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Individually Adapted LC-lens Array for 3D
Applications

YI-PAI HUANG, TAI-HSIENG JEN, YU-CHENG CHANG,
PO-YUAN SHIEH, CHI-WEI CHEN, AND LIN-YAO LIAO

Department of Photonics/Display Institute, National Chiao-Tung University,
HsinChu, Taiwan

A low driving voltage with fast response LC-lens was developed. By implementing the
LC-lens as an array structure, it can be adaptively used for 2D/3D switching and 3D
rotation on auto- stereoscopic display. Additionally, it also can be utilized as a depth
sensor for 3D capturing.

Keywords Liquid crystal lens array; 3D display; 3D image capturing

1. Introduction

Recently, many types of 2D/3D switchable auto-stereoscopic displays are proposed in order
to keep the 2D resolution [1-4]. The LC devices can perform the switchable parallax barrier
and lenticular lens to enable 3D displays to switch between 2D and 3D modes. However, the
2D/3D switchable function is insufficient for current portable devices having auto screen
rotate function, such as smart phones and tablet PCs, because the current 2D/3D switchable
function is unable to achieve the 3D rotation due to disabling to change the arrangement
direction of parallax barrier or lenticular lens. Additionally, those technologies cannot
display full-resolution 2D contents and 3D contents at the same time, because these LC
devices cannot locally perform parallax barrier or lenticular lens. The resolution of 2D
contents will be reduced by at least half resolution depending on the number of views of the
3D display. Thus, we need an electrically switchable device having the 2D/3D switchable,
dual-oriented 3D and partial 2D/3D switchable functions for current portable devices, as
shown in Fig. 1.

For 3D Display, in this paper, we propose a multifunctional LC lens array that enabled
auto-stereoscopic displays to achieve above three functions. Additionally, the design of LC
lens devices is based on a compact size and easy-fabrication without any curved surface.
Thus, the fabrication can be compatible with the fabrication of the current well-developed
LCD industry and make auto-stereoscopic displays have more functions and applications
used in our daily life.

This paper was originally submitted to Molecular Crystals and Liquid Crystals, Volume 594,
Proceedings of Optics of Liquid Crystals 2013.

∗Address correspondence to Yi-Pai Huang, Rm. 516, CPT Building, 1001 TaShud Rd., HsinChu,
30010, Taiwan R.O.C. E-mail: boundshuang@mail.nctu.edu.tw

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/gmcl.
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Figure 1. Schematic plot of adaptive LC-lens Array for (a) dual-oriented 3D and partial 2D/3D
switchable display and (b) High dynamic depth range(HDDR) 3D image capturing applications.

Not only applying LC-lens array on 3D displays, it also can be implemented for 3D
camera system. Light field camera [5-9] which adding a micro-lens array in front of the
sensor can recode incident light directions by single shot frame. Unfortunately, it has low
resolution issue and needs complex algorithm. Integral image system, in the other hand,
can capture and reconstruct a directive 3D image through a micro-lens array without heavy
calculation. However, it needs an all-in-focus plenoptic image to reconstruct a clear 3D
image, which means the working range will be limited by the depth of field of camera main
lens. Therefore, these methods are difficult to capture a clear 3D image in deep screen with
both near and far objects, during the depth of field is narrow in near distance.

For 3D image capturing, in this paper, we proposed a depth information capturing
system with high dynamic depth range (HDDR), which is inherited from the high dynamic
range (HDR) camera. Unlike conventional extending depth of field (EDoF) method, the
HDDR method doesn’t need applying optical units, and will not deteriorate the image
quality. As show in Fig. 1, the active lens array will focus on different distance respectively.
Each object in this screen will be clearly captured by at least three elemental lenses. Then
we can estimate the distance of each object using the method depth from disparity. Finally,
those depth map focused in different distance will be fused into one refined depth map.

2. Dual-Oriented 3D and Partial 2D/3D Switchable Display

A. Structure of Multi-functional LC Lens Array

The structure of a unit in the LC lens array consisted of an LC layer sandwiched between
two resistive films, two kinds of arrangement directions of top and bottom electrodes,
as shown in Fig. 2. The function of the resistive films is to divide the voltage gradually
between the low and high electric potential and generate a gradient voltage distribution to
form good lens effect. Additionally, the resistive film can make the stripe electrodes as a
plane electrode to eliminate lens effect if applying a uniform voltage on those electrodes.

Figure 2. Sketch of the structure of multi-functional liquid crystal lens array, and driving method
for dual-oriented 3D switchable function.
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3D LC-lens Array 269

Figure 3. Driving method of partial 2D/3D switchable function.

Therefore, this LC lens array can form uniform and gradient refractive index distributions
locally.

B. Dual-oriented 3D Switchable Function

In order to achieve dual-oriented 3D switchable function, top electrodes and bottom elec-
trodes must have different orientations, as shown in Fig. 3. When all bottom electrodes are
connected to ground and top electrodes are driven by interlaced voltage, VD and ground,
LC lens arrange in the horizontal orientation. Due to the same driving voltage, the bottom
electrodes become a full electrode with ground voltage. When bottom electrodes are driven
by interlaced voltage, LC lens switch to the vertical orientation.

C. Partial 2D/3D Switchable Function

The driving method partial 2D/3D switchable function is shown in Fig. 3. If we want
to form the lens in the 3D region, there are no lenses in the other regions. This driving
method needs three different voltages, V3D, V2D, TOP and V2D, BOT, which applied on the
bottom electrodes in the 3D regions, the top and bottom electrodes in the 2D regions. The
magnitude of V2D, TOP and V2D, BOT are higher than V3D. Therefore, there is a big potential
difference between the top and bottom in the 2D regions. It make the whole LC are vertical.

Figure 4. Angular distributions for horizontal and vertical 3D modes.
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Figure 5. Angular distributions and captured images from the prototype for partial 2D/3D switchable
function in (a) first 2D, (b) second 2D, (c) third 2D and (d) 3D regions.

In the 3D region, the LC distribution has a gradient orientation from vertical direction to
horizontal direction to produce lens effect.

3. Experiment Results of 3D Displays

The specification of the prototype is shown in Table 1. For dual-oriented 3D function, the
driving voltages are 2Vrms. For partial 2D/3D switchable function, the driving voltages
are 2Vrms for the bottom electrodes in the 3D region, 6Vrms for the bottom electrodes in
the 2D region and 4Vrms for the top electrodes. The dual-oriented 3D switchable function
is verified, according to the angular distributions for horizontal and vertical 3D mode, as
shown in Fig. 4.

For partial 2D/3D switching, the 2D regions are divided into three regions according
to the different driving conditions. The angular distributions of 2D regions are shown in
Fig. 5 (Left a–c). In accordance with the measured data, multifunctional LC lens array can
be applied on display devices to supply the partial 2D/3D switching function. In addition,
we demonstrate the partial 2D/3D auto-stereoscopic display to show the text in 2D regions
and the 3D region. The camera captures the text at the viewing direction with lowest 3D
crosstalk. The full resolution of the texts can be displayed in the three 2D regions, as shown
in Fig. 5 (Right a–c), respectively. The low resolution of the text is displayed in the 3D
region, as shown in Fig. 5 (Right d). It can prove the display can actually show 2D contents
with the full resolution.

4. High Dynamic Depth Range (HDDR) of 3D Image Capturing

In the HDDR algorithm, we captured N set of images focused on N-different distance.
Each image set has left, center, and right view frames, which provide object disparity to
generate the elemental depth map. The object edges are regarded as the indication to judge
the object was focused or not. In other words, we applied an edge filter to analogize the
region of depth of field. Those areas in where the object edges can pass the Laplacian of
Gaussian (LoG) filter will be maintained to HDDR depth map.

In fusion process, once the representative focal point was discovered, we could find the
corresponding gray level from the depth map. As a consequence, if N depth of field regions
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272 Y.-P. Huang et al.

Figure 7. Elemental images of three focal positions and captured under F/2.8 (a) (b) (c) focus at first
object (d) (e) (f) focus at middle object (g) (h) (i) focus at the last object from left, central and right
perspective respectively.

were arranged in capturing, N representative focal points would be extracted. By the same
token, N-1 threshold gray value could be decided by averaging the corresponding gray
levels of two adjacent representative focal points. According to the result from threshold,
we fused those correct regions of depth maps into the HDDR depth map.

Figure 8. Depth maps rendered of (a) HDDR system (b) large f-number (f/22).
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3D LC-lens Array 273

Figure 9. (a) Working range and (b) Exposure time of different focal designs.

5. Experiment Results of HDDR-3D Image Capturing

The experiment results of fringing pattern and focusing spot for individually controlled 3×3
LC-lens array is show in Fig. 6. By using three different focusing length on top, middle,
and bottom lenses, the 9 images can be captured respectively, as shown in Fig. 7. Then
we could estimate three elemental depth maps of the same screen, but focused on different
distance by the DERS software. With HDDR algorithm, those three elemental depth maps
are fused into a refined depth map as shown in Fig. 8(a). It shows that HDDR depth map
maintained more details such as the doll’s arm and the butterfly wings than the depth map
captured with large f-number lens.

The working range of HDDR system is counted from the first object to the terminal
wall (200 cm). Apparently, the working range increase with larger f-number, but working
range of HDDR using small f-number (F/2.8) is even wider than that of the largest f-number
(F/22) of our camera. Furthermore, the exposure time is also minimized as illustrated in
Fig. 9. Around 21 times shorter exposure time will benefit the capturing of the instantaneous
moments. If spatial HDDR system is implemented, the exposure time will be reduced more
and kept the same while stacking more depth of field.

6. Conclusion

To conclude, We successfully achieve a dual-oriented partial 2D/3D switchable auto-
stereoscopic display using multi-functional liquid crystal lens array. It can display 2D
images without resolution loss and 3D images together. The multi-functional LC lens array
has advantages of low driving voltage and easy-fabricated to be compatible with LCD tech-
nology. The 3D crosstalks for dual-orientation are 10.8% and 29%. For the 3D capturing,
as long as the render depth map is less vulnerable to noise, the performance of HDDR depth
map will be better. However, compared to largest f-number of our camera (F/22), HDDR
system not only extends to the wider working range 165 cm (>150 cm), but also minimizes
the exposure time by around 21 times shorter. And in the following section, we will change
the pitch to a reasonable quantity, the size of lens, to verify the feasibility of applying lens
array. Moreover, undersigned background is utilized in the scene to meet with more general
situation in real word.
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