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Abstract—The discrepancy of disparity and accommodation
in current 3D display systems is one source of discomfort for the
audience. To solve this problem, an adaptive focus integral image
(InIm) system is proposed, which could adjust the image location
according to the video content. To prove concept, a fast-response
liquid crystal microlens is proposed and its performance is
simulated.
Index Terms—Adaptive focus, fast response, integral image
(InIm), microlens.

I. INTRODUCTION

T

HREE-DIMENSIONAL (3D) display is commonly recognized as next-generation display system in the near future. Integral image (InIm) is one of the promising candidates
for 3D display because of its advantages, such as glass-free
display mode, comparably high illuminance, and compatibility
with current 2D display technologies [1]–[3]. However, most 3D
display systems, including InIm, face an obstacle which might
prevent the widespread of 3D display. This is the discrepancy of
disparity and accommodation, which arises from the basic 3D
vision mechanism of humankind. The 3D feeling, or in another
word, the perception of distance of human is based on several
different mechanisms, including disparity and accommodation.
Disparity means the same object appears as two images of different angles in the two eyes of an observer, whereas accommodation means the eyes will focus on the object to acquire a
sharp image. In natural vision, these mechanisms provide the
same distance feeling to the brain. But in most 3D displays developed so far, the depth effect is based only on disparity, but not
accommodation. The lack of correct accommodation results in
the misunderstanding of distance, eye fatigue and nausea, especially when the audience watches 3D video for a long time [4],
[5].
In this paper, we propose an adaptive focus InIm system, in
which each 3D pixel is covered by an adaptive lens. By adjusting
the lens focus in video speed, each pixel of the video is imaged
to the correct distance, so the correct accommodation effect is
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Fig. 1. Conventional InIm system.

achieved. We also proposed a liquid crystal (LC) microlens design to meet this adaptive focus lens requirement. The performance of the LC lens and the required driving scheme is simulated and analyzed.
II. ADAPTIVE FOCUS INIM SYSTEM
Fig. 1 depicts the conventional InIm system. A fixed microlens covers one integral image pixel, which includes multiple
subpixels (4 subpixels in Fig. 1). The subpixels are imaged by
the microlens to a certain location. The microlens also performs
as the aperture stop, so the eye at each angle could only see the
image of one subpixel, and two eyes of an observer acquires the
image signals from two different subpixels. Multiple subpixels’
images “integrate” into a whole image, from which the name
“integral image” originates [6].
of the miIn order to achieve large viewing angle, the
crolens needs to be as small as possible. However, the depth of
. So the
focus (DOF) of the microlens is proportional to
image depth of the conventional InIm system is always limited.
To reduce the discrepancy between accommodation and
disparity, a larger image depth is required for InIm system, and
several approaches have been proposed [7]–[9]. However, the
most straightforward method is to adjust the focal length of the
microlens, so that the image location of each pixel is adapted
correspondingly. Ideally, the image location of each subpixel
should match the correct image distance given by disparity.
However, this requirement is quite challenging, as there are
several subpixels under one microlens, and they may require
different image distances at the same time.
In our adaptive focus InIm system proposal, each microlens
focal length is adaptive, and the image distance of the entire
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Fig. 3. Proposed LC microlens structure.
TABLE I
PROPERTIES OF UCF-6 LC MIXTURE

shows the cross-section view of the display system. The microlens is mounted on top of the traditional 2D LCD display
panel. The 0.554-mm separation between color pixels and microlens is occupied by the substrate and polarizer.
III. LC MICROLENS

(b)

A. Lens Structure
Various kinds of adaptive lens design could satisfy the focal
length adjusting requirement of the adaptive focus InIm system,
including liquid lens and liquid crystal (LC) lens [10]–[17].
Nevertheless, according to the system design principle, the microlens needs to adjust its focus length in video speed, which is
challenging for all current adaptive lens designs. So we propose
a new LC microlens design, which could meet our requirement
for fast switching speed. Fig. 3 depicts the LC microlens structure. The LC layer thickness is 3 m to ensure a fast response
time. The top electrode (red dashed curve) is buried inside the
grey dielectric layer and provides the gradient electric field for
the LC lens. The homogenously aligned LC material is UCF-6
with its parameters listed in Table I.
The theoretical minimum focal length of this LC microlens
can be calculated from following equation:
Fig. 2. Adaptive focus InIm system.

pixel below the lens is adjusted as a whole. Although there is
still discrepancy for the subpixels inside one pixel, it is greatly
reduced. The audience will be more difficult to notice it, and
feels more comfortable.
The parameters of our adaptive integral image system are determined by laptop computer display requirement. The system
design is shown in Fig. 2. As shown in Fig. 2(a), the viewing
m for laptop user. The separation of two eyes
distance
mm for adults. The minimum width of each full- color
is
m, as Fig. 2(b) shows. As
subpixel is assumed to be
a result, the separation between the microlens array and LCD
mm. Assuming that four image signal chanpanel is
nels are provided, the image pixel design is shown in Fig. 2(b).
m
m
An InIm pixel with four full-color subpixels is
in size (as marked by the bright rectangular frame). Fig. 2(c)

(1)
where is the lens radius, the LC layer thickness, and
the
refractive difference between the lens center and the edge. However, according to the calculation, we find that the minimum
mm, which
focal length of this LC microlens is
still too large for the InIm system design. So an extra glass lens
is added in front of the LC lens. The total optical power of the
lens pair is calculated using (2):
(2)
And the image location is determined by the following lens
equation:
mm

(3)
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Fig. 5. LC lens driving scheme design.

Fig. 4. Relation between LC lens power and image distance.

TABLE II
VIEWING DISTANCE AND FOCAL LENGTH

From (3), we know that in order to achieve the largest dynamic range of image distance, the total focal length of the lens
pair should be close to the objective distance (0.554 mm). So we
mm. When the LC lens’ optical power is
choose
driven from 93.5 m to 0 (negative lens) as shown on the -axis
of Fig. 4, the achievable image distance (distance between pixel
3 cm and 2 cm
.
image and microlens array) is
According to Fig. 4, there is a 5 cm “dead zone” in the image
distance, which means it is not possible to project the pixel
image to this 5-cm range around the microlens array. This
defect, however, does not affect the performance of the InIm
system seriously, because the accommodation effect of human
eye is not quite sensitive, and the 5-cm discrepancy between
accommodation and disparity at 60 cm viewing distance will
not cause discomfort [4].
B. Driving Scheme
As mentioned above, the accommodation mechanism of
human eye is not quite sensitive, so it is not necessary to
provide the precise image distance to feed the viewer’s accommodation. Instead, we select four discrete image distances [4].
According to [4], these four different image distances should
be enough to make the discrepancy of accommodation and
disparity irresolvable, and make the viewer feel comfortable.
The image distance, image viewing distance and corresponding
focal length of the LC microlens are listed in Table II.
The decay time of this LC microlens is calculated from following equation:
(4)

Fig. 6. Actual focal length of the LC lens.

where
is the rotational viscosity,
the splay elastic conm is the LC layer thickness. From (4) we
stant and
ms. This response time is still too long for the
find
video-rate display requirement. So the overdrive and undershoot
driving methods are used [18]–[20]. Besides, the LC director
has a long oscillating time after the overdrive voltage pulse,
which causes the “drift” of the LC lens focal length during the
holding period. To minimize this effect on the precise control of
image viewing distance, we introduce a waiting state at which
mm. At the end of each video frame, the LC lens is
driven by undershoot voltage back to the same waiting state, and
at the beginning of the next frame, the LC lens is overdriven to
the required focal length. The driving scheme is shown in Fig. 5.
The dynamic response of LC director orientation is simulated
by commercial software DIMOS, and the optical path length
(OPL) profile of the LC lens by MatLAB. Using parabolic curve
fitting, the effective focal length of the LC lens is derived by
MatLAB, too. Table III lists the voltages and overdrive/ holding/
undershoot time. The dynamic response of the LC lens is shown
in Fig. 6.
Two points should be noted about Table III and Fig. 6. First is
that we use 30 frame/s frame rate. So each frame time is 33 ms.
The overdrive and undershoot in each frame takes 6 ms, so in
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find that the shape of the top electrode affects the lens’ OPL profoundly, which means the manufacturing process of this electrode requires high precision quality control. Besides, the LC
layer thickness also affects the OPL, so the cell gap control is
also critical to the manufacturing of this LC lens.
IV. CONCLUSION
We propose an adaptive focus integral image system to solve
the discrepancy of accommodation and disparity in current 3D
display technologies. To realize this system design, a video-rate
LC microlens is proposed. Low viscosity of the LC material
UCF-6, small LC layer thickness, introduction of a waiting state
and overdrive voltage are combined together to achieve this fast
response LC lens design.
There are still some problems with our LC lens design, such
as the existence of focal length drift, the aberration of the OPL
profile after the lens, and the LC microlens structure manufacturing is still challenging. Thus, more work still needs to be
done to simplify the LC lens structure, and to improve its performance.
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