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Light field imaging with a gradient index liquid crystal

microlens array
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Abstract: Light field imaging is an imaging method which can acquire the three—dimensional information
of the scene. By inserting a microlens array between the main lens and the imaging sensor, it records
both the radiance and the direction of the incident rays. Light field imaging using a gradient index liquid
crystal microlens array (LCMLA) was proposed. Based on nematic liquid crystal materials for their
anisotropy and birefringence, the LCMLA with a pattern of a circular—hole array was fabricated using
ultraviolet lithography and wet etching. When an alternate voltage signal was applied between the two
electrodes of the LCMLA, each microlens can converge incident rays effectively. An experimental system
was set up to verify its focusing performance and measure its focal length. Then the LCMLA was
assembled with a main lens and an imaging sensor to construct a light field imaging camera. Raw images
were taken using the camera based on LCMLA.
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0 Introduction

With the rapid development of three—dimensional
(3D) imaging technologies, light field imaging has
gained much popularity in recent years. Unlike the
conventional imaging method that records two —
dimensional (2D) light radiance over photographic
films or imaging sensors, the light field imaging
captures the 3D light fields of scenes involving the
By 2D

traditional images

radiance power and the
of the light field,

focused on different

ray direction.
projections
planes and observed from
different points of view can be recovered from the
snapshot of the scene. Light field imaging has its
roots in the integral photography methods, which were
first described by Lippmann in 1908 ™. Adelson and
Wang proposed a type of plenoptic camera and built
the first prototype in 1992 ™. Ng et al. continuously
improved it and then built the first hand —held
plenoptic camera™ in 2005 by inserting a microlens
array (MLA) between the main lens and the imaging
sensor. In 2009, Lumsdaine and Georgiev proposed a
type of focused plenoptic camera'™ by changing the
location of the MLA so as to focus on the real or
virtual image produced by the main lens. Perwass and
Wietzke presented a multi —focus plenoptic camera
using a hybrid integrated MLA consisting of three
types of microlenses with different focal lengths and
the same aperture.

In recent years, the liquid crystal (LC) microlens
array (LCMLA) have sprang up as a good substitute
for silica MLA. LCs are excellent electro —optical
materials which have relatively large electrical and
optical anisotropies. They are widely used in adaptive
optics [®~71 grating '¥!, phase retarder!, and so on.
Nematic LCs is generally used in the area of LC lens
whose molecules are rod-like. In nematics, the long
molecule axes are preferably oriented in one direction.
If nematic LCs are sealed in a lens—shape cell, the

directions of the LC molecules will reorient along the

electric field direction in an electric field excited.
Moreover, if the applied electric field is nonuniform,
the tilting angles of each molecule can vary with the
density of the electric field so as to form a gradient
index (GRIN) lens. The first LC lens was fabricated
by Sato in 1979", After that, Nose and Sato prepared a
LC microlens with a hole—patterned electrode and an
indium —tin—oxide (ITO) coated counter electrode to
generate a non—uniform electric field™!. To date, a
number of researchers have designed LC lens or
LCMLA with different structure, material or process
in various fields'*"!,

In this paper, we proposed a light field imaging
camera using a LCMLA. We fabricated a LCMLA
using nematic LCs and carried out experiments to
prove that each of the LC lenses of the LCMLA can
act as a GRIN lens for converging rays. Moreover,
the focal length of the LCMLA is measured. The
LCMLA was applied in a light field camera to test its
real imaging capability. Raw images of the scene
were taken by the device which give proof to the
efficient work of the LCMLA.

1 Light field imaging

1.1 Radiance denotation

To characterize the light field camera, we
introduce a denotation for processing rays following
the development of Lumsdaine and Georgiev .
First, a plane perpendicular to the optic axis is
given, and the light field radiance is defined as R(q,
p), where g and p are vectors representing the
position and the direction respectively. The light
power converging at a single point is an integral of

radiance from all directions at this point, as given

by the definition of

I@)=| Rig.pdp (1)

As Fig.1 shows, the denotation can be further

simplified as a 2D form of

1(0)= JORX (x,0)d0 2)
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' the thin lens equation:
1 1 _1
1,11 5
c d f, )

1(q)

Fig.1 2D denotation of the radiance

1.2 Architecture and geometry

The architecture of a light field camera using a
MLA is shown in Fig.2. The light field camera
contains three components, the main lens, the MLA,
and the imaging sensor. The main lens generates an
image that lies somewhere to the left of it, which is
then projected by the lenses of the MLA onto the
The main lens and the MLA

imaging sensor.

constitute two imaging subsystems.

Main lens

Sensor MLA

a ¢ ) b ) a ]

Fig.2 Architecture of a light field camera

As far as the object point A is concerned, it is
imaged by the main lens to the image point A’ at
first. There is not an imaging sensor to collect the
incident rays at the plane of A’, so the rays from A’
go ahead to the MLA and are focused by two
adjacent microlenses to A”; and A”,. Considering the
main lens imaging system, it satisfies the thin lens

equation:

(3)

1.1 _1
a b f,
where a, b, and f), represent the object distance, the

image distance, and the focal length of the main lens

respectively. The radiance of the image point A’ is

I(A")= J . R(x,0)do “4)

o, +

As for the MLA imaging system, it also satisfies

where ¢, d, and f, denote the object distance, the

image distance, and the focal length of the
microlenses. The radiances of the image point A”, and

A", on the sensor are
1A= [ Re0)0 , 1A")= | Reoo)ds  (©)

It is obvious that the rays of A", are from the
rays of A’ in the angle of «,, and A", from «,, which
means that the MLA separate the incident rays
according to their directions. If the MLA is closer to
A’, more image points on the imaging sensor might
be captured, and vice versa.

Therefore, the light field imaging method can
acquire both the radiance and the direction of the
rays. After one snapshot, the images of the original
focused at

scene from different viewpoints or

different depths can be recovered through
computation. The 3D model may also be setup
according to the raw image. The algorithms of image

processing is described in "1,

2 LCMLA

2.1 LC

A LC material is a kind of uniaxial birefringent
crystals. Depending on the amount of order in the
materials, there are nematic phases, smectic phases,
cholesteric phases, and columnar phases. The
nematic LCs are generally used in the fabrication of
LC lenses. The LC molecules for nematic is rod —
like and the optic axis is along the long axis. The
optic axis will reorient along the direction of the
outer electric field or magnetic field. LC materials
have two principle refractive indexes, the ordinary
index n, and the extraordinary index n,. When the
electric  vector of the light waves vibrates
perpendicular to the optic axis, the refractive index
is n,. When along the optic axis, that is n,.

Generally n,>n,. When the light propagation direction

0220002-3
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is tilted according to the optical axis, the refractive
for the ordinary waves is equal to n,, whereas the
refractive index n. for extraordinary waves is as the
following equation

nn

N (0)= ———— (7)
\/ne cos f+n, sin 6

where 6 represents the angle between the optical axis
and the light propagation direction.
2.2 LC circular hole microlens

The 3D of a LC

microlens is shown in Fig.3 (a). It contains two

structure circular hole
electrodes on the substrates. The top electrode is an
electrode with a circular hole in the center, and the
bottom one is a planar electrode. The two substrates
are conglutinated together tightly with adhesive along
the edges. The nematic LCs are instilled between the
two substrates mentioned above. When a certain
alternating current(AC) voltage signal is applied over
the electrodes, a symmetrical inhomogeneous electric
field will be generated in the LC layer where the
electric field intensity decreased gradually from the
edges of the hole to the center. The LC molecules
tend to reorient along the direction of the electric
field, as shown in Fig.3(b). Therefore, the refractive
index for extraordinary waves increases from n, in the
central region to n, along the edges gradually. Finally,
a GRIN microlens is shaped which can converge

incident rays effectively.

(b)

Fig.3 LC lens circular hole electrode

2.3 Structure of LCMLA
The 3D structure of the LCMLA is shown in

Fig.4(a). It contains two electrodes with LC materials

sandwiched in them. The top electrode is a 500 pm
thick glass substrate with a thin aluminum layer
sputtered on it. The aluminum layer is etched with an
array of circular holes through ultraviolet lithography
and wet etching. The diameter of the holes is 128 pm
and the center —to—center distance is 160 wm. Then
a~80 nm thick polyimide (PI) layer is coated as the
alignment layer through spinning coating. After that,
the electrode is rubbed to form V —grooves on the
PI layer so that the LC molecules will aligned
homogeneously. The bottom electrode is another 500 pm
thick glass substrate with a thin ITO layer on it. A PI
layer is also coated on it and rubbed. Then the two
electrodes are stick face to face with glue along the
edges. The glue is mixed with 50 pwm diameter
glass microspheres to form a cavity between the
electrodes where LC materials is instilled. The LC
materials we used is E44 from Merck Group. The
refractive indexes of the LCs are n,=1.778 and
n,=1.523. Figure 4(b) shows a finished LCMLA with
conductive tape to connect the electrodes with the

wires from the electric source.

Glass substrate +—

Aluminum layer/

ITO layer \

Glass substrate +—*

Fig.4 3D structure of actual LCMLA

2.4 Focusing performance

An experimental setup is configured to test the
focusing performance of the LCMLA, as shown in
Fig.5. A laser with a wavelength of 550 nm is used
as the light source. The incident rays pass through

0220002-4
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two polarizers after emitted to be effectively
weakened. Then the weakened rays pass through the
LCMLA whose power is supplied by an alternating
(AC) with a frequency of 1 kHz and
LCMLA will

incident rays when its electrodes is applied with a

current

adjustable voltages. The converge
voltage signal. After that, the optical field behind the
LCMLA will be exaggerated by a 20 x microscope
and captured by a beam profiling camera (DataRay
WinCamD). At last, the data is input into a computer

to be analyzed.

Polarizers LCLA

Beam profiling camera

0

Computer

Fig.5 Setup to test the focusing performance of the LCMLA

When a voltage signal is applied between the
electrodes of the LCMLA, the LC molecules begin to
swing according to the electric field excited and a
GRIN converging microlens array is formed instantly.
The distance of the LCMLA and the microscope can
be adjusted finely so that the optical fields at different
distances from the LCMLA can be acquired and then
the focal length of the LCMLA can be measured.
Figure 6 shows the focusing fields of a certain
microlens acquired when the applied voltage signal is
~5.0 Vrms (root —mean —square voltage) at different

distances from the LCMLA. As is shown that the

(d) 1.5 mm

(e) 1.6 mm
Fig.6 Optical fields of a microlens at different distances from

the LCMLA when the applied voltage signals is ~5.0 Vrms

energy of the incident collimated rays are converged
by the microlens effectively and the focusing spot
reaches the smallest at the distance of 1.4 mm which
means that the focal length is 1.9 mm, the sum of the

distance and the thickness of the glass substrate.

3 Experiments and results

We built a light field imaging camera using our
LCMLA fabricated. The camera consists of three
parts, the main lens, the LCMLA, and the imaging
sensor. The resolution of the imaging sensor is 4 384x
3 288 with the pixel pitch of 1.4 wm. The arguments
of the LCMLA is mentioned above and it is also
driven by an AC of 1 kHz. The focal length of the
main lens is 35 mm. Incident rays from the objects
will be imaged by the main lens at first. Then the
real image or virtual image will be projected by the
LCMLA onto the imaging sensor. The distance from
the main lens and the LCMLA can be adjusted to get
the sharpest raw image. The LCMLA is fixed tightly
on the protecting glass of the imaging sensor.

A toy car as the sample is placed before the
imaging camera at a distance of ~40 cm. The LCMLA
is applied with a voltage signal of ~5.0 Vrms and the
light field camera begins to work efficiently. We
adjusted the distance between the main lens and the
LCMLA carefully. When the LCMLA is ~3.5 cm
behind the main lens, a fairly sharp light filed raw
image is acquired, as shown in Fig.7. It is obvious
that each LC microlens focus the incident rays passing

through it and project them onto the sensor. The

Fig.7 Raw image of a toy car when the applied voltage signal

is ~5.0 Vrms
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elemental image formed by each microlens occupies
114x114 pixels, and the sum of the elemental images
is 38 x30. To exhibit the details of the raw image
more clearly, Figure 8 shows several elemental images
cropped from the whole raw image. It is evident that the
LCMLA have fairly good imaging capabilities and
elemental images projected by adjacent microlenses
are overlapped. However, the incident rays of
overlapped region are from different directions. In
this snapshot, the elemental images are erect because
each microlens images the virtual image formed by
the main lens. On the other hand, if the LCMLA
image the each

real image of the main lens,

elemental image is inverted.

Fig.8 Several elemental images cropped from the whole raw image

4 Conclusion

In this paper, we fabricated a GRIN MLA based
on nematic LC materials by ultraviolet lithography
and wet etching. The LCMLA we fabricated can
focus incident rays effectively. It is assembled into a
light field imaging camera with a main lens and an
imaging sensor, which can be used to acquire light
field image. However, the images projected by LC
microlenses are not as clear as that of silica
microlenses. The focusing capability of LC lenses
need to be improved and more experiments should be
carried out to expand its applications in the area of

light field imaging.
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