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Improved Viewing Zones for Projection Type
Integral Imaging 3D Display Using Adaptive

Liquid Crystal Prism Array
Chih-Wei Chen, Myungjin Cho, Yi-Pai Huang, and Bahram Javidi, Fellow, IEEE

Abstract—In this paper, we present a novel projection-type
3-D integral imaging display with an adaptive liquid crystal (LC)
prism array. Comparing with conventional integral imaging
display, the proposed system demonstrated that the viewing zones
for a projection type integral imaging display was successfully ex-
tended by time-multiplexed technique and without anymechanical
movement. To the best of our knowledge, this is the first report on
combining an adaptive LC prism array with the projection-type
integral imaging 3-D display. The proposed display is attractive
for future wide viewing zone projection-type integral imaging 3-D
displays.

Index Terms—Integral imaging (II), liqAuid crystal prism, 3D
display, viewing zones improvement.

I. INTRODUCTION

G LASSES-FREE three-dimensional (3D) displays have
been regarded as a critical technology for next gener-

ation display applications. There are interesting works such
as multiplexed-2D displays [1]–[7] and integral imaging (II)
systems [8]–[18] that have been proposed. However, the multi-
plexed-2D type auto-stereoscopic displays only supply discrete
viewpoints and special viewing zones for 3D visualization,
while this method is easily implemented. To avoid these prob-
lems, the integral imaging system, has become a promising
technology. Integral imaging systems use a lenslet or camera
array to capture 2D images which are multiple views from
a 3D scene. 3D images are then displayed through optical
reconstruction from these recorded multiple 2D images with
different perspectives of the 3D scene. Nevertheless, there are
still some technical limitations for integral imaging systems.
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One of the limitations is the narrow viewing angle, which is
due to the field of view (FOV) of lenslets. Some researchers
had realized this problem and proposed exciting solutions as
following. The MATRES [19] architecture and the curved lens
array [20]–[22] were proposed to extend the oblique angles
for both the pickup and the display process. The COMSAII
[23] method used moving lenslet array technique to extend the
FOV of the II system. And the dynamic barriers [24] method
distributed the different viewing zones by tilting the barrier.
However, the mechanical movement of moving lenslet array
and the dynamic barriers are still an issue. Another approach
without mechanical movement called elemental lens switching
[25], [26] was also proposed. In this paper, we propose another
approach by using a synchronized adaptive liquid crystal prism
array with a projection type integral imaging 3D display.
Hence, the improved viewing zones for a time multiplexed
integral imaging 3D display without any mechanical movement
can be achieved.

II. IMPROVED VIEWING ZONES FOR II 3D DISPLAY USING
ADAPTIVE LIQUID CRYSTAL PRISM ARRAY

In this section we first describe the key device, the adaptive
liquid crystal prism array. Then, the viewing zone analysis of
a general projection type integral imaging display and the pro-
posed system are illustrated. In this paper the projection type
integral imaging display is used because the projection scheme
could provide high quality and flipping-free 3D images for the
viewers [12], [27].

A. Adaptive Liquid Crystal Prism Array

The proposed stripe type multiple electrode based liquid
crystal (LC) prism array is shown in Fig. 1. The LC molecules
were first aligned perpendicular to the bottom electrodes on
both the top and bottom substrates (homogeneous type). Ap-
plying an operating voltage and reference voltage
to the stripe electrodes, respectively, (i.e., for red electrodes
and for gray electrodes), the effective refractive index dis-
tribution could be changed when the LC is reorienting. Thus,
the incident polarized light could be refracted to different an-
gles according to the refractive index distribution [see Fig. 1];
on the other hand, exchanging the values of operating and
reference voltages, the prism could be switched to the opposite
shape. The light could consequently be refracted to opposite
direction. At that time, the planar electrode was always driven
by reference voltage .
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Fig. 1. Structure of multiple electrodes based liquid crystal prism array. The
light could be refracted to different directions when applying driving voltages.

The refraction angle of the adaptive LC prism could be cal-
culated by the optical path difference ( OPD) as follows,

(1)

(2)

where is the refraction angle, is the LC-cell gap, is the
prism width, and is the refractive index difference between

and . The value of could be controlled by
changing the driving voltages on the LC cell. Accordingly, the
incident light also could be refracted by a angle.

B. Viewing Zone Analysis and Improved Viewing Zones for
Projection Type Integral Imaging 3D Display

Viewing zone (VZ) is an important factor for a 3D display.
A wide viewing zone not only lets viewers have more freedom
in viewing positions, but also increases the number of possible
viewers. Conventional integral imaging systems included two
steps. For the capturing steps, a lenslet or camera array is used
to capture 3D information from a 3D scene. Then, a set of 2D
elemental images that had different perspectives were recorded
[28]. For the displaying steps, the captured 2D elemental im-
ages were displayed onto the lenslet array. Thus, the 3D scene
could be optically reconstructed [14], [15]. The VZ for the con-
ventional integral imaging system could be defined from the
viewing angle of a lenslet as shown in Fig. 2 and (3) [12],

(3)

where is the viewing angle of a lenslet, is the lenslet pitch,
and is the focal length of the lenslet, respectively. The angle
is the maximum angle that an elemental image can be captured
or displayed from its corresponding lenslet.
The projection type integral imaging 3D display can provide

flipping-free images because each elemental image can be only
projected onto its corresponding lenslet. Therefore, viewers do
not perceive any images if they were located outside the viewing
zone. However, the narrow viewing zone is an issue of this pro-
jection type 3D display.
To overcome the viewing zone limitation, we proposed a new

system by combining the adaptive LC prism array with a pro-
jection type integral imaging 3D display as shown in Fig. 2. By

varying the refraction angle of the adaptive LC prism array se-
quentially, the elemental images could be projected to different
viewing positions. For instance, to obtain the left-view image,
the prism array was driven to refract the light to left viewing
zone; meanwhile, the elemental images were also simultane-
ously changed for the corresponding left-view image [see T3 in
Fig. 2]. Consequently, by driving the adaptive LC prism array
and synchronizing the display of the assigned elemental images
in a time-multiplexed method, the viewing zones could be ex-
tended by without mechanical movement.

III. EXPERIMENTS AND DISCUSSIONS

In this experiments section, the LC prism array was first fab-
ricated and measured. The preliminary functionality of wide
viewing angle for the proposed system is also demonstrated.
The design parameters of each prism are listed: prism width
is 45 m, electrode width is 5 m, small slit between two

electrodes is 5 m, and cell gap is 15 m [see Fig. 3]. The
LC material we used is E7 (Merck). For the LC prism, the im-
perfect area called the fly-back zone [29], which comes from the
characteristics of the liquid crystal, may result in the light go to
undesired direction. Thus, the crosstalk issue will be induced.
To suppress this phenomenon, the black matrix (BM) located
under the electrodes was used to block the light passing through
the fly-back zones and to approach the ideal prism shape [see
Fig. 3]. Although the BM matrix could help to obtain a better
prism performance, the image brightness may be decreased.
Therefore, to obtain a better prism performancewith narrowBM
width will be the subject of a future investigation.
After fabricating the LC prism array, we applied different

driving voltages on the electrodes to evaluate the functionality
of the LC prism array. A white light source was normally illu-
minated on the LC prism array, and the capturing plane was lo-
cated approximately 37 cm away from the LC prism panel. The
preliminary result is shown in Table I. When applying
on the planar electrode, and driving voltage
and on the multiple electrodes alternately, [see
Fig. 1] the incident light could be refracted by a maximum re-
fracted angle, right side 4 degrees. (i.e., the maximum refractive
angle reaches at ). In addition, the different refracted
angles also could be obtained by applying the different driving
voltages on electrodes yet a little bit diffraction issue still has to
be further reduced for high quality 3D images. In detailed anal-
ysis, the diffraction was caused by the imperfect fabrication of
the LC prism shape and black matrix structure. Therefore, to
shorten the BM width and to make a better prism array could be
the next step. Nevertheless, the diffraction did not affect our fol-
lowing experiment seriously. The functionality of the LC prism
was proven.
We constructed the proposed prototype by combining the pro-

jection-type II system [12], [27] with the adaptive LC prism
array, which is aligned in front of a lenslet array, to verify our
approach. The polarizer was located in front of the projector in
order to obtain polarized light. For the image content part, the
2D elemental images were generated by computer synthesized
integral imaging method [30]. Each elemental image contained
30 30 pixels, and totally 34 25 elemental images were gen-
erated as shown in Fig. 4. Fig. 4(a) is the 3D scene for generating
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Fig. 2. (a) Scheme of the proposed time multiplexed projection type integral imaging 3D display with the adaptive LC prism array and (b) synchronized elemental
images and the LC prism for different viewing zones.

TABLE I
EXPERIMENTAL RESULTS WITH DIFFERENT PROJECTION ANGLES FOR A NORMALLY INCIDENT LIGHT SOURCE BY SWITCHING THE DRIVING VOLTAGES ON
THE LC PRISM ARRAY. THE OBSERVED PLANE IS 37 CM AWAY FROM THE PRISM ARRAY, [I.E., PLUS: RIGHT SIDE; MINUS: LEFT SIDE ( AND FOR

CORRESPONDING ELECTRODES ARE ILLUSTRATED IN FIG. 1

Fig. 3. Structure of proposedmultiple electrode based adaptive LC prism array.

the elemental image sets. The objects “3” and “D” were placed
in front of the lenslet array at approximately 50 mm and 3 mm,
respectively. Fig. 4(b) is an elemental images set that was gen-
erated from the front view. Other elemental image sets for left
and right viewing zones were also generated by this computer
synthesized method.
Projecting the elemental images set on the lenslet array, the

3D scene could be optically reconstructed. The reconstructed re-
sults were captured by placing the camera at different viewing
positions, as shown in Fig. 5. In this experiment, the size of each

Fig. 4. (a) 3-D scene for generating elemental images and (b) an elemental
images set generated from front view by computer synthesized method.

lenslet is 1.09 mm 1.09 mm and its focal length is approxi-
mately 3.6mm. Thus, the viewing zone of the conventional pro-
jection type integral imaging 3D display was narrow and ap-
proximately . On the contrary, for the proposed 3D dis-
play, the total viewing zones could be extended horizontally to
about by synchronizing the elemental image sets and the
adaptive LC prism array. The experimental results clearly veri-
fied that our proposed approach could obtain 3D images with
improved viewing zones. In addition, and views
were covered for and 0 LC prism array states. Thus, we
also captured the images at these viewing positions. The results
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Fig. 5. Captured images from different viewing directions of conventional and proposed projection type integral imaging display.

Fig. 6. Illustration of image distortion results from (a) the nonuniform viewing
angle expansion for uniform LC prism array and (b) the proposed method, the
nonuniform LC prism array for uniform viewing angle expansion.

illustrate that the same images also could be observed under dif-
ferent LC prism array states [see Fig. 5]. Besides, in order to
approach wider refraction angle of the LC prism array, we pro-
pose using different LC materials such as the high birefringence
LC (HB-LC) [31], [32]. Hence, the viewing zones for the pro-
jection type II 3D display could be further extended. This new
proposed method could be the subject of a future investigation.
Although the preliminary functionality of our proposed

system has been demonstrated, the 3D image distortion and the
response time of the LC prism array still have to be discussed.
First, for the 3D image distortion part, the word, “3”, which
was located at 50 mm away from the II display, became blurred
when observed at large viewing angles [see Fig. 5].
This was because the light could not be focused well due to the
non-uniform viewing angle expansion for prisms as shown in
Fig. 6(a). Thus, the reconstructed 3D object at the image plane
was blurred. We propose two methods to improve this issue.
First, using the non-uniform distribution LC prism array, the
blurring image at a specific distance can be improved, as shown
in Fig. 6(b). By varying each LC prism profile individually,
the non-uniform viewing angle expansion of prism might be
eliminated hence the image distortion for a specific distance
could be reduced. However, the complexity of the LC prism
array might be increased to eliminate the distortions in 3D
reconstructed images. This method could be used to eliminate
this distortion for a distance. Hence, the second solution could
be the image processing method, or the calibrating method.
By calculating the deformation of the 3D images at different
distances, the information of each elemental image could be

Fig. 7. Illustration of image distortion results from (a) the nonuniform viewing
angle expansion for uniform LC prism array and (b) the proposed calibrating
method on the elemental images for remedying the deformation issue.

adjusted. Thus, the deformation of the 3D images could be
calibrated [see Fig. 7].
For the response time of the LC prism array part, the response

time of the proposed LC prism array is 200 ms .
Therefore, using fast response LC materials such as blue phase
LC [33], [34] or Ferroelectric LC [35], [36] to be the LCmaterial
in the LC prism, the response time could be shortened. These
new proposed methods could be the next topic.
Not only the horizontal viewing zones, but also the vertical

viewing zones of the projection type II 3D display could be im-
proved by the two crossed LC prism array panels [see Fig. 8],
or by integrated dual-crossed multiple electrode based LC prism
array [see Fig. 9]. For the former method, the two stripe type LC
prism array panels were attached together and perpendicular to
each other. A 1/2 wave plate, whose optical axis is 45 corre-
spond to the x-direction, was sandwiched between the two LC
prism panels. Therefore, when driving the two LC prism panels
sequentially, both horizontal and vertical viewing zones could
be extended using the proposed system. Another approach is
to use an integrated dual-crossed multiple electrodes structure
as shown in Fig. 9. For instance, applying the alternated oper-
ating voltage and reference voltage on the bottom
multiple electrodes alternately, and reference voltage on all the
top multiple electrodes, a LC prism array could be obtained on
y-direction distribution; similarly, a LC prism array distributed
on x-direction also could be obtained when applying the alter-
nated operating voltage and reference voltage on
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Fig. 8. Scheme of dual LC prism array for increasing both horizontal and ver-
tical viewing zones. A half wave plate was used to rotate the direction of polar-
ization.

Fig. 9. Integrated dual-crossed multiple electrode-based LC prism array.

the top multiple electrodes alternately, and reference voltage on
all the bottom multiple electrodes. Consequently, the improved
viewing zones for both horizontal and vertical directions could
be achieved.

IV. CONCLUSION

Integral imaging systems are very promising for 3D displays.
Their viewing zones can be improved with additional benefits
to their overall performance. In this paper, we proposed an
adaptive LC prism array to electronically refract the corre-
sponding elemental images by time multiplexed technique
Therefore, the improved viewing zones for a projection type
integral imaging 3D display without any mechanical movement
could be achieved. The experimental results show that the
horizontal viewing zones are successfully extended comparing
with the conventional projection type integral imaging display.
The viewing zones could be further extended by using the
HB-LC materials as described in the paper. We also proposed
that both the horizontal and vertical viewing zones could be
extended by using two stripe type LC prism array panels, or by
using the integrated dual-crossed multiple electrode based LC
prism array panels. The proposed 3D display has potential for
future integral imaging 3D displays.
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