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Abstract 
 

Recently, many approaches have been adopted to realize autostereoscopic three-

dimensional (3D) displays that do not require glasses to be worn. Unlike other 

methods, including parallax barrier methods and integral imaging methods, lenticular 

lens array methods, with a lens array having parallel-arranged lenses of half-

cylindrical shape, are used to provide a clear 3D image without diminished brightness. 

In previous studies, a variety of lenticular lens array methods with tunable focusing 

effects have been proposed as means of overcoming the intrinsic disadvantages of 

lenticular lens arrays. However, the existing lenticular lens array methods have only 

been focusing on the switchable viewing modes between the two-dimensional (2D) 

and 3D fields. There have thus far been approaches that demonstrate the tunable 

focusing effect of lenticular lens arrays using liquid crystal (LC), but the tunable range 

of the lenticular lens array methods has been restricted in the vertical or axial direction, 

incurring the bottleneck effect of laterally fixed viewing regions in lenticular lens 

array methods for autostereoscopic 3D displays. 
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This thesis demonstrates a new type of LC-based lenticular lens array with 

the laterally shifting capability of focusing, consisting of two complementary 

lenticular lens arrays. Fabricated by the simple imprinting process, the proposed LC-

based lenticular lens array exhibits a switchable focusing effect attributed to the index 

matching between the polymer lenticular lenses and the LC layer located between 

them. The refractive index of the bottom convex lens corresponds to that of the 

extraordinary axis of the LC, and the refractive index of the top concave lens is aligned 

in such a manner that the center of the top concave lens is located exactly above the 

boundary of the bottom convex lens, which is then matched with that of the ordinary 

axes of the LC. Therefore, for the input beam linearly polarized along the direction of 

the lenticular lens array, the focusing regions can be laterally shifted half the pitch of 

the lens according to the applied voltage. In order to be applicable for a new class of 

autostereoscopic 3D displays, the proposed lenticular lens array shows superb 3D 

viewing characteristics with laterally shifted viewing zones. 
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1. Introduction 
 

1.1. Lenticular Lens Array for Autostereoscopic Three-

Dimensional (3D) Displays 

 

In recent years, various approaches have been developed to realize three-dimensional 

(3D) displays based on the binocular disparity [1-4]. A parallax barrier [5-6] and a 

lenticular lens array [7-10] are most prevalent methods in autostereoscopic types of 

3D displays which do not require any special glasses. Compared to a parallax barrier 

having a significant drawback of luminance deficiency, lenticular lens array methods 

allow high optical transmittance since they do not have optical barriers which 

diminish the brightness. 

However, the stationary focusing effect has been a critical issue in lenticular 

lens array for autostereoscopic 3D displays. Although a number of liquid crystal (LC)-

based lenticular lens arrays with tunable focusing effect have been studied, the tunable 

range of focal point of LC-based lenticular lens array has been restricted only in the 
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vertical or axial direction in such a way that focal points can only be shifted along 

with the optic axes of the lenses [11-14]. Therefore, the LC-based lenticular lens 

arrays are supposed to suffer from limited viewing regions since the location of 

focusing and defocusing remains unchanged and laterally fixed irrespective of an 

applied voltage [15-20]. Despite the prospective possibility of being widely 

implemented to advanced autostereoscopic 3D displays, an LC-based lenticular lens 

array with laterally shifting capability of focusing has not been realized so far. 

 

1.2. Lateral Shifting Capability of Focusing Effect by 

Refractive Index Matching 

 

Throughout this thesis, a novel type of LC-based lenticular lens array is demonstrated 

which has the laterally shifting capability of focusing in an architecture comprised of 

periodic convex lenses on one substrate and concave lenses on the other. Here, the top 

substrate and the bottom substrate are assembled in such a manner that the centers of 

the convex and concave lens arrays have a lateral offset which corresponds to one half 
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of the lens pitch (Λ). The basic principle of laterally shifting capability of focusing in 

the LC-based lenticular lens array is attributed to the switchable focusing effect 

between the convex lenticular lens array and the concave lenticular lens array based 

on the index matching scheme. Fig. 1 shows the schematic diagrams of the LC-based 

lenticular lens array studied in this thesis. For the incident light linearly polarized 

along the direction of the lenticular lens array, the focusing effect under no applied 

voltage primarily comes from the concave lens when the refractive index of the 

bottom convex lens (nconvex) is matched with that of the extraordinary axis (ne) of the 

LC as shown in Fig. 1(a). On the other hand, in the presence of an applied voltage, the 

focusing effect originates from the convex lens when the refractive index of the top 

concave lens (nconcave) coincides with that of the ordinary axes (no) of the LC as shown 

in Fig. 1(b). 
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Fig. 1. Schematic diagrams of the operation principles of the LC-based lenticular lens 

array: (a) under no applied voltage and (b) in the presence of the applied voltage. 

 

1.3. Outline of Thesis 

 

This thesis consists of five chapters from Introduction to Conclusion. In Chapter 1, 

a general overview of the conventional lenticular lens array method for 

autostereoscopic 3D displays is provided. The brief description of the LC-based 

lenticular lens array and the operating principle of the laterally shifting focusing effect 

are also introduced in this chapter. Chapter 2 provides the theoretical background for 
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understanding the other methods and the conventional lenticular lens array methods 

applied in the autostereoscopic 3D display. The effective refractive index of LC is 

also discussed in this chapter. Chapter 3 presents the experimental procedures of this 

research. The fabrication process through the imprinting technique and the 

characterization of the fabricated device are covered as well in this chapter. In 

Chapter 4, the results of the experiments are presented and discussed. Finally, in 

Chapter 5, some concluding remarks are made. 
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2. Theoretical Background 
 

2.1. Autostereoscopic 3D displays 

 

Autostereoscopic 3D displays provide a viewer with the stereoscopic perception of 

objects without the need to wear any special gear or glasses. The stereoscopic 

perception of the viewer is primarily based on the two different images perceived by 

each of the two eyes, respectively. This binocular disparity makes the viewer perceive 

the 3D depth of the object in the 3D image, and these kinds of displays employ a 

parallax barrier, a lenticular lens array, and integral imaging.  

Essentially, parallax barrier methods use parallel slits arranged in front of the 

screen. Since the pitch of the slits and the length between the slits and the screen are 

designed according to specific conditions, the left and right eye of the viewer see a 

different set of pixels, respectively. To be more specific, as illustrated in Fig. 2.1, the 

image pixels of the first columns are projected onto the right eye and the image pixels 

of the second columns are delivered to the left eye of the viewer, which produces the 
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binocular disparity between two eyes. The parallax barrier method is cost-effective 

and simple in comparison to the other autostereoscopic 3D display methods, but the 

decreased brightness is the main problem with this method since the barriers block the 

light transmission from the screen.  

 

 

Fig. 2.1. Schematic representation of the parallax barrier method for autostereoscopic 

3D displays. 
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In contrast to the other methods, integral imaging reconstructs a 3D image 

through the lens array from elemental images. As shown in Fig. 2.2, the lens array 

spatially samples the information from each elemental image that stores the 

information on direction and intensity of light from a different perspective of the 

object. Because the lens array creates a pseudoscopic image between the viewer and 

screen, the viewer can see a 3D image without experiencing eye fatigue. In addition, 

multiple viewers can observe the 3D image simultaneously; it has motion parallax in 

every direction in contrast to the other methods which have only horizontal parallax. 

Despite its advantages, however, the integral imaging method suffers from the 

confined viewing resolution from full parallax and the short depth range due to the 

limitations of the lens array and the camera sensor. 
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Fig. 2.2. Schematic representation of the integral imaging method for autostereoscopic 

3D displays. 

 

2.2. Lenticular Lens Array Method 

 

Lenticular lens array methods provide 3D images without glasses based on the 

binocular disparity between the left and right eye. As shown in Fig. 2.3, a left or right 

eye each sees a different image, respectively, and these images reconstruct a 3D image 

from the output image of the input image consisting of slices of two different images. 

To illustrate, the input image contains two columns of the images arranged 
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alternatively. When a viewer sees the input image through the lenticular lens array, 

the first column’s images of the input image are projected onto a right eye and the 

second column’s images of the input image are presented to a left eye. 

 

 

Fig. 2.3. Schematic representation of the lenticular lens array method for 

autostereoscopic 3D displays. 

 

Although the principle of the lenticular lens array method is quite simple, the 



 

１１ 

 

fixed focusing region attributed to the stationary focusing effect by the lenticular lens 

array produces a bottleneck in lenticular lens array methods for autostereoscopic 

displays. That is, a viewer can only see a 3D image in immovable regions, as depicted 

in Fig. 2.4. Despite the previous studies on the tunable focal length and the switchable 

viewing modes between 2D and 3D in the LC-based lenticular lens array, the tuning 

capability of viewing regions in a lateral direction has not yet been demonstrated in 

the lenticular lens array for autostereoscopic displays. 

 

 

Fig. 2.4. Schematic representation of the discrete and fixed viewing regions of the 
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lenticular lens array. 

 

2.3. Tunable Focusing Effect of Lenticular Lens Array 

 

In order to overcome the limitations of the lenticular lens array, there have been 

studies on the lenticular lens array with the tunable focusing effect. Based on the 

refractive index matching, the tuning capability of focusing in the lenticular lens array 

has been achieved. With respect to the applied voltage, the focal length of the 

lenticular LC lens array is changed due to the graded index (GRIN) effect by the LC 

layer above the undulated electrode, as shown in Fig. 2.5 [18]. In the field-on state, 

the distortion of the LC in the field-on state by the undulated electric field results in 

the modulation of the effective refractive index of the LC. The lenticular lens effect 

of the LC by the undulated electrode due to the refractive index matching between the 

lenticular lens and planarization material is the main factor determining the 

electrically tunable focal length of the lenticular lens array. As shown in Fig. 2.6, there 

have been studies on the LC-based lenticular lens array with a polarization-dependent 
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focusing effect which has the switchable viewing mode characteristics between 2D 

and 3D [20]. Due to the refractive index matching between the LC and the lenticular 

lens, the 2D viewing mode is activated when the direction of the input polarization is 

parallel to the rubbing direction, while the 3D viewing mode is activated when the 

direction of the input polarization is perpendicular to the rubbing direction. These 

switchable viewing modes that can be applied to the 2D/3D convertible 

autostereoscopic displays primarily arise from the different effective refractive index 

of the LC with respect to the direction of the input polarization.    

      

 

Fig. 2.5. Tunable focal length of the lenticular LC lens array [18]. 
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Fig. 2.6. Far-field output images of the lenticular lens array with the input 

polarization parallel and perpendicular to the rubbing direction [20]. 

 

2.4. Effective Refractive Index of Liquid Crystal (LC) 

 

Among several types of lenticular lenses, the most promising one is based on LC 

owing to its simplicity in fabrication, compactness, and the tuning capability at low 

voltages resulting from the large electro-optical anisotropy [21-22]. In general, LC 

molecules are aligned in a specific manner that is modulated electrically. As depicted 

in Fig. 2.7, LC is a birefringent material with two principal refractive indices; one is 

2D 3D 
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the refractive index of the extraordinary axis (ne) and the other is the refractive index 

of the ordinary axes (no). When the light comes through the LC layer, the incoming 

light experiences the effective refractive index (neff) of the LC with respect to the 

alignment of LC molecules.  

 

 

Fig. 2.7. Schematic diagram of a LC molecule as a birefringent material. 

 

The equation for neff [23] is given by neff = neno/�ne
2cos2θ+no

2sin2θ where 

θ denotes the tilt angle of the LC director (n) with respect to the z-axis of which the 

value changes from 90° to 0° as depicted in Fig. 2.8. 
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Fig. 2.8. Schematic diagram of a LC molecule. 
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3. Experiments 
 

3.1. Preparation of Lenticular Lens Arrays Made of Ultraviolet 

(UV)-Curable Polymer 

 

For fabricating the proposed lenticular lens array, a mixture of poly(dimethylsiloxane) 

(PDMS) elastomer (Sylgard-184, Dow Corning) and a cross-linking agent (Dow 

Corning) with a 10:1 weight ratio was first poured onto a commercially available 

lenticular lens array sheet (Lenstar) with 257 μm wide and 234 μm radius of curvature 

lenticular lenses and then cured at 100°C for 1 day. When the cured PDMS was 

detached from the commercial lens sheet, it was used as a master mold for the convex 

lenticular lens array. As illustrated in Fig. 3.1(a) and (b), an ultraviolet (UV)-curable 

monomer of NOA86 (n = 1.55, Norland) was prepared on an ITO-coated glass 

substrate and imprinted with the PDMS master mold. The imprinted substrate together 

with the PDMS master mold was irradiated with UV light at the intensity of 100 

mW/cm2 for 20 s and the convex lenticular lens array was produced after peeling off 
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the master mold, as shown in Fig. 3.1(c). By using a surface profiler (Alpha-step 200; 

KLA-TENCOR), the width of each lenticular lens (w), the height of the lens part (h1), 

and the height of the polymer background (h2) were measured to be 257, 3, and 25 

μm, respectively.  

 

 

 

Fig. 3.1. Fabrication of the convex lenticular lens array through the simple imprinting 
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process. 

 

Unlike the fabrication process of the convex lenticular lens array, the 

concave lenticular lens array was fabricated by a different PDMS mold produced with 

multiple replications of PDMS micropatterns [24]. As shown in Fig 3.2, the PDMS 

mold that was used for fabricating the convex lenticular lens array was prepared for 

PDMS replication. In order to produce a PDMS replica from the original PDMS mold, 

the original PDMS mold was immersed in a surfactant solution of Brij52 (Sigma-

Aldrich) diluted in acetone with a concentration of 10 wt.% for 15 min. After pouring 

the PDMS mixture onto the surface-treated PDMS mold followed by curing at 100°C 

for 1 day, the PDMS replica was produced when it was detached from the original 

PDMS mold. While the lens shape of the PDMS master mold for the convex lenticular 

lens array was concave, the lens shape of the replicated PDMS mold was the same as 

the lens shape in the commercial lens sheet, which was convex. When the PDMS mold 

for the concave lenticular lens array was produced, an UV-curable monomer of 

NOA148 (n = 1.48, Norland) was prepared on an ITO-coated glass substrate and 
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pressed with the PDMS mold. After an UV exposure at the intensity of 100 mW/cm2 

for 40 s, followed by detachment of the PDMS mold from the polymerized NOA148, 

the concave lenticular lens array was produced, with each lenticular lens having the 

same width (w) as that of the convex lenticular lens array; the height of the lens part 

(h3) and the polymer background (h4) were measured to be 53 and 26 μm, respectively. 
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Fig. 3.2. Fabrication of the concave lenticular lens array through the imprinting 

process with a PDMS replica mold. 
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3.2. Fabrication of Lenticular LC Cell 

 

In fabricating the LC cell with the produced lenticular lens arrays, both the convex 

and concave lens arrays were unidirectionally rubbed first. The rubbing direction (R) 

was the direction of the lenticular lens array and then the bottom substrate and the top 

substrate were assembled with a maintained cell gap thickness of 180 μm using three 

layers of 60-μm-thick tape spacer (3M). Note that the bottom and top substrates were 

assembled such that the rubbing direction of both substrates coincided with each other 

and were aligned half a pitch apart from each other, which means the two substrates 

were assembled in such manner that the center of the lens on one substrate was located 

exactly above the boundary of the lens on the other, as shown in Fig. 3.3(a). The inset 

in Fig. 3.3(a) shows the scanning electron microscopic (SEM) image of the portion of 

the lenticular LC cell at a cross-section view. A nematic LC (ZLI-1800-100, ne= 

1.5503, no= 1.4798; Merck) was finally injected into the cell through capillary action, 

as shown in Fig. 3.3(b).  
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Fig. 3.3. Fabrication of the lenticular LC cell consisting of two lenticular lens arrays. 

 

3.3. Characterization of Laterally Shifting Focusing Properties 

 

As illustrated in Fig. 3.4, the laterally shifting capability of the focusing effect of the 

lenticular lens array was first examined using a collimated beam of a He-Ne laser with 

the wavelength (λ) of 543.5 nm. The incident light was linearly polarized along the 

rubbing direction (R). The microscopic images in the focal plane were taken with a 

charge-coupled device (CCD) along with the different applied voltages between 0 and 
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10 V.  

 

 

Fig. 3.4. Characterization of the laterally shifting capability of focusing effect of the 

LC-based lenticular lens array. 

 

3.4. Characterization of 3D Viewing Properties 

 

In order to assess the feasibility of laterally shifting capability of the proposed 

lenticular lens array in autostereoscopic 3D display applications, the 3D viewing 

characteristics of the proposed lenticular lens array was investigated. Using an angle-

dependent image-viewing setup as illustrated in Fig. 3.5, output images were observed 
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at two separate viewing areas since lenticular lens arrays are designed to provide 

binocular disparity for producing 3D images. If a viewer observes each slice of the 

input image consisting of a ring or a cross in two different viewing zones alternatively, 

a 3D image is reconstructed through the lenticular lens array. This is a simple way of 

characterizing the 3D viewing properties due to the binocular disparity for 3D displays. 

The width of each slice of the original image (a ring or a cross) corresponded to the 

pitch (Λ) of the lens or the separation between two adjacent lenticular lenses. Here, 

the viewing angle (θg) and the gap (g) between these two areas were 2° and 5 mm, 

respectively. When the polarization direction (P) of the illuminated light is parallel 

with the direction of the lenticular lens array, the lenticular lens array presents the 

input image comprising of two different images to each separate viewing area with 

each different image. The distance between the input image and the lens array (d1) and 

the distance between the lens array and the viewing plane (d2) were measured to be 5 

and 131 mm, respectively.  
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Fig. 3.5. Characterization of the autostereoscopic 3D viewing properties of the LC-

based lenticular lens array. 
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4. Results and Discussion 
 

4.1. Alignment of LC Molecules on Rubbed Lenticular Lens 

Array 

 

As shown in Fig. 4.1(a) - (c), microscopic images of the proposed lenticular LC cell 

were observed under crossed polarizers (polarizer P and analyzer A) when the 

polarization direction of the incident light produced different angles with respect to 

the rubbing direction (R). Fig. 4.1(a) and (c) show the microscopic images of the 

incident light with a polarization direction through the polarizer that is either parallel 

or perpendicular to the rubbing direction. Since the incident light experiences no phase 

retardation through the LC cell, the outgoing light through the analyzer is entirely 

blocked under the crossed polarizers. In contrast, as shown in Fig. 4.1(b), for the 

incident light with a polarization direction that makes a 45° angle with respect to the 

rubbing direction, the phase retardation takes place in the LC cell, and then 

transmission exists for the light under the crossed polarizers. Clearly, without any 
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additional means or alignment layers, the alignment state of the LC molecules in the 

lenticular LC cell appears to be uniform; they are homogeneously aligned along the 

direction of the lens array due to the anisotropic surface energies generated by the 

rubbing and the topological effect based on the Berreman theory [25]. 

 

 
Fig. 4.1. Microscopic images of the LC-based lenticular lens array under crossed 

polarizers at three different values of the angle (ϕ) between the polarizer and the LC 

director. The values of ϕ are (a) 0°, (b) 45°, and (c) 90°. 

 

 Obviously, the effect of the rubbing applied onto the top and bottom 

lenticular lens arrays is the main factor contributing to the homogeneous alignment of 

the LC without the alignment layer. As illustrated in Fig 4.2, the alignment mechanism 

of the LC by rubbing is mainly explained by two models; the first is a Berreman model 

and the second is a molecular model [26]. According to the Berreman model, the LC 
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molecules are oriented in directions along the microgroove structure produced from 

rubbing. In addition, for minimization of the elastic distortion energy of the LC 

molecules, the groove structures of the lenticular lens array appear to promote the 

homogeneous alignment of the LC with a direction parallel to the rubbing direction.    

 

 
Fig. 4.2. Alignment mechanism of rubbing explained by (a) the Berreman model and 

(b) a molecular model [26]. 

 

4.2. Laterally Shifting Focusing Properties of LC-Based 

Lenticular Lens Array 

 

The laterally shifting capability of focusing effect is examined in the proposed LC-

based lenticular lens array. The incident light was linearly polarized along the rubbing 
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direction (R) and the microscopic images were observed by a charge-coupled device 

(CCD) under the different applied voltages at the focal plane as shown in Fig. 4.3. 

Since ne and no of the LC are same with the refractive indices of the bottom convex 

lens and the top concave lens, respectively, the focal points can be switched laterally 

according to an applied voltage. Note that the amount of the lateral shift of focal points 

is about 128.5 μm which is the result in agreement with the estimated value of half 

the pitch of the lenses in the lenticular lens array. As a rule, the focal length is defined 

as f = Rc/(n1-n2) when f, Rc, n1, and n2 denote the focal length, the radius of curvature 

of the lens, the refractive index of the lens medium, and the refractive index outside 

the lens medium, respectively. In the case of both the concave and convex lensing 

effect, the focal length is measured to be about 3.3 mm which agrees well with the 

estimated value of 3.3 mm. Under no applied voltage, the refractive index of the 

bottom convex lens is matched with ne of the LC, so n1 is simply ne and n2 becomes 

the refractive index of the top concave lens. On the other hand, in the presence of an 

applied voltage upon the lenticular lens array cell, n1 becomes the refractive index of 

the bottom convex lens and n2 comes to be no, since the refractive index of top concave 
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lens coincides with no of the LC. It is important that the cell gap barely causes a change 

in the focal length since the scale is negligible compared to the entire focal length. 

The schematic diagrams in the center insets of Fig. 4.3 illustrate the focusing 

principles of the proposed lenticular lens array at different applied voltages. 

 

 

Fig. 4.3. CCD images of a collimated laser beam in the focal plane under crossed 

polarizers at three different applied voltages of 0, 3, and 10 V. 
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As shown in Fig. 4.4, the two lenticular lens arrays are assembled such that 

the centers of the top concave lenses and bottom convex lenses have a lateral offset of 

one half of the lens pitch (Λ). Note that this offset between the convex and concave 

lenses determines the amount of the lateral shift of the focusing effect in the proposed 

lenticular lens array. Since the offset is 2/Λ, which is directly related to the value of 

the lens pitch, if one uses the lenticular lens arrays with a large value of the lens pitch, 

the amount of the lateral shift of the focusing effect by the applied voltage is increased.  

 

 

Fig. 4.4. SEM image of a portion of the LC-based lenticular lens array consisting of 

two lenticular lens arrays. 

 

Also, the axial shift of the focusing effect can simultaneously be achieved 
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together with the lateral shift of the focusing effect when the lenticular lens array with 

a different ratio of curvature of the lens is used. For example, if the convex lenticular 

lens array and concave lenticular lens array have the same lens pitch but different 

ratios of curvature of the lens, as depicted in Fig. 4.5, the focal points are shifted not 

only in a lateral direction but also in the axial direction at the same time.  

 

 

Fig. 4.5. Schematic diagram of the LC-based lenticular lens array consisting of two 

lenticular lens arrays having different ratios of curvature each other. 

 

Compared with the results under the applied voltages of 0 and 10 V, each focal 

line is individually split into two strips, and there appear to be several non-focused 
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parts between them due to the reorientation of the LC molecules under the applied 

voltage of 3 V. When the y-polarized beam enters the LC-based lenticular lens array 

with the incidence direction parallel with the z-axis, the incoming light experience of 

the LC is neff. Unlike the case in which the values of neff of the LC are ne and no at the 

voltages of 0 and 10V, respectively, neff of the LC has values between ne and no in 

terms of θ when the values of the applied voltages are near 3 V. As a result, an index 

mismatch between the polymer lenses and the LC takes place, incurring the aberration 

of focusing of the transmitted light through the lenticular lens array, as shown in Fig. 

4.6. The two strips in the microscopic images with the focal deviation indicate that 

both the extraordinary component and the ordinary component of the input light are 

partially focused due to the incomplete index matching between the polymer lenses 

and the LC layer located between them. 
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Fig. 4.6. CCD images of a collimated laser beam in the focal plane under crossed 

polarizers at different applied voltages of 2.7, 3.0, 3.3, 3.6, and 3.9 V.  

 

Fig. 4.7 shows the intensity profiles corresponding to the CCD images of Fig. 4. 

3 under the different applied voltages. Additionally, owing to the changes in alignment 

of the LC molecules followed by the switched focusing effect, neff of the LC becomes 
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similar to ne, which is the same value as the refractive index of the convex lenticular 

lens array. Therefore, in the intermediate range of the switching focusing effect, the 

focal points are gradually converged when the voltage increases from 4 V up to 8 V, 

as shown in Fig. 4.8.  

 

 

Fig. 4.7. Intensity profiles corresponding to the CCD images at three different voltages 

of 0, 3, and 10 V. 
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Fig. 4.8. CCD images of a collimated laser beam in the focal plane under crossed 

polarizers at different applied voltages of 4.0, 6.0, and 8.0 V. 

 

4.3. Switchable Focusing Effect of LC-Based Lenticular Lens 

Array 

 

Although the imperfect index matching between the LC and the polymer lenses can 

lead to a detrimental effect on the performance of the lenticular lens array due to 
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partial refraction, in this case, the index differences are below 0.01 at visible 

wavelengths, which are negligible enough to ignore. Furthermore, in order to 

smoothly shift the sharp focusing lines without the occurrence of the wide focal lines 

in the intermediate state, several methods, such as the use of compensation film, a 

voltage controlled polarizer, or a time-dependent shutter, can be used to compensate 

for the realignment effect of the LC in the intermediate state. 

Since the switchable focusing effect of the LC-based lenticular lens array is due 

to the changes in the alignment of the LC molecules, the response time primarily 

depends on the relaxation time of the LC. Under the applied voltage of 10 V, the rise 

time and fall time were measured to be about 3.2 and 7.0 s, respectively. The response 

time is relatively slow due to the large cell gap attributed to the shape and the 

dimension of the lenticular lenses in each substrate. Among various studies on how to 

speed up the response time, introducing dual frequency LC compounds [27] and 

optimizing the geometrical parameters of the LC lens array (such as the curvature of 

each lens and the cell gap) have been determined to be useful in solving the response 

time issue. 
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Moreover, despite the relatively large cell gap of the lenticular lens array, it 

has a low operating voltage compared to the normal LC cell with the same size of cell 

gap. In general, it is known that the weak anchoring energy of the LC can lead to a 

low operating voltage [28]. Therefore, since the LC molecules in the proposed 

lenticular lens array are aligned homogeneously without an alignment layer, the weak 

surface anchoring energy of the LC molecules between the lenticular lens arrays 

appears to reduce the operating voltage of the lenticular lens array.  

 

4.4. 3D Viewing Characteristics of LC-Based Lenticular Lens 

Array with Laterally Shifted Viewing Zones 

 

As depicted in Fig. 4.9(a), under no applied voltage, the LC molecules are 

homogeneously aligned along the direction of the lenticular lens array. Since the input 

polarization is parallel with this direction, the incoming light experiences focusing 

effect from the top concave lens array due to the index matching between the 

refractive index of the bottom convex lenses and ne of the LC. Therefore, the images 
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from the left and right pixels are selectively directed into the left and right viewing 

areas, respectively. The far-field output images captured at two separate viewing 

regions are below the schematic diagram. On the other hand, in the presence of the 

applied voltage of 10 V, the homeotropic alignment of the LC molecules leads to 

convex focusing effect owing to the index matching between the refractive index of 

the top concave lenses and no of the LC as depicted in Fig. 4.9(b). In contrast to Fig. 

4.9(a), the images from the left and right pixels are selectively projected into the right 

and left viewing areas, respectively. The converted photographic images below show 

that the viewing areas have been laterally shifted, and due to the laterally shifted 

viewing areas, a viewer can see the produced 3D images at laterally moved viewing 

positions under an applied voltage.  

 



 

４１ 

 

 

Fig. 4.9. Far-field output images of the input image, consisting of two different objects 

(a ring and a cross) through the LC-based lenticular lens array, (a) under no applied 

voltage and (b) in the presence of the applied voltage of 10 V. 

 

Compared with the lenticular lens array, which can be moved by itself for 

laterally shifting viewing regions as shown in Fig 4. 10 [8], the proposed lenticular 
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lens array has an advantage in the miniaturization of the system. Furthermore, it can 

be applied practically for advanced autostereoscopic 3D display systems combined 

with a head-tracking device.  

 

 

Fig. 4.10. Tracking system with a movable lenticular lens array for laterally 

shifting viewing regions [8]. 

 

As depicted in Fig. 4.11, if a viewer moves from the position of the viewing 

point where the viewer can observe a 3D image, the head-tracking device connected 

to the lenticular lens array detects the moved position of the viewer. When the 
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information of the viewer’s moved position is transmitted to the system, the system 

receives the information and applies the field to the LC-based lenticular lens array in 

order to switch the focusing effect. Therefore, the viewing region is laterally shifted 

and the viewer can still see the 3D image at the moved position. This process can also 

be also useful if the direction of the information transmission is reversed; the system 

displays the exact information of the viewing position to the viewers with respect to 

where they should move laterally to see the 3D image. Synchronized with head-

tracking systems, the LC-based lenticular lens array with laterally shifting capability 

of focusing will bring a new class of autostereoscopic 3D displays. 
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Fig. 4.11. Application of the LC-based lenticular lens array combined with head-

tracking system when the viewer is at (a) the original position and (b) a moved 

position. 
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5. Conclusion 
 

In this thesis, a new concept of a LC-based lenticular lens array with laterally shifting 

capability of focusing was demonstrated. Fabricated by the simple imprinting 

technique, the proposed lenticular lens array exhibits an excellent laterally switching 

property of focal points at low operating voltage. For the input beam linearly polarized 

along the direction of the lenticular lens array, the focal length of the lenticular lens 

array is 3.3 mm and the amount of the lateral shift of the focusing regions is 128.5 μm. 

Combined with head detection and tracking systems, the LC-based lenticular lens 

array having the laterally shifting capability of focusing will be directly applicable to 

a new class of autostereoscopic 3D display systems. Moreover, not only in the 

advanced autostereoscopic 3D displays but also in the crosstalk reduction of optical 

signal processing [29] and optical data storage [30], the proposed LC-based lenticular 

lens array with laterally shifting capability of focusing is expected to provide great 

versatility.  
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초록 

 

최근에 안경 착용이 필요하지 않은 3차원 입체 영상 시스템 구현을 위한 

다양한 방식들이 제시되어왔다. 그 중에서도 반원기둥 모양의 평행 

렌즈의 배열로 이루어진 렌티큘러 렌즈 어레이 방식은 다른 무안경 입체 

영상 구현 방식인 시차 격벽 그리고 집적 영상과는 다르게 밝기가 

감소하지 않은 손실 없는 3차원 영상을 제공한다. 그동안 기존 렌티큘러 

렌즈 어레이 연구에서는 렌티큘러 렌즈 어레이 방식이 가지고 있는 

한계를 극복하기 위해 액정을 사용하여 조정 가능한 초점 효과를 지니는 

렌티큘러 렌즈 어레이를 제안하는 방식의 연구가 많이 진행되어왔다. 

하지만 기존의 연구에서의 렌티큘러 렌즈 어레이 방식 연구는 2차원 영상 

그리고 3차원 영상 모드 간 전환 가능성을 제시함에 그쳤고 조정 가능한 

초점효과를 지니는 렌티큘러 렌즈 어레이의 조정 가능 범위는 렌티큘러 

렌즈 어레이의 수직 그리고 광축 방향으로 제한되었다. 따라서 이러한 

한계로 인하여 이것은 렌티큘러 렌즈 어레이 방식의 무안경 입체 영상 

적용 시 수평 방향으로 고정된 3차원 입체 영상 관측 영역이라는 
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고질적인 문제를 남겨왔다. 

본 논문은 측면 초점 이동 효과를 지니는 액정 기반의 렌티큘러 

렌즈 어레이를 제안한다. 제안된 액정 기반의 렌티큘러 렌즈 어레이는 

2개의 상호보완적인 렌티큘러 렌즈 어레이로 이루어져 있으며 간단한 

각인 공정을 통해서 제작되었다. 본 렌티큘러 렌즈 어레이의 동작 원리는 

고분자 렌티큘러 렌즈와 가운데 위치한 액정 사이의 굴절률 일치에 

기반한 전환 가능한 초점 효과에 기반한다. 두 렌티큘러 렌즈는 한 쪽 

렌즈의 중심이 다른 쪽 렌즈의 가장자리에 위치하도록 배열되어 있으며 

하단 볼록 렌즈의 굴절률은 액정의 이상 축 굴절률과 일치하고 상단 오목 

렌즈의 굴절률은 액정의 정상 축 굴절률과 일치한다. 따라서 전압이 

인가될 경우, 렌티큘러 렌즈 어레이 방향으로 편광된 입사광에 대하여 

초점 지역은 렌즈의 반 주기만큼 측면 이동하게 된다. 초점 지역의 측면 

이동성을 통한 차세대 무안경 3차원 입체 영상 시스템 개발을 위하여 본 

논문에서 제안된 렌티큘러 렌즈 어레이는 측면 이동된 시역과 함께 

탁월한 3차원 시야 특성을 보인다. 
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