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3D display was expected to be the dominant next-generation display technology 
for producing more natural images. For autostereoscopic 3D technologies, observ-
ers could perceive 3D images with the naked eyes, yet still has the degradation of 
image quality for a given autostereoscopic 3D display. In this chapter, various LC 
lens (LC-lens) technologies for improving the issues are illustrated, followed by 
the future developments of LC-lens on 3D applications.

13.1 � Introduction of 3D Display

Three-dimensional display technologies can be categorized into stereoscopic 
type and auto-stereoscopic type, as listed in Fig.  13.1. The stereoscopic 3D dis-
plays require the viewers to wear glasses or special devices such as active shutter 
glasses type, passive polarizer type, or head-mounted display (HMD), to perceive 
3D images [1–8]. Thus, viewers perceive correct left and right images for the cor-
responding eyes through the special devices. Moreover, the stereo technique only 
provides the same two-view stereo image that there are no perspective images for 
arbitrary positions. Hence, the auto-stereoscopic (glasses-free) 3D displays are 
definitely the future trend.

The glasses-free 3D displays include holographic type [9–12], volumetric 
type [13, 14], multi-plane type [16–18], integral imaging and multiplexed-2D 
type [19–27]. The holographic displays use the concept of interference to recon-
struct the 3D scene through reconstruction of wave intensity and phase. However, 
this method now is too complicated to reconstruct good dynamic and full color 
3D scene due to the special light source, complicated image content, and high 
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quality display requirement. The volumetric displays and multi-plane displays are 
good approaches while they require huge space. Therefore, recently, researchers 
are more attracted on the compact multiplexed-2D displays for 3D applications 
because it can be achieved with flat panel displays.

The spatial-multiplexed 3D displays generally includes two components, opti-
cal device and display panel. The optical device, such as the lenslet array or barrier 
sheet, is used to project different images to the corresponding directions. And the 
display panel is used to display the images. Two common optical devices, for exam-
ple, used for these 3D displays are fixed barrier [21, 28] and lenticular lens sheet 
[25–27, 29–31]. This method provides different information to the corresponding 
left and right eyes simultaneously. Hence, human brain fuses this different informa-
tion and then 3D sensation can be obtained. Besides, the two-view or multi-view 
3D displays can be achieved by generating two or more view information to be the 
image content. However, current spatial-multiplexed method will much decreases 
the resolution of 3D images, especially can’t be used for reading the text contents. 
Therefore, liquid crystal lens (LC-lens) was proposed for 2D/3D switching func-
tion. Except 2D/3D switching, the 3D rotation and 3D scanning function of LC-lens 
were also been reported to extend the application of 3D displays.

13.2 � LC Lens for 3D Display

In 1979, the LC material was first employed for lens applications [32]. The LC is 
injected into the space between the plano and concave glass substrates, or plano 
and convex glass substrates, respectively. The transparent electrodes are coated on 

Fig. 13.1   Classification of 3D technologies
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the glasses, as shown in Fig. 13.2. Applying the driving voltages on the electrodes, 
the LCs is re-aligned according to the potential distribution within the cells. Thus, 
the optical powers of the concave and convex lenses can be tuned without physi-
cally change the lens shape. The polarized light is also needed in order to meet 
effective refractive index changing of the LC lens (i.e., the un-polarized light can-
not meet the index changing that the incident light path cannot be changed after 
passing through the LC cell).

13.2.1 � 2D/3D Switching Function of LC-Lens

For 2D/3D switching LC-lens, three approaches, polarization active micro-lens, 
Active LC lenticular lens, Electric-field-driven LC(ELC) lenticular lens, had been 
reported and described in detail in this session.

13.2.1.1 � Polarization Active Micro-Lens

The polarization activated micro-lens was proposed by G.J. Woodgate, and J. 
Harroldas in 2003 [33, 34], which the basic structure is shown in Fig. 13.3. The 
polarization of incident light is not changed after encountering the polarization 
switching cell (TN cell) when applying driving voltage on the TN cell. Thus, 
the 2D mode can be obtained when the polarization of polarized light do not be 
changed. On the other hand, the polarization of polarized light is changed that the 
light is focused after passing through micro-lens layer without applying driving 
voltage on the TN cell. Hence, the 3D mode is achieved.

Fig. 13.2   The first proposed LC lenses in 1979. a Plano-convex cell, and b plano-concave cell
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13.2.1.2 � Active LC Lenticular Lens

Just like the structure of inhomogeneous LC-lens, S.T. de Zwart et al., developed 
an active LC lenticular lens for 2D/3D switchable display [35, 36]. As shown in 
Fig. 13.4, the LC molecules (positive dielectric anisotropy)are aligned perpendicu-
lar to the plane. The refractive index of the concave glass lens, ng, is chosen equal 
to ordinary refractive index, no. The incident polarized light from the underlying 
LCD is with polarization perpendicular to the plane (i.e., extra-ordinary light). 
Hence, the polarized light encounter a difference of refractive index distribution 
from ne (the extra-ordinary refractive index of LCs) to no (the refractive index of 
glass lens) without applying driving voltage. It results in a net lens-action to form 
a 3D mode, i.e., the spatial-multiplexed type 3D display; on the other hand, the 
LCs reorient according to the potential distribution thus the incident extra-ordinary 
light encounters the ordinary refractive index of LCs, no, when applying the driv-
ing voltage on the planar electrodes. Since the ordinary refractive index matched 
the refractive index of the glass lens, the LC lens acts as a normal glass plate and 
the light is not refracted. A display which can display normal 2D images could be 
achieved.

Nevertheless, there are some drawbacks of the above two methods, active LC 
lenticular lens and polarization active micro-lens, such as mismatching of LC 
alignment at the interface and the tough fabricating process for the concave lens. 

Fig. 13.3   On and off state of polarization active micro-lens
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Hence, the simplest LC lens, homogeneous LC layer and homogeneous glass 
structure, for 3D displays was invented to overcome these issues.

13.2.1.3 � Electric-Field-Driven LC (ELC) Lenticular Lens

For the Electric-field-driven LC (ELC) lens [37–40], the electrodes are designed to 
be the symmetric structure with respect to the centerline, and the different driving 
voltages are connected to the electrodes which are located at different layers, as 
shown in Fig. 13.5. The electrode layers are fabricated on the side of bottom sub-
strate, and an insulator layer (SiO2 layer) is sandwiched between these electrode 
layers. Applying specific different voltages on the different electrode layers, the 
phase retardation profile, which approach to the parabolic curve, of the LC layer 
can be obtained. The ELC lens also can be utilized for switching between 2D and 
3D mode by changing the driving voltage on and off. However, the assembly and 
response time are two issues of this kind of LC lens.

Fig. 13.4   Active LC lenticular lens

Fig. 13.5   Principle of electric-field-driven LC lens [20–24]
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13.2.2 � Rotation Function for Mobile Application

Due to the raising requirement of portable device, the rotatable function of display 
on 3D mode, as shown in Fig.  13.6, also become popular. To achieve rotatable 
function of lenticular LC lens, the two sets of stripe electrode should be arranged 
in different directions. However, when we apply the voltage to the top or bottom 
electrode, there is no full flat electrode on the other side. According to the struc-
tures and electrode field of LC cell, the LC cell won’t be generated as a lenticular 
lens. To form the shape of lenticular lens, the variation of electrode field should be 
change only in one direction. Therefore the function of high resistance layer can 
be used to overcome this issue.

According to the switchable function of electrode, Chang et al. [41] proposed 
rotatable lenticular LC lens which is coated high resistance on both inner elec-
trodes. In order to form lenticular lens in two directions, the top electrodes and 
the bottom electrodes should almost perpendicular to each other. To achieve 
switchable function in two directions, top and bottom electrodes are coated with 
high-resistance material, as shown in Fig.  13.7. When all bottom electrodes are 
connected to Vcom and top electrodes are driven by interlaced voltage, VD and 
Vcom, the LC lenticular lens will arrange in horizontal direction. Due to the same 
driving voltage, the bottom high resistance layer becomes a full electrode with 
ground voltage. On the other hand, distribution of voltage on the top side becomes 
a gradient and continuous distribution, because of the function of high resistance 
layer. Alternatively, in vertical direction, the bottom electrodes are driven by VD 
and Vcom individually, and whole electrodes on the top are operated by Vcom.

Except crossed electrodes, M. Kashiwagi and S. Uehara optimized the LC align-
ment direction (LCAD) and Electrode array direction (EAD) to realize the rotatable 
2D/3D display with wider vertical and horizontal viewing angles in both landscape 

Fig. 13.6   The schematic plot of rotatable 3D display for mobile application
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and portrait orientations [42]. The conditions of two electrode directions and LC 
alignment direction are both less than 50° of θR, the results show that 3D viewing 
azimuth angle is over 30° in both landscape and portrait orientations (Fig. 13.8).

Fig. 13.7   The schematic plot of rotatable LC lens and the focused pattern on vertical and hori-
zontal direction
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By using LC lens, the reduction of 2D resolution can be solved, yet 3D image 
isn’t. For having more freedom of views for multi-users, the view-points have to 
be increased. The pixel resolution (spatial domain) for 3D image has to be sacri-
ficed for yielding more views to widen the viewing angle (Spatial-multiplexed). 
Consequently, in order to have a full resolution 3D display, “temporal domain” or 
“time-multiplexed” technologies have to be considered.

13.2.3 � 3D Scanning LC-Lens for Full Resolution 3D Image

Resolution decreasing is always a major issue of auto-stereo 3D display. To 
improving the resolution. Huang, et  al., proposed the active scanning Multi-
electrode Driven LC lens (MeD-LC lens) [43, 44]. The MeD-LC lens can not only 
formed ideal parabolic lens curvature for 2D/3D switch with low crosstalk, but 
also can scan the electrode voltage to move the lens for multi-view points.

At the voltage on state, local electric fields are formed by the gradient distri-
bution of electric field. Hence, the lenticular MeD-LC lens array can be obtained 
by making repeated patterns as well. In addition, by applying the operating volt-
age sequentially on each electrode, the LC in MeD-LC lens reorients and builds 

Fig. 13.8   Optical model and luminance measurement results of non-orthogonal electrodes array 
system proposed by Uehara et al. [42]
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in a lens-like shape, thus the lens could move (shift) sequentially on the horizontal 
direction to project the images to different viewing angle, as t he schematic shown 
in Fig. 13.9.

Due to the multi-electrodes are periodic, the scanning function could be oper-
ated by changing the voltage sequentially. The captured image with scanning 
MeD-LC lens is demonstrated in Fig. 13.10. Currently, however, the response time 
of MeD-LC lens is still not adequate for super time-multiplexed 3D display.

13.3 � Conclusions and Future Developments

For various types of the 2D/3D switching displays, the liquid-crystal (LC) lens 
was one of the most favorable designs for such display applications. The LC lens 
would focus and just pass the incident light with and without supplying the operat-
ing voltage.

Three types of LC lens, polarization active micro-lens, Active LC lenticular  
lens, and Electric-field-driven LC (ELC) lenticular lens, had been reported 

Fig. 13.9   Multi-electrode structure and scanning of LC-lens

Fig. 13.10   Experiment results of scanning effect
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and successfully demonstrated. To further using crossed electrode coated by 
high resistance material or controlling the LC alignment direction (LCAD) and 
Electrode array direction (EAD), 3D rotation display can be obtained.

However, the resolution decreasing is still an issue with 3D images. Therefore, 
temporal scanning mode, Multi-electrode Driven (MeD) Fresnel LC-lens was pro-
posed. Although the response time of above LC-lens were not adequate in current 
stage due to the thick cell-gap, but illustrated a future development on wide view-
ing angle with high resolution 3D display.
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