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Optical edge detection, a part of image processing, plays an important role in extracting image information used
in optical analog computation. In this Letter, we raise a new way to realize optical edge detection. This design is
based on two liquid crystal polarization gratings with a period of 2.2 mm, which function as a spatial differ-
entiator. We experimentally demonstrate broadband optical detection and real-time adjustable resolution.
The proposed method takes advantage of the convenience to use, simple fabrication process, and real-time tun-
able resolution. It may guide more significant applications in the optical field and other practical scenarios like
machine vision in computers.
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With the rapid development of computer science, the de-
velopment of machine vision and the Internet of Things is
inseparable from digital information processing calcula-
tions. The efficiency and accuracy of converting analog
signals into digital signals are important[1,2]. Optical edge
detection is a basic problem in image processing and com-
puter vision, and its purpose is to identify points with ob-
vious brightness changes in images, especially in the
feature extraction field[3–7]. Excellent optical edge detec-
tion can greatly reduce the amount of data and remove
irrelevant information while retaining key image informa-
tion, thus significantly improving the system efficiency
and accuracy[8,9]. Up to now, so many specific edge detec-
tion methods have been proposed[10,11]. The popular meth-
ods are based on optical metamaterials and metasurfaces
with their superior integration ability compared with tra-
ditional optical components[12–14]. Then, edge detection
technology based on spatial differential plasma computing
has emerged[15,16]. Recently, a broadband optical edge de-
tection method based on a polarization grating (PG)
metasurface structure has been implemented through
experiments[17–19]. However, the fabrication processes of
metasurfaces used in the above methods are very compli-
cated or expensive[20]. At the same time, the metasurfaces
with fixed parameters also limit the resolution of edge
detection and cannot be flexibly applied to various appli-
cation scenarios[21–23].
The liquid crystal PG can be a good substitution of spa-

tial differentiation part in as-mentioned optical metama-
terials and metasurfaces optical edge detector, and it will
overcome some disadvantages[24]. Compared with crystal
materials, semiconductor materials, metal materials,
and metamaterials, liquid crystals have great flexibility
in material design[25,26]. Through simple synthesis and

mixing, the characteristics of liquid crystal materials
can be controlled to a large extent. The field of optoelec-
tronics requires devices with various characteristics, so
the above characteristics from liquid crystal are extre-
mely advantageous. Liquid crystal devices are currently
attractive electronic products, and they are widely used
and becoming a technology-intensive and capital-
intensive high-tech industry[27–29]. Moreover, in the fabrica-
tion process, compared with traditional PGs fabrication
technology, such as laser direct writing, photo-alignment
technology used in the fabrication process of PGs is much
simpler and more flexible. Liquid crystals have the advan-
tage of light-controlled orientation[30], which enables free
patterning by controlling the deflection angle of linearly
polarized light. Thus, this liquid crystal device is suitable
for large-scale production[31].

In this Letter, we propose an optical edge detection
method based on two PGs. This new method not only has
a simpler and cheaper way to fabricate, but can make the
resolution of optical edge detection be adjustable at any
time without changing the system construction. Besides,
it can experimentally ensure high integration and broad-
spectrum applicability.

Here, we have installed the PG with special optical
properties in the 4f system to achieve optical edge detec-
tion. As shown in Fig. 1(a), the PG is placed at the Fourier
plane of the 4f system. The distances between the mea-
sured object and the first lens as well as the second lens
and the CCD are equal to the focal distance. The beam
spot is collected by the second focus lens and then col-
lected by the CCD. In addition, two polarizers are placed
behind the measured object and in front of the CCD, play-
ing the role of polarizer and filter, respectively. In Fig. 1
(b), it can be seen that the orientation of liquid crystal
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molecules in the films varies along the x axis periodically.
When the period of PG is Λ, PG can be expressed by the
Jones matrix:

T ¼ Rð−ΦÞ
�
1 0
0 expð−iΓÞ

�
Rð−ΦÞ: (1)

In Eq. (1),

RðΦÞ ¼
�

cosΦ sinΦ
− sinΦ cosΦ

�
;

Φ ¼ πx∕Λ;

Γ ¼ 2π∕λðne − n0Þd;

where T , Φ, Γ, ne, and n0 are the Jones matrix of the PG,
PG phase gradient, phase delay of PG, ordinary and
extra-ordinary refractive indices of liquid crystal birefrin-
gence[32,33]. According to the Fraunhofer formula, when the
light passes through a PG, the far-field diffraction is as
follows:

Eout ¼
1
Λ

Z
Λ

0
TE in expð−i2πmx∕ΛÞdx: (2)

When the Jones vector of incident linearly polarized

light (LP) is E in ¼
�
1
0

�
, according to Eq. (2), the output

light beam is

Eout ¼ E inðx − ΔÞ
�

1
−i

�
þ E inðx þ ΔÞ

�
1
i

�
; (3)

where Δ ¼ λ f
Λ , λ is the working wavelength, and f is the

focal length. This means that the outgoing light is com-
posed of right-handed circular polarization (RCP) and
left-handed circular polarization (LCP). The LCP
deviation distance is −Δ, and the RCP deviation distance

is Δ, as shown in Fig. 1(b). When Δ is small enough com-
pared with the outgoing spot, the two spots will overlap,
as shown in Fig. 1(c). The overlapped part interferes again
and becomes LP. We add polarizer 2 as an analyzer to fil-
ter out the LP[34]. Obviously, the non-overlapping part left
is the edge part:

Eoutedge ¼ ½E inðx þ ΔÞ− E inðx − ΔÞ�
�
0

i

�

≃ 2Δ
dE in

dx
: (4)

Therefore, LP carrying object information propagates
through a PG. The LCP and RCP acquire opposite
deviation distance, as indicated in Eq. (3), which mani-
fests LCP and RCP images with 2Δ shift at the image
plane. The overlapped LCP and RCP components recom-
bined to LP thus will be eliminated by the analyzer, leav-
ing out only the edge information available for detection.

Next, a brief introduction to the production method of
the measured object and PG in the experiment is given.
The object to be detected in this Letter is made by
three-dimensional (3D) printing. The sizes of two objects
are 1 cm × 3 cm and 2 cm × 2 cm, respectively. The PG is
prepared by beam interference exposure, which has a
diameter D ¼ 2.5 cm, as shown in Fig. 2(a). The prepared
glass substrates were coated with a photo-alignment layer
by the spin coating method. Then, the photo-alignment
layer was irradiated with a beam produced by the inter-
ference of two LCP/RCP beams[35,36]. After exposure,
liquid crystal layers were coated on top of the photo-align-
ment layer. In this way, we get a PG. The molecular ori-
entation period of the film is 2.2 mm, as shown in Fig. 2(b).

Fig. 1 (a) Experiment setup: 4f optical system. (b) The orien-
tation of liquid crystal molecules in the grating films and their
modulation of light. (c) Illustration of polarization dependency
of PG.

Fig. 2 (a) Physical picture of the object and the PG.
(b) Visual effect of PG under natural light and linearly polarized
light. (c) Image of PG under polarization microscope.
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Figure 2(c) shows the image of PG under a polarization
microscope. The width of the light and dark stripes corre-
sponds to the period of the orientation change of the liquid
crystal molecules[36].
First, the optical edge detection based on two PGs

achieves a real-time adjustable resolution. The focal
length of the lenses is 500 mm, and the illumination wave-
length is 532 nm. Two PGs are superimposed on the
Fourier plane of the 4f optical system. Two PGs liquid
crystal films are placed close to each other, face to face.
The combination of two PGs (CPG) can be regarded as
a new type of PG[37,38], whose period will change with
the angle between the CPG stripe directions[39], as shown
in Figs. 3(a)–3(d). When the angle φ of CPG increases, the
period of the CPG increases. It can be known fromΔ ¼ λ f

Λ
that the relative displacement Δ decreases as the PG
period Λ increases. The relationship between the relative
displacement Δ and the parameters of CPGs (superposi-
tion angle φ and the period Λ) is shown as Eq. (5):

Δ ¼ 2f

cos

��������������������������������
1−

�
2 λ
Λ sin

φ
2

�
2

r : (5)

Thus, the edge sharpness increases as the angle φ in-
creases. In other words, the resolution of edge detection
will change with the angle between the fringe directions
of the two liquid crystal PGs[38]. Figures 3(e)–3(h) show
the “T” pattern without analyzer filtering. After adding
the analyzer, the edge information detected by a single
PG is shown in Fig. 3(i), while Figs. 3(j)–3(1) show the
detection of CPG. The splitting direction of the PG is
45° to the ‘T’ pattern. It can be seen from the Figs. 3(i)–
3(l) that there is a missing edge. The reason why we do this
is that the one-dimensional optical edge detection based
on liquid crystal PGs can preserve the edge to the greatest
extent when detecting certain patterns. The edge widths
of Figs. 3(i)–3(1) measured by CCD are 250 μm, 210 μm,
160 μm, and 100 μm. In this way, CPG achieves optical
edge detection with real-time adjustable resolution. Our
edge detection system adjusts resolution with simple rota-
tions without changing components. It is worth noting

that whether the combination is accurately located on
the Fourier plane will greatly affect the quality of edge
detection[40]. Therefore, how to make the thickness of the
two superimposed PGs smaller is a direction to optimize
the edge detection results. Then, we perform a broad-
spectrum experiment on edge detection. The red, green,
and blue light beams pass through the 4f system, and we
obtain images without an analyzer, as shown in Figs. 4(a),
4(c), and 4(e). We put an analyzer after lens 2 so that only
the edge information can go through, as displayed in
Figs. 4(b), 4(d), and 4(f). It is obvious that after the beams
of different wavelengths use the system clear edge infor-
mation can be successfully obtained[41]. Adjusting the
thickness of PGs can form �1-order spots with higher dif-
fraction efficiency, and zero order can be filtered by the
analyzer. Therefore, different wavelengths will not affect
the edge detection results. Practice has proved that edge
detection based on PGs has a broad spectrum and the
shorter the wavelength, the higher the resolution of edge
detection. If the system works under natural light, the
short-wave component should be used for edge detection
in order to achieve higher resolution.

In addition, it can be found from Fig. 4 that the edge
information is not a uniform edge, but a “one-dimensional
edge” that is brighter in a certain direction. The deflection
characteristic of the PG explains this phenomenon: the
deflection directions of LCP and RCP are opposite, which
means that the relative displacement of the two beams
is one-dimensional. Therefore, how to optimize the beam
deflection characteristics of the PG is also one of the
directions to obtain better edge detection results.

In this study, CPG was combined with a 4f optical sys-
tem to achieve optical edge detection. We experimentally
prove that one of the two parallel superimposed PGs can
be rotated to adjust the resolution of optical edge detec-
tion. Therefore, our optical edge detection system is suit-
able for a variety of edge detection scenarios without

Fig. 3 (a)–(d) The effect of two liquid crystal PGs superimposed
on each other. (e)–(h) Pictures of a light beam without an ana-
lyzer. (i)–(l) The edge information patterns after the filter.

Fig. 4 (a), (c), and (e) The complete pattern of “HNU” that car-
ries edge information without the polarizer after lens 2. (b), (d),
and (f) The final edge pattern of “HNU” filtered by the polarizer
and captured by CCD.

COL 18(9), 093501(2020) CHINESE OPTICS LETTERS September 2020

093501-3



changing the system structure. Besides, we verified the
broad-spectrum applicability of CPG in optical edge de-
tection. The results show that when different wavelengths
are incident, the edge information of the hollow-out pat-
tern is still excellent. In conclusion, optical edge detection
based on CPG is an effective and feasible edge detection
method. The system can be applied to image processing
on compact optical platforms (such as mobile phones),
high-contrast microscopes, real-time object detection, and
smart cameras. In the future, we plan to start with the
manufacturing process and optical characteristics of liquid
crystal PGs and work to achieve more optimized optical
edge detection.
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