpendicular to the smectic layers imply the
opological chiral lamellar superstructures. Also, the
ontinuous brightness changing indicates the opti-
al axis distribution following α = ϕ/2, as expected.
y inserting a full-wave plate of 530 nm at 45° to
he crossed polarizers as a sensitive tint plate, an en-
anced anisotropic texture is further obtained with
istinct colors. 
Owing to the coupling between the spontaneous

olarization of FLCs and the external electric field,
Page 4 of 10
such chiral superstructures can be unwound by 
applying a direct-current voltage perpendicular to 
the helix axis. Figure 2 c and d exhibits the opti-
cal micrographs of the FLC topological superstruc- 
tures under the electric field with opposite polari- 
ties, showing the marvelous transformation of the 
optical axis (see corresponding dynamic change in 
Movie S1). The FLC molecules rotate to either side 
of the core surface in the x –y plane, depending on
the reorientation of the spontaneous polarization. 
Therefore, the equivalent optical axis redistributes 
synchronously. The defect lines in all micrographs 
remain unchanged because the azimuthally variant 
lamellar structure is fixed. Just the overall optical axis 
rotates by + θ/–θ under a positive/negative electric 
field, which is clearly verified by the changing of the 
brightness and color distribution in the tint-plate- 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
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Figure 3. Optical set-up for characterizing the FLC q -plate and the generated vector beams under different external electric 
fields. (a) Optical set-up to generate and analyse the vector beams from the FLC q -plate. QWP, quarter-wave plate; CCD, 
charge-coupled device. (b–d) Intensity profiles and polarization distributions of the generated vector beams at 550 nm under 
different incident polarization and applied voltages: (b) LCP incidence under + 5 V, (c) LP incidence under + 5 V and (d) LP 
incidence under –5 V. The incident polarization and the direction of the analyser are labeled by arrows in the bottom left- 
hand and right-hand sides, respectively. The detection result of the topological charge of the optical vortex is also presented 
in (b) for LCP incidence. (e) Micrographs of the other q = 3/2 FLC q -plate. Left: the micrograph recorded under crossed 
polarizers, with white and yellow double-ended arrows labeling the polarizer and analyser, respectively. Right: the sensitive- 
tint-plate-inserted micrograph recorded under crossed polarizers, with white, yellow and blue double-ended arrows labeling 
the polarizer, analyser and tint plate, respectively. All scale bars are 100 μm. (f) Diffraction patterns with LP incidence under 
opposite electric field polarities, with the polarizer and the analyser labeled by arrows in the bottom left-hand and right-hand 
sides, respectively. 
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ynamic light manipulation 

he capability of dynamic light manipulation via the
LC topological superstructure is investigated by us-
ng the optical set-up shown in Fig. 3 a. For left circu-
arly polarized (LCP) incidence at 550 nm, a donut-
ike intensity profile of the orthogonal-circularly
olarized optical vortex is obtained under a posi-
ive external electric field (Fig. 3 b). The polariza-
ion conversion efficiency, defined as the power ra-
io of the output circular polarization opposite to
he incidence to the total transmission light, is mea-
ured at as 97% owing to the highly efficient pure
hase modulation. After adding a rotatable anal-
ser, the intensity decreases while the shape of the
attern remains unchanged. A cylindrical lens [17 ]
Page 5 of 10
is inserted to verify q = 1/2. Similar patterns can 
also be observed under a negative electric field ( Fig.
S1). Meanwhile, for the linearly polarized (LP) in- 
cidence (Fig. 3 c and d), the polarization distri- 
bution of the vector beams [36 ,37 ] can also be
revealed. When the polarity is positive, a typical 
donut-shaped profile becomes two radial lobes after 
transmitting the analyser. For the negative voltage, 
the polarization distribution is overall converted, 
as indicated by the ∼100° rotated lobe patterns. 
These verify an electrically switchable polarization 
distribution. Notably, FLC q -plates with larger topo- 
logical charges and accordingly vector beams with 
denser polarization variations can also be realized. 
An example of q = 3/2 is demonstrated in Fig. 3 e

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
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(m) are corresponding intensity analyses of the dotted lines marked in (b), (f) and (j), respectively. All scale bars are 500 μm. 
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nd f. The left panel of Fig. 3 e exhibits its optical
icrograph under crossed polarizers, in which a
rastic azimuthal change in the brightness and defect
ines are clearly observed. The right panel of Fig. 3 e
rovides an enhanced anisotropic texture with an ad-
itional sensitive tint plate inserted. The distinct col-
rs v iv idly demonstrate the azimuthally variant op-
ical axis ( Fig. S2). Correspondingly, the diffraction
attern under crossed polarizers, containing 4 q ra-
ial lobes, converts to a nearly complementary pat-
ern by alternating the electric field polarity (Fig. 3 f
nd Fig. S3). 

ast selective and broadband 

dge-enhanced imaging 

urthermore, we place the FLC device at the con-
ocal plane of a 4 f system (Fig. 4 a). A Gaussian
eam at 550 nm is adjusted to the linear polarization
Page 6 of 10
oriented at –22.5°. As the object to be imaged, a 
1951 United States Air Force (USAF) resolution test 
chart is placed at the front focal plane and shapes the
expanded incident beam. Vertical lines belonging to 
Element 1 of Group 0 on the chart, whose resolu-
tion is 1 mm per line pair, are chosen along with the
number ‘1’ and the number ‘6’ from Group–1 . The 
analyser is always set perpendicular to the polarizer 
and an external electric field is applied by using a 
waveform generator. Corresponding bright images 
without the FLC device are shown in Fig. 4 b–e. By
alternating the positive or negative voltage, the over- 
all optical axis of the FLC topological superstructure 
reorientates consistently with the theoretical design, 
allowing the dynamic switch between two nearly 
orthogonal directions of edge detection. When the 
polarity of the external electric field is positive, the 
FLC q -plate with q = 1/2 performs as the optical
differentiator in a nearly horizontal direction, 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
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electively enhancing the vertical edges (Fig. 4 f–i).
onversely, under the negative field, it detects the
orizontal edges (Fig. 4 j–m), working as the dif-
erentiator in a nearly vertical direction. Respective
ormalized intensity distributions (Fig. 4 e, i and
) quantitatively verify the highly selective, high-
ontrast and high-quality edge detection results.
e provide a dynamic switching of the optical edge
etection in Movie S2 and more object imaging
esults in Fig. S4. 
The exceptional electro-optical prop-

rties of ESH–FLCs allow an ultra-fast
witching speed in the selective edge
etection system. The switching time between
he vertical and horizontal edge imaging state,
hich is defined as the duration of the intensity
hange between 10% and 90% (Fig. 5 a and b), is
btained by measuring the relative intensity of the
ircled part shown in Fig. 5 c. When applying the
lternating-current square wave signal of 10 Vpp
nd 1 kHz, the switching time of the horizontal to
ertical edges and the opposite process are measured
s 53 and 60 μs, respectively. Such an electro-optical
esponse is approximately two to three orders of
agnitude faster than those of common LC devices.
he switching time versus the frequency ( ≤3 kHz)
f the applied signal is also investigated and a sta-
Page 7 of 10
ble response of ∼57 μs with small fluctuations is 
presented in Fig. 5 d. To further demonstrate the 
reliability and reversibility of the proposed FLC 

optical device, thousands of switching cycles are 
successfully verified, with 20 0 0 cycles shown in 
Fig. 5 e. The response curve maintains the stable 
wave shape without any obvious change during 
the whole process, v iv idly exhibiting its superior 
dynamic performance. Such a fast response may 
make this FLC dev ice compatible w ith popular 
commercial high-speed complementary metal oxide 
semiconductor sensors or charge-coupled devices 
whose frame rates are usually at the range of 103 to
104 fps, contributing a smoother imaging display. 

It is important to note that our proposed system 

can wholly suppress the undesired bright imaging 
part, i.e. the 0th-order unchanged light component, 
by using the crossed polarizer and analyser. This al- 
lows ultra-broadband edge-enhanced imaging with 
the same fast selective advantage. The dependence of 
the normalized intensity of the same detected edges 
on the incident wavelength is depicted in Fig. 6 a.
Despite filtering the unmodulated light, the desired 
functionality remains impressive from the visible to 
near infrared spectrum. We choose working wave- 
lengths of 490, 550, 580, 600 and 630 nm as five rep-
resentative examples to demonstrate the broadband 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
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erformance. Corresponding selective edge detec-
ion images under different electric field polarities
re presented in Fig. 6 b–k, respectively, indicating
 polychromatic and efficient edge enhancement
ethod with good electrical controllability. 

ISCUSSION 

n summary, we propose an innovative strategy for
ynamic optical edge detection based on an FLC
opological superstructure. By photo-patterning chi-
al lamellar structure with azimuthal distribution,
he FLC device can modulate nearly orthogonal vec-
or beams by controlling the polarity of the applied
xternal electric field. High-contrast and broadband
dge-enhanced imaging is efficiently realized on de-
and. Horizontal and vertical edges are flexibly se-

ected and switched with an ultra-fast response. The
xcellent reliability and reversibility of the dynamic
dge imaging are v iv idly verified as well. Besides,
dge detection along more directions can be conve-
iently achieved by just rotating the proposed FLC
evice. For instance, rotating by 22.5° successfully
ighlights the 45° or 135° edges, as demonstrated in
igs S5 and S6. The proposed high-speed FLC de-
 ice prov ides a fast-sw itchable solution between or-
hogonal directional derivative operations, which is
romising to work as the controllable processor in
ptical computing. In addition, the rapid edge se-
Page 8 of 10
lection might be compatible with commercial high- 
speed imagers, benefitting the fast acquisition and 
real-time exhibition of multidimensional light infor- 
mation. This work explores the potential of topolog- 
ical heliconical superstructures in the emerging fron- 
tiers of analog optical computing and discloses their 
unprecedented capabilities in the fields of machine 
vision. 

MATERIALS AND METHODS 

Materials 
The sulfonic azo-dye SD1 (DIC, Japan) was dis- 
solved in dimethylformamide at a concentration of 
0.35 wt%. The FLC material (BEAM Co., USA) with 
helix pitch P0 = 245 nm, spontaneous polarization 
PS = 110 nC/cm2 and tilt angle θ = 25° near ideal 
22.5° was chosen, with a phase transition of isotropic 
→ SmA* → SmC* at 82°C and 72°C, respectively. 
The thickness-to-pitch ratio in our experiment is ∼6, 
meeting the condition of the FLC ESH mode. 

Sample fabrication 

Two bare ITO-coated glass substrates (1.5 ×
2.0 cm2 ) were prepared. Only one of them was 
UV-Ozone cleaned, embedded with the photo- 
alignment layer of SD1 and cured at 100°C for 
10 min sequentially. Certain spacers were adopted 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
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o assemble the two substrates and form the
andwich-like configuration with the required
ell thickness of 1.5 μm (Fig. 2 a). The predesigned
 -plate pattern was memorized in the SD1 layer
hrough multistep polarized exposure with the
igital-micromirror-device-based photo-patterning
ystem [34 ,35 ]. The FLC materials were filled into
he photo-patterned cell at 85°C and then gradually
ooled from isotropic phase to SmC* phase at a rate
f 1°C/min. Notably, the cooling rate was further
educed to 0.1°C/min when approaching the phase
ransition points within the range of ±2°C. 

haracterizations 
emperature control was conducted by using a hot
tage (LTS120, Linkam, UK). All micrographs were
ecorded by using a polarized optical microscope
Ci-POL, Nikon, Japan) with a crossed polarizer and
nalyser under the transmission mode. The inten-
ity of light was detected by using a digital optical
ower meter (PM100D, Thorlabs, USA). The ex-
eriments in Figs 3 , 4 and 6 utilized a supercon-
inuum fiber laser (SuperK EVO, NKT Photonics,
enmark) filtered at different wavelengths by using
 multichannel acousto-optic tunable filter (SuperK
ELECT, NKT Photonics, Denmark). The incident
olarization was controlled by using a polarizer and a
uarter-wave plate, and the transmitted light was op-
ional ly filtered via an analyser and another quarter-
ave plate. The driving electric field was generated
y using a waveform generator (33500B, Keysight
echnologies, USA). The electrical response curve
as measured by using a photodetector (PDA100A-
C, Thorlabs, USA) and an osci l loscope (MDO34,
ektronix, USA). 

ATA AVAILABILITY 

ll data supporting this study and its findings are
vailable within this published article and its Supple-
entary information files. Any other relevant data
re available from the corresponding authors upon
equest. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 

UNDING 

his work was supported by the National Key R&D Program
f China (2021YFA12020 0 0 and 2022YFA14050 0 0), the Na-
ional Natural Science Foundation of China (62222507, 62175101,
1935013, 62005180 and 12004175), the Innovation Program for
uantum Science and Technology (2021ZD0301500) and the
atural Science Foundation of Jiangsu Province (BK20212004). 
Page 9 of 10
AUTHOR CONTRIBUTIONS 

P.C., W.C. and Y.L. conceived the original idea. W.C. and D.Z. fab-
ricated the samples, performed the experiments and analysed the 
data with the assistance of S.L., Y.Z., L.Z., C.L., S.G., P.C., W.Z.
and X.Y. W.C., D.Z., P.C. and W.Z. prepared the initial manuscript.
All authors participated in the discussion and contributed to re-
fining the manuscript. P.C., W.Z., X.Y. and Y.L. co-supervised and
directed the research. 

Conflict of interest statement. None declared. 

REFERENCES 

1. Neal FB and Russ JC. The Image Processing Handbook . Boca
Raton: CRC Press, 2016. 

2. Li C, Zhang X, Li J-W et al. The challenges of modern computing
and new opportunities for optics. PhotoniX 2021; 2 : 20. 

3. Wu J-M, Lin X, Guo Y-C et al. Analog optical computing for ar-
tificial intelligence. Engineering 2022; 10 : 133–45. 

4. Zhou Y, Zheng H-Y, Kravchenko I I et al. Flat optics for image
differentiation. Nat Photon 2020; 14 : 316–23. 

5. Liu Y, Huang M-C, Chen Q-K et al. Single planar photonic chip
with tailored angular transmission for multiple-order analog 
spatial differentiator. Nat Commun 2022; 13 : 7944. 

6. Zhou J-X, Qian H-L, Zhao J-X et al. Two-dimensional optical
spatial differentiation and high-contrast imaging. Natl Sci Rev
2021; 8 : nwaa176. 

7. Cordaro A, Kwon H, Sounas D et al. High-index dielectric meta-
surfaces performing mathematical operations. Nano Lett 2019; 
19 : 8418–23. 

8. Zhang Y-Z, Lin P-C, Huo P-C et al. Dielectric metasurface for syn-
chronously spiral phase contrast and bright-field imaging. Nano
Lett 2023; 23 : 2991–7. 

9. Zhou J-X, Liu S-K, Qian H-L et al. Metasurface enabled quantum
edge detection. Sci Adv 2020; 6 : eabc4385. 

10. Zhang X-M, Zhou Y, Zheng H-Y et al. Reconfigurable metasur- 
face for image processing. Nano Lett 2021; 21 : 8715–22. 

11. Wang Z-C, Hu G-W, Wang X-W et al. Single-layer spatial analog 
meta-processor for imaging processing. Nat Commun 2022; 13 : 
2188. 

12. Liang X, Zhou Z, Li Z-L et al. All-optical multiplexed meta-
differentiator for tri-mode surface morphology observation. Adv
Mater 2023; 35 : 2301505. 

13. Intaravanne Y, Ansari MA, Ahmed H et al. Metasurface-enabled 
3-in-1 microscopy. ACS Photon 2023; 10 : 544–51. 

14. Chen P, Wei B-Y, Hu W et al. Liquid-crystal-mediated geometric
phase: from transmissive to broadband reflective planar optics. 
Adv Mater 2020; 32 : 1903665. 

15. Zhang Y-H, Chen P, Xu C-T et al. Dynamically selective and si-
multaneous detection of spin and orbital angular momenta of 
light with thermoresponsive self-assembled chiral superstruc- 
tures. ACS Photon 2022; 9 : 1050–7. 

16. Bisoyi HK and Li Q. Liquid crystals: versatile self-organized smart 
soft materials. Chem Rev 2022; 122 : 4887–926. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae247#supplementary-data
http://dx.doi.org/10.1186/s43074-021-00042-0
http://dx.doi.org/10.1016/j.eng.2021.06.021
http://dx.doi.org/10.1038/s41566-020-0591-3
http://dx.doi.org/10.1038/s41467-022-35588-5
http://dx.doi.org/10.1093/nsr/nwaa176
http://dx.doi.org/10.1021/acs.nanolett.9b02477
http://dx.doi.org/10.1021/acs.nanolett.3c00388
http://dx.doi.org/10.1126/sciadv.abc4385
http://dx.doi.org/10.1021/acs.nanolett.1c02838
http://dx.doi.org/10.1038/s41467-022-29732-4
http://dx.doi.org/10.1002/adma.202301505
http://dx.doi.org/10.1021/acsphotonics.2c01971
http://dx.doi.org/10.1002/adma.201903665
http://dx.doi.org/10.1021/acsphotonics.1c02017
http://dx.doi.org/10.1021/acs.chemrev.1c00761


Natl Sci Rev, 2024, Vol. 11, nwae247

1 ediated active 

1 hysics and ap- 

1 ectric and anti- 
; 367 : 120493. 

2  for fast focus 

2  liquid crystal 
trics 1984; 59 : 

2 ix ferroelectric 
hiral smectic C 

2 tric liquid crys- 
alignment. Nat

2 elix ferroelec- 
 176–81. 

2 d on ferroelec- 

2 tion-efficiency 
9 : 13978–86. 

2 to-aligned fer- 
3–6. 

2 ls . Weinheim: 

2 lar momentum 

Lett 2006; 96 : 

3  q-plates with 

3 –Berry phase 
ett 2022; 120 : 

3 aging using an 
4678–85. 

3 ocessing with 
ett 2000; 25 : 

3 l via opposite- 
. 

3 g dynamic op- 
v Mater 2023; 

3 optical angular 
oton 2021; 13 : 

3 omentum with 

©
C
w

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article
7. Chen P, Ma L-L, Hu W et al. Chirality invertible superstructure m
planar optics. Nat Commun 2019; 10 : 2518. 

8. Guo Q, Yan K-X, Chigrinov V et al. Ferroelectric liquid crystals: p
plications. Crystals 2019; 9 : 470. 

9. Pozhidaev EP, Torgova SI, Barbashov VA. Electro-optics of ferroel
ferroelectric liquid crystal helical nanostructures. J Mol Liq 2022

0. Kang S, Duocastella M, Arnold CB. Variable optical elements
control. Nat Photon 2020; 14 : 533–42. 

1. Clark NA and Lagerwall ST. Surface-stabilized ferroelectric
electro-optics: new multistate structures and devices. Ferroelec
25–67. 

2. Beresnev LA, Chigrinov VG, Dergachev D I et al. Deformed hel
liquid crystal display: a new electrooptic mode in ferroelectric c
liquid crystals. Liq Cryst 1989; 5 : 1171–7. 

3. Wyatt PJM, Bailey J, Nagaraj M et al. A self-healing ferroelec
tal electro-optic shutter based on vertical surface-relief grating 
Commun 2021; 12 : 4717. 

4. Srivastava AK, Chigrinov VG, Kwok H-S. Electrically suppressed h
tric liquid crystals for modern displays. J Soc Inf Disp 2015; 23 :

5. Mukherjee S, Yuan Z-N, Sun Z-B et al. Fast refocusing lens base
tric liquid crystals. Opt Express 2021; 29 : 8258–67. 

6. Sun Z-B, Yuan Z-N, Nikita A et al. Fast-switchable, high diffrac
ferroelectric liquid crystal fibonacci grating. Opt Express 2021; 2

7. Srivastava AK, Wang X-Q, Gong S-Q et al. Micro-patterned pho
roelectric liquid crystal fresnel zone lens. Opt Lett 2015; 40 : 164
The Author(s) 2024. Published by Oxford University Press on behalf of China Science Publish
ommons Attribution License ( https://creativecommons.org/licenses/by/4.0/), which permit
ork is properly cited. 

Page 10 o
8. Lagerwall ST. Ferroelectric and Antiferroelectric Liquid Crysta
Wiley-VCH, 1999. 

9. Marrucci L, Manzo C, Paparo D. Optical spin-to-orbital angu
conversion in inhomogeneous anisotropic media. Phys Rev
163905. 

0. Slussarenko S, Murauski A, Du T et al. Tunable liquid crystal
arbitrary topological charge. Opt Express 2011; 19 : 4085–90. 

1. Xu D-Y, Yang H, Xu W-H et al. Inverse design of Pancharatnam
metasurfaces for all-optical image edge detection. Appl Phys L
241101. 

2. Badloe T, Kim Y, Kim J et al. Bright-field and edge-enhanced im
electrically tunable dual-mode metalens. ACS Nano 2023; 17 : 1

3. Davis JA, McNamara DE, Cottrell D M et al. Image pr
the radial hilbert transform: theory and experiments. Opt L
99–101. 

4. Zhu L, Xu C-T, Chen P et al. Pancharatnam-Berry phase reversa
chirality-coexisted superstructures. Light Sci Appl 2022; 11 : 135

5. Liu S-J, Zhu L, Zhang Y-H et al. Bi-chiral nanostructures featurin
tical rotatory dispersion for polychromatic light multiplexing. Ad
35 : 2301714. 

6. Fang X-Y, Ren H-R, Li K-Y et al. Nanophotonic manipulation of 
momentum for high-dimensional information optics. Adv Opt Ph
772–833. 

7. Chen J, Wan C-H, Zhan Q-W. Engineering photonic angular m
structured light: a review. Adv Photon 2021; 3 : 064001. 
ing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
s unrestricted reuse, distribution, and reproduction in any medium, provided the original 

f 10

/11/11/nw
ae247/7716049 by N

anjing U
niversity user on 09 M

ay 2025

http://dx.doi.org/10.1038/s41467-019-10538-w
http://dx.doi.org/10.3390/cryst9090470
http://dx.doi.org/10.1016/j.molliq.2022.120493
http://dx.doi.org/10.1038/s41566-020-0684-z
http://dx.doi.org/10.1080/00150198408240737
http://dx.doi.org/10.1080/02678298908026421
http://dx.doi.org/10.1038/s41467-021-24953-5
http://dx.doi.org/10.1002/jsid.350
http://dx.doi.org/10.1364/OE.417112
http://dx.doi.org/10.1364/OE.420975
http://dx.doi.org/10.1364/OL.40.001643
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1364/OE.19.004085
http://dx.doi.org/10.1063/5.0090606
http://dx.doi.org/10.1021/acsnano.3c02471
http://dx.doi.org/10.1364/OL.25.000099
http://dx.doi.org/10.1038/s41377-022-00835-3
http://dx.doi.org/10.1002/adma.202301714
http://dx.doi.org/10.1364/AOP.414320
http://dx.doi.org/10.1117/1.AP.3.6.064001
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS
	Principle of dynamic switchable edge-enhanced imaging
	Reconfigurable topological hierarchical superstructures
	Dynamic light manipulation
	Fast selective and broadband edge-enhanced imaging

	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Sample fabrication
	Characterizations

	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

