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for Novel 3D Double-screen Display

Student: Chun-Hung Lai Advisor: Dr. Han-Ping D.Shieh

National Chiao Tung University

Abstract

3D technique is essential for achieving high realistic feelings of images in current
displays. In this new era, things are more and more complicated. An ordinary display
does not have characteristics to show all the specific information in a single screen. In
order to solve the issues of insufficient screen space and also provide the realistic
images, a novel 3D double-screen display is proposed to generate dual full-sized 3D
images simultaneously.

According to Snell’s Law; the proposed optical system for generating 3D and
double-screen images is designed based-on-a-single panel with only two additional
components required: a planar mirror. and-a ‘lenticular-lens based micro-optical
structure. By modifying the lenticular-lens’ shape, size and position, the crosstalk
issues were eliminated and the larger viewing angles were obtained. In addition, the
micro-optical structure was fabricated by Excimer Laser Micromachining System
without gray-scale mask. Based on its direct writing fabrication process, the shorter
process time and the simpler steps are the advantages of producing huge amounts of
precise functioning layers in economy and efficient. Moreover, the studies of
implementing digital image processing and combining hardware components in the
ordinary flat panel display provided viewers of two 3D images at top and bottom
screens respectively and simultaneously. The low cost and simple converting
technique of the proposed optical system for 3D double-screen displays, thus, promote
the possibility of applications in display industry.
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Chapter 1
Introduction

1.1 Development of Electronic Displays

Since the world merged into the information age, there are lots of discoveries and
products yield profound impacts on the civilization in many fields, such as
entertainment, education, military, and communication. In particular, the electronic
display technologies have motivated people to develop more powerful and

comfortable display technologies in all fields.

From a century ago, the elect‘ron‘ic display:.technologies have developed with
several milestones as shown in Fig..1-1 [i]‘. In-1897, K. F. Braun invented the cathode
ray tube (CRT) which is the earliest:ancestor-of the following various kinds of CRT
monitors and TVs. The success of the CRT opened the door to the development of flat
panel display (FPDs) technology such as liquid crystal displays (LCDs) and plasma
display panels (PDPs). They are getting more and more popular after 1990s because
they not only provide comparable image quality with CRT but also have compact

sizes and low power consumption.

B = &

1930s~, black-and-white TV 1950s~, color TV 1990s~, fiat panel display iD Dlsplay

= I

1925 1950 1975 2000

Fig. 1-1. Historical development of the electronic displays.



1.2 Desirous of Future Displays

During these years, significant progress has been made in image qualities and
compact instruments, i.e. from black-and-white to color types and bulky to compact
sizes. Numerous scenes and information are reproduced and spread by the electronic
displays. However, the image qualities which are still not as good as the real vision
perceived by human eyes in the real world are concerned. The display performances
of the above-mentioned technologies are limited by one viewpoint of the objects. In
another word, there is no stereoscopic sense in the display images which are classified
as 2D displays.

In this new era, which can be simply called the Age of Knowledge, more and
more massages have to be dealt or considered at the same time. Due to the limitation
of the screen size, a singular-screen display:may not.be able to contain all the required
information. Therefore, a display having a function to generate multi-screen images,
as shown in Fig. 1-2, will be very valuable.

Since the work becomes more “and more complicated in this modern world,
human beings are desired to have a better quality and more realistic displays to
demonstrate diverse information. For getting images closer to the real world, a
single-screen 2D display seems more and more inadequate. Therefore, to develop an
environment containing natural viewing and practical needs for observers, a display

having functions to generate multi-screen 3D images may be the trend in near future.

Fig. 1-2. The multi-screen display.
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1.3 Motivation and Objective of this Thesis

New generation personal information and mobile communication systems, such
as mobile phone, hand-held personal computer (HPC), digital camera, and game-boy
player have progressed rapidly. Limited-sized display screens and unrealistic images
are essential for above applications. A display combining 3D and multi-screen
functions are of advantageous of those requirements. However, in order to have both
functions work on these portable flat panel displays, several combination techniques

are needed to be investigated.

The objective of this thesis is to invent a display system that can generate the
dual full-screen-sized 3D images simultaneously by a single panel. This study will
develop some fundamental knowledge to .enlighten the further research on
accomplishing a single panel realistic multi-screen display. Therefore, a novel optical
system having these functions: has to be proposed:and can be divided into three
sections: design of micro-opticalstructure, fabrication techniques and application on

flat panel displays.

Because the industry is looking for low cost and high return products, we
proposed a low-cost micro-optical structure which can be easily laminated onto the
top surface of flat panel displays. The micro-optical structure is designed to contain
3D and double-screen functions when pasting on a single panel portable LCDs for
yielding diverse information of 3D images. The theories of the micro-optical devices

will be studied and developed for optimizing their viewing performance.

Generally, the micro-optical structure requires very complex fabrication process
which may result in a very high cost. However, in the study, the economical

fabrication technology, such as semiconductor process with Excimer laser



micromachining technology, has to be developed and utilized to reduce the steps of
the process and lower the cost. By using these well-developed fabrication processes,
the designed structure can be produced economically and reproducibly in large

volume, and is an effective means of producing 3D double-screen displays.

After the proposed micro-optical structure was investigated, the next step is to
apply the structure on a panel to enhance the possibility of transforming the ordinary
flat panel displays to become a 3D double-screen display. In order to apply the optical
system on the existing displays, the mechanism of transformation between ordinary
displays and 3D double-screen displays needs to be explored. The digital image
process on converting the ordinary images to the required inputs for 3D and
double-screen functions has to be studied.. The alignment technique is also needed to
be explored. Consequence, based'on. these research efforts, a novel 3D double-screen
display can be demonstrated and will become more attractive and competitive in the

flat panel applications.

1.4 Organization of this Thesis

The thesis is organized as following: The principles of the proposed 3D
double-screen display are presented in Chapter 2. In Chapter 3, design of
lenticular-lens-based micro-optical structure for 3D and double-screen functions were
invented and simulated. Moreover, manufacturing the lenticular-lens-based
micro-optical structure by excimer laser micromaching system will be explored in
Chapter 4. In Chapter 5, the mechanism of applying the optical system in the
ordinary flat panel display is presented. The digital image process method and image
demonstrations will be also included. Finally, discussions and summaries of this thesis,

and recommendations for the future works are given in Chapter 6.
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Chapter 2
Principles of Proposed 3D Double-screen

Display

2.1 Overview

“Can you image one is watching a baseball game and searching the baseball
players’ data on the internet at the same time?” The answer to this survey will most
likely be positive. If there is an additional assumption that both images are viewed in
full-screen size and generated from a single panel display, will you still believe the
possibility of this statement? | believe the responds will now become disappointed.
However, as a novel 3D double=screen display is proposed, the situation of watching

full-screen-sized diverse channels from asingle paneliis no longer impossible.

In order to design a double-screen.display. with realistic feeling on images, the
study will begin with knowing the fundamental principles of 3D vision. After that,
various technologies of generating dual-view and 3D images, such as the methods of
stereoscopic and auto-stereoscopic types’ displays, will be discussed and compared.
The analyzed results will show a better candidate to utilize for further research. Hence,
the 3D and double-screen functions will be developed and introduced. The full design
concepts of the proposed novel 3D double-screen display system will also be

presented.



2.2 Principles of 3D Vision

Three-dimensional information is formed by complex activities in the brain and
obtained by the visual system. A lot of related researches have been made in this field
[2]. There are several clues to depth perception by the visual sense as shown in Fig.

2-1[3, 4].

Convergence

Convergence is effective when the distance between eyes and objects is within
20 m. Convergence rapidly loses its influence on the visual system as the distance

increases because the convergence angle becomes smaller.

Binocular Parallax

Binocular parallax occurs when there are other objects in front of or in the rear of
the object on which the right-left eyes are focused. If the degree of this binocular
parallax is sufficiently small, the images are combined and the observer has a clear
sensation of depth in front and behind the object. The binocular parallax is valid and
precise in distinguishing the depth difference, i.e. the difference in the distance
between several objects. It plays the important role in understanding the relative

position of objects within 10 m.

Accommodation and Motion Parallax

Accommodation is only effective when the observation distance is no more than
3 m. Depth perception obtained by motion parallax provides important information to

depth perception.



Others

Visual information received by one eye is not the same as that through the other

eye, but we perceive these data as a single image. Namely, binocular vision which

appears to be based on interaction of the right and left images is an important function

in the design of a 3D display. Besides, the distance between the pupils of the human

eyes is approximately 65 mm which is adopted when considering the viewing

conditions.

Binocular vision

| I

Convergence Binocular parallax
The mward motion of Related depth

the right-left eyes as perception caused
they try to fix on an by a shifl in right-

ohiject left retinal images

Depth clues

Monocular vision

I . I . I

Accommodation Motion parallax (ther

Focus adjustment of | | Changes in the images us | | Linear perspective ate,
the lens in relation the relative position of the

Lo the distance of object and the observer

| the: object. changes.

U

Restriction of actual display

Limitation of:

Screen size (size of viewing angle) and viewing distance.
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Fig. 2-1. Depth clues and display factors.



2.3 3D Display Technologies

The first of 3D display went back to the early 1800s. However, most applied 3D
technologies were proposed after the middle of 20™ century. In these few years, the 3D
displays have their widespread applications. Generally speaking, the 3D displays can

be divided into stereoscopic displays and auto-stereoscopic displays.

2.3.1 Stereoscopic Displays

Stereoscopic displays are needed to wear a device, such as polarized glasses,
which ensures the left and right eye’s views are received by the correct eye. Many
stereoscopic displays have been proposed [5, 6]. Most of them have widely used in
many fields but suffer from the drawbacks that the viewer have to wear, or be very
close to, some devices to separate the left and.right'eye’s views. Those requirements

limit the widespread attraction of stereoscopic displays as personal displays.

2.3.2 Auto-stereoscopic Displays

Auto-stereoscopic displays do not require the user to wear any device to separate
the left and right views and instead send them directly to the correct eye. This removes

a crucial obstacle to the appealing of 3D display.

Various auto-stereoscopic technologies have been proposed. The principles of

several technologies [7] are discussed in the following.
Volumetric type

There are many kinds of technologies to form the volumetric type display. The

common point is to produce the object in the real space. One is to draw 3D profiles on a



scattering medium with a scattering laser beam [8], as shown in Fig. 2-2(a). Another is
to project or scan layered images on a spatial designed screen to create a volumetric
image profile [9, 10], as shown in Fig. 2-2(b). The other is to induce psychological

effects with use of a super-large image projection screen [11], as shown in Fig. 2-2(c).

Holography

Holography is utilized the laser beam to form the illumination beam and reference
beam. Thereafter, the interference fringes can be displayed by the superposition of rays

from each object point [12], as shown in Fig. 2-2(d).

Integral imaging

Integral imaging [13, 14] is.composed of a micro-lens array, the pickup device,
and the display device. By means;of micro-lens array, the pickup device can pick up
several images with the different angles=By-combining these pick up images, the 3D

images can be revealed, as shown in Fig.2-2(e).

Stereo pair

The stereo pair type is including spatial-multiplexed and time-multiplexed display.
Both of them require viewing zone forming optics to send the stereo pairs’ images to
the correct eye. The viewing zone is a region where the viewers can see the whole
images displayed on the screen. There are two viewing zones to match each eye, than
forming a complete 3D vision. In order to form the 3D perception, each display system
is needed a specific optical power. The spatial-multiplexed type displays show the
stereo pairs’ images at the same time, and the time-multiplexed type displays have the

stereo pairs’ images sequentially, as shown in Fig. 2-2(f).



For the spatial-multiplexed method, the well-known examples are the flat panel
with a lenticular screen [15] or a parallax barrier [16, 17], as shown in Fig. 2-3. The
concept of using the lenticular screen or the parallax barrier is to separate the images
displayed on the panel to form the parallax images. After the parallax images received

by human eyes, the brain will reconstruct them to form 3D images.

For the time-multiplexed method, its development was restricted in early periods
because the fast response time display was not available. During these few years, there
are some designs for time-multiplexed 3D display proposed, such as K. W. Chien’s,
as shown in Fig. 2-4 [18], and Y. M. Chu’s, as shown in Fig. 2-5 [19]. The idea of the
design is that the parallax images are formed by sequentially switching backlight with
focusing foil or the dual directional backlight. system. The lightguides provide with
right or left eye’s light sources to ea¢|hi @yé,:regpectively. By switching the light
sources sequentially, the stere§ ;pairsl’vni_ma:gnjéns can E)e perceived by eyes one after

another, then form the 3D imagé;”: "
Method (a)

/_5:": T~ "-\ Fiotating Inner Dome

({Cuter Dome
%\ not Shown)

Frojection
Screen

Rasterization System
and Graphics Memory
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Fig. 2-2. Examples of 3D methods: (a) volumetric 3D display system with rasterization
hardware; (b) a solid-state multi-planar volumetric display; (c) DSHARP - a
wide screen multi- prolecgar;«fﬂsplagg, (d) color images with the MIT
holographic video dlsP]ay e) the»\hcaﬁsept of integral imaging; (f) the
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Fig. 2-3. The stereo type of 3D display (a) parallax barrier and (b) lenticular-lens.
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Lamp 1 Lamp 2

Fig. 2-4. 3D mobile display based on sequentially switching backlight.
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Fig. 2-5. 3D mobile display based on dual directional stacked lightguides.

2.3.3 Comparisons of 3D Methods

By summarizing various 3D display technologies introduced, there are two ways
to generate the sense of depth. The first one is to simulate the objects in the real space,
as mentioned by methods (a) to (d). The other is to directly send pairs of parallax
images to each eye respectively, as mentioned by methods (e) and (f). These 3D
displays can yield acceptable 3D images, but most of them can not provide the

solutions to our design completely.
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According to the 3D image qualities, system size and cost, each 3D method has
their advantages and disadvantages as shown in Table 2-1[20]. The major drawback
of stereoscopic display is needed to wear a device. Moreover, the volumetric display
often has the drawbacks of bulky and 3D effect limitation. Furthermore, the
holographic display has the poor feasibility due to the requirement of ultrahigh
technical support. The concept of integral imaging is similar to the stereo pair but has
the drawback of low image resolution. The overall evaluations of the stereo pair type
are the most appealing, not only has compatibility with the current 2D display
technology but also maintain the image qualities. Besides, the stereo pairs display has
higher feasibility than the other 3D methods. Therefore, the stereo pair display is a

better candidate to be widely applied for most of available auto-stereoscopic displays.

Table 2-1. Comparisons:between various 3D displays.

Auto-stereoscopic
Volumetric Holographic Stereo Pair

Stereoscopic

Natural depth XA A=A N-O N-O
Viewer comfort O X-A N-O A-O
Group viewing O O O A-O
Compact size O A-A X AN-O
Moderate price O X-A X O
Compatibility: 2D/3D O N-O X-A O
No degrade image quality O A-O JAN O

(O: Possible  /\: Some cases possible A : Impossible

The stereo pair displays contain two methods, spatial-multiplexed and
time-multiplexed. Both of them are commonly chosen. However, the
time-multiplexed type displays have some issues on alignment and response time in
the early stage. In 2003, K. W. Chien’s designs [18] still had major defect on

inadequate light efficiency which resulted from the grooves of the lightguide which
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were too flat to guide light effectively. Then, Y. M. Chu provided the solution in her
design [19], but moiré pattern is formed by the periods of color filter and two stacked
lightguides. Even in Y. C. Yeh’s design [21], moiré pattern can not be eliminated
completely. Therefore, due to the heavy uncertainties of time-multiplexed method, we

choose to utilize the other more mature method, spatial-multiplexed.

2.4 Dual-view Display Technologies

In 2005, a new type of display which could perform dual full sized images
simultaneously has been announced [27]. The users at right side of the panel could
enjoy the TV game while the other observers at left side were watching the video
content such as a movie or a TV brbadcést.‘ The differences of single-view and

dual-view displays are shown in‘Fig. 2-6.-

c) d)

Fig. 2-6. Concept of a) single-view and b) dual-view display, and c) single-view and d)
dual-view images.
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These dual-view TVs were basically designed from extending the 3D display
technologies. The stereo pair type spatial-multiplex systems including parallax barrier
and lenticular-screen are the general methods as shown in Fig. 2-7. The first prototype
dual-view display is using parallax barrier. Superimposing the parallax barrier as the
external micro-optical layer on an ordinary TFT-LCD as their two-way viewing-angle
LCD was proposed [27]. The observers standing at left or right positions can view the
left or right side images, respectively. The opposite images are blocked by the parallax
barrier. Because parallax barrier is designed to block certain areas of images, the light
efficiency becomes half of the ordinary. Therefore, some research groups are
investigating on utilizing the lenticular-screen [28]. The left and right side images are
re-directed by the lenticular-screen to left side and right sides, respectively. This will

enable the viewers standing at each'side to receive different visual information.

L=pixel size

backlight

B=barrier pitch

Right Side image™
Left Side image”

Llenlicular screen

a) b)

Fig. 2-7. The stereo type of dual-view display (a) parallax barrier and (b)
lenticular-screen.
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2.5 Design of Single Panel 3D Double-screen Display

Among various display technologies developed to visualize 3D and dual-view
images, the lenticular-lens based spatial-multiplexed method has been selected in our
research to enjoy its benefits of high brightness and availability of generating multiple
views [21, 22]. In deed, the extension of concept on generating multiple views shows a
set of the lenticular-lenses can split and guide the images to the specific directions and

to perform either 3D or dual-view function by the proper lens design [23].

The difference between dual-view and double-screen functions is the amount of
images perceived by viewers. By utilizing dual-view function in the display, observers
standing at left and right of display can see different images as shown in Fig. 2-6 b).
However, double-screen function®is designed with a planar mirror attached for
observers to perceive two different’ images.at the same time as shown in Fig. 2-8.
Since dual-view and double-screen: functions- are -the medium in generating two
images, the methods used in dual-view.function can be implanted in double-screen

function.

The proposed 3D double-screen display, as shown in Fig. 2-8, consists the top
screen, a panel with micro-optical structure attached as shown in Fig. 2-9, and the
bottom screen, a mirror. Each screen is designed to create the independent 3D images.
Thus, the micro-optical structure needs to have both 3D and double-screen functions,
which means to have the ability to re-direct the incident light to the specific viewing
regions. Therefore, the design concepts and working principles need to be further

investigated.
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Top Screen: Ry
Panel with | = s
Micro-Optical
Structure

Bottom Screen:
Mirror

structure

Color Polarizing
filter fiter

Polarizing
filter

Glass plate
{transparent layer)

Fig. 2-9. Configuration of the top screen with micro-optical structure.

2.5.1 Model Adopted

After the evaluation of varies 3D method, spatial-multiplexed method including
parallax barrier and lenticular-screen has been chosen to be the candidate in our
research. By comparing the products using lenticular-lens and parallax-barrier,
lenticular-lens seems to be more attractive to our preference. The brief results of

products using lenticular-lens and parallax-barrier are shown in Table 2-2 [33].
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Notwithstanding parallax barrier can block the undesired image sectors, the brightness
and resolution of entire viewing images will be reduced. Besides, although
lenticular-lens has similar result on reducing the resolution, the generated split images
have smaller crosstalk and higher brightness. Thus, lenticular-lens is a better option to

enlarge the viewing angle in our design.

Table 2-2. Comparison of displays using lenticular-lens and parallax-barrier.

Parameters Parallax Barrier Lenticular Lens
Crosstalk 2% ~ 10% <1%
Brightness < 50% > 100%
Resolution 50% 50%

2.5.2 Functioning Pringiples

As implied by the novel display’shame, “3D double-screen display” needs to have
3D and double-screen functions. In order to accomplish both functions, we can
combine a layer performing 3D function and another layer with double-screen function.
In addition, the proposed system has top and bottom screens. According to Snell’s Law
of refraction, the information which contains top and bottom screens images can be
split by the functional layer to the respective screen in the top or bottom direction,
respectively. In order to see images on both screens at the same time, the bottom screen
is designed to be a mirror. According to the Law of Reflection, the mirror could be used
to redirect the images to the observer. The observer can view top screen images directly

from the panel and bottom screen images from the mirror simultaneously.
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Besides, 3D image contains left and right eye’s images. The 3D functional layer
has to direct the respective images to each eye in left and right directions. Hence, in
combining both functions together, both layers of lenticular-lenses have to be located
perpendicular to each other as shown in Fig. 2-10. 3D and double-screen functions
will then be appeared simultaneously in horizontal and vertical directions,
respectively. Consequently, the lenticular-lens-based micro-optical structure including
two functional layers of lenticular-lenses dominates the light source of the display

system will be the most important part of this study.

Top set of lenticular-lens:
3D function layer

Bottom set of lenticular-lens:
Double-screen function layer

#*— . Ordinary panel

Fig. 2-10. Schematic of the micro-optical structure.

2.6 Applied Fields of 3D Double-screen Display

There are many fields can be applied the proposed 3D double-screen display on.
The most effective examples for getting the benefits from the design are listed in Table

2-3.
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Table 2-3. Possible fields of using 3D double-screen display.

Applied Fields Description

Personal TV and monitor
Industrial instrument

Medical imaging

Arcade game Having a screen shows the picture
images while another screen
CADICAM describes the reference data.
e-Business

Education and exhibition
3D map of vehicle control

Stereo video phone and mobile phone

2.7 Summary

After reviewing the 3D vision principles and.display technologies, a new system
model is proposed by utilizing lenticular-lens as medium of the micro-optical
structure to perform dual-functioning on a single unit. By pasting the micro-optical
structure onto a panel and adding on a mirror, the system can generate two diverse
images without shrinking their scales in a single display. Users can watch the TV
program on a panel and use another one to track the information on internet. This
innovative feature is applicable to the products such as notebook PCs, mobile phones
and hand-held devices etc. with convenience and cost advantage of showing two
information channels simultaneously. The accuracy of presented images, which is
heavily depended on the shape and size of lenticular-lens, is the objective of the
research. Due to lens’ profile affected by the pixel size, the layout styles of color filter

are examined. In order to yield better viewing performance, the optimized design and

21



simulations of the micro-optical structure will be further studied and analyzed in

Chapter 3.
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Chapter 3

Design of Lenticular-lens-based
Micro-optical Structure for 3D and
Double-screen Functions

3.1 Introduction

The lenticular-lens based micro-optical structure can be used to re-directing the
incident light from the panel and functioning 3D and double-screen images. However,
the uncertainty of the lens design may narrow down the viewing angle and result the
images in the unexpected viewing zones: [24; 25]. The unexpected position of an
image causes the interference with the other image, as called crosstalk [26]. Thus, the
design on lens-based micro-optical structure-is very important for generating the 3D

and double-screen images.

3.2 Optical Design of Micro-optical Structure

The micro-optical structure contains two lenticular-lens layers for functioning
3D and double-screen images. In order to operate precisely and obtain the images
correctly, pixel size, viewing distance and viewing angle have to be considered in
designing the micro-optical structure. Thus, the novel system structure has proposed
and the related equations have derived. Finally, the further adjustment on these

parameters can result an optimized viewing performance.
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3.2.1 Lens Design

One of the advantages using lenticular-lens is having the magnification ability.
Because the spatial-multiplexed method requires a single image to be split into left
and right sides images, there will occur the black strips in that empty slots. However,
the magnification ability of the lens will cover them to provide a continuing image in
the spatial domain. The magnification m of the lenses is given by the ratio of the
interocular distance e and the LCD pixel pitch i. Geometrically, this ratio is also the

ratio between z and f.

m=—=—

v (3-1)

As with parallax barrier displays, the effective of viewpoint to see the correct left
and right images is determined by pixels at the edge of the display. The lenticular-lens
based 3D displays, however, have ‘a little“difference on determining the effective
viewing zone as illustrated in Fig. 3-1 [34]."The lenticular pitch needs to be set so that
the centre of each pair of pixels is projected to the centre of the viewing windows [34].
The specific parameters of the lenticular-lenses are the lens pitch | and the viewing
distance z. The relationship between pixel pitch i and lenticular-lens pitch | can be

found by considering similar triangles.

= (3-2)

z— f
[ =2 ( - - )
B (3-3)
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Typically the pixel pitch is set by the choice of ordinary display and the minimum
focal length, f, determined in large part by the substrate thickness on the front of the

display.

The distance, z, between the color filter and the observer has the relationship by

considering the other similar triangles,

! A f (3-4)

2= f (% i 1) -

Typically the average human eyes’ separation distance, e, for normal people is
around 65 mm. Since eye separation. distance and pixel pitch are constant, the viewing
distance is relied on the focal length of our design. From equations 3-3 and 3-5, the
lens pitch can be estimated with the best viewing distance declared. In addition, the
triangle consisting human eyes’ separation distance and viewing distance also

provides the relationship with viewing angle.

£

6= tan’ (—)
D (3-6)

By imaging a little triangle in the lens, the lens radius, C, can be found in terms

of lens pitch and its thickness.
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(5) 410
8 ( —f —I}) o

The region where ( z — f - D) is the lens thickness and can be defined as the

C =

distance between the curviform and flat surfaces. The half width of the lens can be
represented as ( | / 2). Therefore, the lens radius can be extracted by measuring the
half width and lens thickness.

Display Lenticular
Phooels Ele nrveemt

Fig. 3-1. Schematic of lenticular-lens based 3D display.
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3.2.2 Functions Design

In order to have 3D images, the viewing screen for each eye has to be small
enough to cover only one eye in the region. As the result, if two eyes are seeing the
same view, the 3D image will be simplifying as a 2D image. Therefore, the principle of
functioning double-screen images is to enlarge the 3D viewing screen horizontally to
contain two eyes in the entire path of each observing directions. Hence, the left and
right eyes’ 3D images will soon become the left and right directional multi-viewing

images. The double-screen function is, thus, created.

Lens pitch is one of the significant subdivisions of lens design. When the size of
structure’s lens pitch matched the display’s‘pixel pitch, 3D images are generated as
shown in Fig. 3-2 (a). In the other approaches, the I‘arger lens pitch has increased the
size and decreased the number of Iighf spots‘. The‘r‘efore, when the lens pitch for
double-screen function is practically twice of the 3D pixel size, the results are shown in

Fig. 3-2.

. £
n
El
s
2
3
=

(b)

Fig. 3-2. Lens pitch of (a) 594 um for 3D and (b) 1188 um for double-screen image.

3.2.3 Structure Design

The wider viewing angle means to have the larger lenticular-lens pitch.
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Correspondingly, the pixel pitch of the ordinary TFT-LCD which has the color filter
structure layout in portrait [30], as shown in Fig. 3-3, has to be increased. Therefore,
when the layout of color filter was swapped from portrait to landscape as shown in Fig.

3-3, the increased of relative lens pitch could yield double-screen function.

Consequently, the key point of getting 3D images or dual-view images is the
configuration between color filter and the lenticular-lenses as parallel or vertical.
Because there is only one color filter layer, the direction of lenticular-lens for both
functions will be perpendicular to each other. Since the aligning direction is different,
there is no conflict in combing both function layers together. Thus, the micro-optical
structure consists both functions will generate 3D and double-screen images in the

proposed display system.

Lens Posgition with Sub-Pixels Lens Paosition with Pixels
CTTTTTUT T 1T D @ gl ————
[ 1 1 1 |

é} I (N N B

i - =" ====

1 1 | |
ol o —_—
R L 44— Eye Image R L = Direction of Image
(a) (b)
%}P w
B . I

©) (d)

Fig. 3-3. The structure layout of lenticular-lenses with color filter’s pixels (a) in portrait
and (b) in landscape with respected theoretical images of (c) portrait for 3D
and (d) landscape for double screens.
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3.3 Image Quality

The image quality of either 3D or double-screen function depends on the width of
acceptable viewing range. If information received the disturbance from the opponent
side, the interference portion may not be viewable and shall be excluded for counting
as acceptable viewing angle range. Hence, the decreased viewing zone may cause the
problem on maintaining the proper function of each designed layer. The study on image

quality, thus, has to consider the acceptable viewing angle range and crosstalk issue.

3.3.1 Crosstalk Issue

In order to have better image qualities, the lenticular-lenses have to precisely
direct the specific directional images, to that diréction only. For example, the right eye’s
images have to go to the right eyg, and should not.be received by the left eye. However,
there are always the possibility of twe-images interfered with each other, as name

crosstalk.

Crosstalk, defined as the ratio of brightness measured at one directional image to
the other [29], is an important variable to distinguish the level of clearness and
precision of viewing images. If one direction’s image crossed over to another
direction’s viewing screen, and the overlap regions will appear the blurred image.
Hence, in order to have clear and large viewing screens, the crosstalk ratio of less than
10 % is the minimum criterion to produce stereoscopic image perception for our brain
[29].

Luminance measured at one direction image
Luminance measured at the other direction image

Crosstalk = (3-1)
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There are two types of images interference. The delimitation can be given to the
luminance occurred near opposite side of 0° vertical line as light-leakage, and the

jumped out crosstalk as light-spot as shown in Fig. 3-4.

Y
=]
=
o

m

=
i

Horizontal angle Horizontal angle

@ — (b)

Fig. 3-4. Definition of crosstalk as shown Qin circle: a) light-spot and b) light-leakage.

3.3.2 Determination of Acceptable”Viéwing Angle Range

In the display system, viewing ‘angle‘ is used to be a major parameter to
determine the display performance. By considering the crosstalk issue, the overlapped
parts from image splitting result for each direction has to be excluded as the
acceptable viewing angles as shown in Fig. 3-5. The figure shows the acceptable
viewing angles for right directional image are only from approximately 10° to 40°.
These 30° portion will have the crosstalk ratio of less than 10% and provide a clear
image. Thus, the true viewing angle range for the observer should be 30°, not 60° as
counted from -10° to 50°. In this study, the range of acceptable viewing angles is the

most important parameter in the evaluation and is written in short as “viewing angle.”
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Radiant intensity (WJrsr)

of the micro-optical structure have to be adjusted, such as the micro-optical structure’s
thickness and the lenticular-lens radius. Since these parameters affect the 3D and

double-screen appearances, each effect are discussed in later sections and are

Range of acceptable viewing angles
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Fig. 3-5. The range of acceptable viewing angles after considering the crosstalk.

3.4 Optimizing Viewing Performance

In order to obtain an optimized 3D-double-screen performance, some parameters

summarized in Table 3-1.

Table 3-1. Comparison of 3D and double-screen functions’ parameters.

Parameters 3D Function Double-screen Function
Substrate Thickness Thicker Thinner

Material Refraction Index Smaller Larger

Lens Pitch Smaller Larger

Lens Radius Larger Smaller
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3.4.1 Material Refraction Index Effect

Most of the colorless materials have material refraction index around 1.5.
According to this value, the parameters for 3 views 3D function, as shown in Fig. 3.6
(d), are founded and set as constant value for advanced experiment on utilizing
different material refraction index. When the index is getting larger, the angular
distribution of light intensity is gathering closer to the certain viewing angle regions as
shown in Fig. 3.6 (a). The double-screen function could be created. Nevertheless, the
reduced index value caused several light spots. The light spots are first appeared at the
opponent side, and then yielded more and more light strips. As the result, the multi

screens 3D images is established as shown in Fig. 3.6 (e).

(d) (€)

Fig. 3-6. Results of right eye’s 3D or right direction double-screen images with varies
material refraction index: (a) n=3, (b) n=2, (c) n=1.7, (d) n=1.5 and (e)
n=1.3.
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3.4.2 Substrate Thickness Effect

The substrate thickness including glass and micro-optical structure plays a major
role in having 3D or double-screen function for the lenticular screen. Table 3-2 shows
the lens based functional layer has favoring in producing 3D than double-screen images
when the substrate is thicker. Moreover, if the layers of glass and micro-optical
structure are too bulky, the thickness becomes an issue in generating light-spot in the
double-screen image as shown from the result of thickness equal to 180um. As the
layers are thinner, the light-leakage takes larger portion of viewing angles for the 3D
image as shown from the result of 900um thickness. Thus, the 3D and double-screen

functions are favor in thicker and thinner substrates, respectively.

Table 3-2. Substrate thickness'with its respécted light intensity distributions.

Thickness 10 um 80 um 130 um 180um

P AP AL AR LS IRERATES

Results

ezt ang Mot ang

Features 2D image
Thickness
Results
Features | Trans. image 3D image 3D image 3D image

Furthermore, the substrate thickness is sometimes undesirable. The best candidate

may be the substrate closing to the anticipated thickness. Therefore, crosstalk issue is
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insufficient to be avoided completely and has to adjust the lenticular-lenses or other

parameters for an optimized performance.

3.4.3 Lens Radius Effect

After decided the thickness and clarified the lens pitch, the major issues are on
modifying the lenticular-lens curvature to avoid light-leakage and light-spot. From the
simulated results as shown in Fig. 3-7 (a), a larger lens radius has smaller visible
viewing angle range. Since the maximum viewing angle is fixed, the acceptable
viewing angle range would depend on the minimum visible angle. In the other words,
viewing the image from smaller degrees of viewing angle is available after reducing
the amount of crosstalk region, which implied that the possible solution is to decrease
the lens radius. Therefore, by reducing the.lens radius, the crosstalk portion can be

reduced, and wider viewing angle can be obtained.

After examining the definition of the visible viewing angles range in the general
case, the figures of relationship between lens radius and viewing angles for 3D and
double-screen functions can be established. In the 3D function, the relationship curve
starts to decay after 500 um as shown in Fig. 3-7 (b). The double-screen function has
the decreasing slope approaching to the linear line as shown in Fig. 3-7 (c). In short,
the resulted visible viewing angles are inversely proportional to the lens radius for
both 3D and double-screen functions. In order to have larger acceptable viewing angle,

the lens radius needs to be smaller.
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Fig. 3-7. Relationship between the lenticular-lens radius and viewing angles for (a)
general case, (b) 3D function and (c) double-screen function.
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3.5 Simulations

In order to have 3D double-screen display, the functional layers of generating 3D
and double-screen images need to be evaluated. Therefore, 3D and double-screen
functions were modeled and analyzed by the optical designs program “ASAP 7.5.” The
angular distributions of 3D and double-screen functions were simulated on a 1” panel
with the resolution of 72 x 48 and the active area of 21.4 X 14.3 mm?. The simulation

parameters of lenticular-lenses arrays are listed in Table 3-3.

Table 3-3. Calculated 3D double-screen display parameters.

Items Symbols Parameters for 3D  Parameters for D-s
Object Size X 6.5cm 13cm
Combined pixel pitch i 99 pm 198 pum
Magnification m 657 657
Lenticular-lens pitch I 994 um 1188 pm
Viewing distance D 25~ 40 cm 25~40cm

3.6 Simulated Results and Discussions

The simulated results include three parts, 3D function, double-screen function and
their combination. Each section should operate properly in order to achieve the final

target of generating 3D double-screen images.

3.6.1 3D Function

The viewing angles for distance at 25 cm and 40 cm are estimated by equation

3-6 and are *+ 14° and + 99, respectively. The schematic diagram is illustrated in Fig.
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3-8. In addition, the simulation for left and right eye’s images of 3D function are done
for observing position at 25 cm, and its results are shown in Fig. 3-9. There are 3 light
strips generated. Each strip has the width about 14° after deducted the overlapping
more than 10% crosstalk portions with the opponent direction. The viewing angles of
simulated results have perfectly matched the design. Moreover, a region s consists a
pair of left and right eye’s 3D images is called viewing zone. The simulated result as
shown in Fig. 3-9 indicates 3 pairs of light spots for left and right eyes. Thus, an

observer can view the 3D images from 3 different horizontal directions.

Since the simulation program is set with the maximum light transmitted to be 1
W/sr as 100% transmittance. When the observer stands at the center viewing zone, the
light intensity perceived by eyes will peithe maximum amount as shown in Figs. 3-9 (c)
and (d). Other than the light stripiwith highest intensity among all, the other two peaks
aside as for the other viewing:zones arestill viewable since their light efficiency is
more than 50% of the total input. Moreover, the light intensities for left and right
images are similar. Because the maximum differences are less than 10% of each other,
human will not sense the variance of the images. Consequently, observers could view
the 3D images in 3 viewing zones, which are the center and 30 degrees at each side of

the display.

=
+14°, 25cm | |

+9°.40 cm

Fig. 3-8. Schematic diagram of viewing angles at near and further viewing positions.
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Fig. 3-9. Angular distribution of propdsed 3D function for (a) left and (b) right eye’s
image, and (c) and (d) are their respected cross-section intensity distribution
in horizontal orientation.

3.6.2 Double-screen Function

By using ASAP to simulate the design model, the optimized angular distribution
of double-screen function has been found for bottom and top screens as shown in Fig.
3-10. The valid viewing angle is derived ranging from approximately 0° to 40° for each
direction. However, the maximum acceptable viewing angle range was found to be 30°
after considering the crosstalk issue. Because the range of viewing angle is larger for

double-screen function, the light efficient is less than 3D function. Notwithstanding,
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there are still a large amounts of light transmitted with more than 50% of efficiency as
shown in red center region of Figs. 3-9 (a) and (b). The top and bottom screens have the
similar light efficiency as shown in Figs. 3-9 (c) and (d). All in all, since both screens
can be functioned at similar viewing angle, the observer could view two images at the

same time with 30° viewing freedom vertically.

TOF AR AR DUSTRIBLTIO ToF AreE Ay [USTEIRLTIO

I
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(c) (d)

Fig. 3-10. Angular distribution of proposed double-screen function for (a) bottom and
(b) top direction image, and (c) and (d) are their respected cross-section
intensity distribution in vertical orientation.
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3.6.3 3D Double-screen Function

The simulated results of 3D double-screen display represent the combination of
3D and double-screen features. Due to human’s eyes perception, the crosstalk needs to
be of less than 10 %, hence, viewing-angle ranges are around - 35° ~35° and+5° ~
+ 40° in the horizontal direction and vertical direction, respectively, as shown in Fig.

3-11. The angular distribution of light intensity for each screen is shown in Fig. 3-12.

Because the 3D function layer is designed to place on the top of double-screen
function layer, the thickness is thicker than operating 3D images alone. Since the 3D
function is favorable for bulky substrate, the larger distance between the 3D function
lenses arrays and color filter enhanced more views of 3D images. Thus, in the proposed
3D double-screen design, there are roughly 6 views generated. Due to the low light
intensity at very left and very right.viewing zenes; the images at these two zones may
not be perceivable. The overall amounts-may- end ‘Qp with 4 clear viewing zones

horizontally for both top and bottom screens.

-35° ~35°
Top Screen:
Panel with X 5° ~40°
Micro-Optical ’
Structure

Bottom Screen:
Mirror

Fig. 3-11. Schematic diagram of acceptable viewing-angles for top and bottom screens.
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Fig. 3-12. Angular distributions-of the proposed 3D double-screen display for (a) left
and (b) right eye’s images ‘of-top-screen; (c) left and (d) right eye’s images
of bottom screen.

3.7 Summary

The intention of research is to design a lenticular-lenses-based micro-optical
structure generating dual 3D images simultaneously. The principles of producing 3D
and double-screen images have been investigated. Hence, 3D and double-screen
functions have designed to align with color filter in portrait and landscape orientation
and to direct the incident light to the desired regions. In addition, the investigation on
proposed structure shows 3D function is favoring thicker substrate, smaller material
refraction index, smaller pitch and larger lens radius, which is opposite to

double-screen function’s favors. After considering the parameters of potential threats
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to the range of viewing angles, the performances of 3D and double-screen functions
have been optimized. Moreover, the simulated results of 3D and double-screen
functions and their combination have verified the proposed concept. The
micro-optical structure consists 3D function layer and double-screen layer are
generated at least 4 viewing zones of the clear 3D images with viewing angle range
around - 35° ~ 35" and = 5° ~ £ 40° in the horizontal direction and vertical
direction, respectively. Thus, by including the planar mirror in the optical system,

observers can view 3D images at top and bottom screens simultaneously.
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Chapter 4
Fabrication of the Lenticular-lens-based

Micro-optical Structure by Excimer Laser
Micromachining System

4.1 Introduction

The fabrication technologies of micro-optics are getting more and more advanced.
Fabricating the more flexible components and system designs, such as smaller and
precise structures, becomes possible. Aularge variety of materials is available, ranging
from glass to semiconductor materials and on to.plastic. The technologies to fabricate
micro-optical elements can be simply classified into two main categories, lithographic
and non-lithographic techniques. Lithography is the-name for a sequence of processing
steps, pattern generation, coating or thin layer deposition, alignment, and exposure,

pattern transfer for structuring the surface of planar substrates.

In the 1970s planar lithographic fabrication techniques were adapted from
semiconductor process to the fabrication of optical elements, for example, to fabricate
special beam splitters and lens arrays. The use of these techniques allows one to
generate optical component with dimension in the micrometer range. Besides, in an
effort to fabricate some specified elements such as micro-lens, non-lithographic
techniques, for example, diamond cutting and micro-jet printing have been investigated.
However, these techniques often do not have small enough critical dimensions or are
unable to generate the micro-optical element with inadequate designed surface relief.

Other than that, the fabrication time and cost are also the issues.
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In terms of recent fabrication technology, the economical processes with
satisfying the requirements on fabricating the lenticular-lenses arrays have to be
discovered and developed. Since excimer laser ablation is a rapid and effective way
for micromachining a surface relief onto a substrate material, the study will be
progressed based on utilizing the excimer laser system to fabricate the

lenticular-lens-based micro-optical structure.

4.2 Fabrication Principle

In order to make possible of fabricating lenticular-lenses by the excimer laser
micromachining system, the process steps, system structure and micromachining

principle are explored.

4.2.1 Fabrication Process

There are several fabrication techniques. The ' most common fabrication processes
of lithography technology needs 6 steps as shown in Fig. 4-1. First the photosensitive
materials like photoresist are coated on the substrate. The modulated illumination for
desired pattern is applied to expose the photoresist. After exposure, a development step
converts the exposed photoresist onto a surface profile. In a further processing step, the
surface profile of the photoresist pattern can be transferred into the substrate.
Consequently, the micro-optical elements can be fabricated with above procedures on

the substrate.

The intention of this research is to fabricate the lenses by excimer laser
micromachining system which has advantage in shorter duration time and simpler

process steps of fabrication as shown in Fig. 4-2. The initial and final clean of the
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substrates are the only steps similar to the general lithography method. The step of
excimer laser micromachining combined several lithography processes includes
exposure and etching in a single step. PR coating and development are not necessary
to be part of process any more. In addition, the fabricated substrate will be cleaned by
Ultrasonic Cleaner with Isopropyl Alcohol. The inspection of the patterns can be

evaluated through microscope and Zygo’s interferometer.

Initial clean

Fig. 4-1. Detailed fabrication processes of general lithography technology.
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Excimer Laser

Object lens

Positioning stages

Final clean

Fig. 4-2. Detailed fabrication processes of excimer laser micromachining technology.

4.2.2 Excimer Laser Micromachining System

The excimer laser micromachining system consists several components as shown
in Fig.4-3. The utilized laser is a Kr F excimer laser operating at 248nm. The
maximum energy per pulse is typically equal to 0.7 J, the pulse duration is
approximately 20ns, and the maximum repetition rate is 100Hz. In order to let the
machining energy be programmable, the emitted excimer laser beam first passes

through the attenuator, and the value of attenuator is between 0 and 1 controlled by
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the program. Because the intensity profile of an excimer laser output is quite
non-uniform, beam forming optics and beam homogenizer inside beam delivery
system are used to produce a uniform intensity field at the mask plane. This step can
creates a highly uniform (+ 5% RMS) illumination of 12 x 12mm at the mask plane.
Then the mask plane is imaged on the substrate to ablate the polymer substrate with

4x or 10x demagpnification by UV objective of a 0.1 or 0.2 NA respectively.

cCcD >
=
= E
| : T
Beam Delivery S Beam
] System = Analyzer
=
=
&
= PC

Controller

PC Substrate 0 |
Substrate Stage { .

1 T

P.

Fig. 4-3. Schematic diagram of excimer laser micromachining system.

4.2.3 Micromachining Technique

The structures are created by scanning the image of the contour mask across the
substrate while operating the laser with a fixed pulse repetition rate. The principle of
this method is that only the mask contour defines the locally applied laser pulse
quantity. The region with more excimer laser passed through the contour mask will
result deeper depth. The detail process is shown in Fig. 4-4. More complex structures
can be achieved by subsequent scan step. In this way, lenticular-lenses and
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lenticular-lenses arrays are expected to be fabricated by scanning in orthogonal

directions with a containing semi-circular shape contour mask as shown in Fig. 4-5.

Excimer laser beam

Projection mask

Projection objective

Scan Nin

g .
Substrate \dlrecl‘ion
&y

Fig. 4-4. Prism structure fabricated by scanning with a contour mask.

Fig. 4-5. Schematic of contour mask for fabricating lenticular-lenses.
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4.3 Fabrication Stability and Lens Quality

Several variables were considered for obtaining the quality and stability of

fabricating lenticular-lenses arrays by excimer laser micromachining system.

4.3.1 Energy Stability

The excimer laser has been detected continuously for the 4 weeks by energy
detector as shown in Fig. 4-6. The detected energy is the amount of output before
emerging through the condensed lens. Because the detected energy is the reference for
us to see the trend of laser stability, the unit between detected energy and input energy
are not important. The relationship between input energy and detected energy is linear

as shown in Fig. 4-6.

During the fabrication period,-the maximum: input energy can be obtained was
found to be 240 mJ. The detected energy-shows the input energy is similar for each
week, except the 2nd week was lower. The lower laser energy is due to low gas pressure
and can be avoid by changing the KrF gas. In addition, each shot of excimer laser has
some tolerance. The deviation, which is defined as the percentage of variance energy
different from average laser shot energy, of laser shot in each week has also been
evaluated as shown in Fig. 4-7. While input energy is higher, deviation becomes smaller.
Deviations are in the range of 4 ~ 7 % of detected energy for these 4 weeks. As the
result, the energy stability of excimer laser can be relied on with keeping an eye on the

level of gas pressure.
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Fig. 4-7. Deviation of laser shot for each week.

4.3.2 Lens Radius with Laser Energy

Fewer variables mean fewer dependents which have brought more convenient in
further investigation. We have attempted to convert laser energy includes its input
energy and attenuation to the independent constant. In addition, lens radius does not
change a lot when laser energy is about 200 mJ as shown in Fig. 4-8. As set up the
maximum laser energy to be 240 mJ, the attenuation coefficient could be chosen as

0.8 to be more flexible for further adjustment. In this experiment, the laser energy
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after attenuation is 192 mJ, laser energy output of each shot seems to be stable at this
level. Hence, the variables of fabrication considerations have reduced to laser

penetration rate and stage feeding rate.
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Fig. 4-8. Lens radius'with laser energy.

4.3.3 Lens Radius with-Laser Penetration Rate

Penetration rate is inversely proportional to the fabricated lens radius as shown in
Fig. 4-9. Higher penetration rate will have smaller lens radius, rougher lens surface and
thinner the substrate. According to the trend line, it seems the number approaching 18
Hz is preferable to the proposed design. However, when the penetration rate reaches 18
Hz, the substrate becomes very thin for the small lens radius in our contour mask design.
The thinnest point may break through the substrate. Therefore, the range of penetration
rate has to be as small as possible, at least should be less than 18 Hz, in the experiment.
Thus, we have to use the other variable, such as stage feeding rate to cover the

insufficient of lens curvature.
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Fig. 4-9. Lens radius with laser penetration rate.

4.3.4 Lens Radius with Stage Feeding Rate

When stage feeding rate is smaller than 2 mm/min., the radius of fabricated lens is
sensitive to the stage feeding rate assshown in Fig.4-10. In order to obtain the expected
radius, it has to complement with laser penetration rate. Due to the target of our lens
design, which is between 600 um and:800-um;-the stage feeding rate has to be less than
3 mm/min. The lower stage feeding rate.helps in improving the surface smooth.
Nevertheless, lower the stage feeding rate increases the fabrication period, for example,
the stage feeding rate of 0.5 mm/min. needs double time period of 1 mm/min. This is a
trade off in the fabrication consideration. Thus, in this experiment, stage feeding rate is

chosen from 1 mm/min to 3 mm/min.
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Fig. 4-10. Lens radius with stage feeding rate.

4.4 Fabrication Tolerances

The deviations in the fabrication are almost incapable to avoid totally. The
possible errors of fabricating by Excimer: laser ‘micromachining system are dual
curvatures in single lens and lens gap inbetween lenses. In order to obtain the desired
functions, the effects of inaccurate fabricated samples have to be discovered and

simulated.

4.4.1 Dual Curvatures Effect

Dual curvatures effect maybe occurred when the excimer laser is not uniformly
distributed in the projecting area. If the left or right portion of projecting area has
larger amount of laser energy, the resulted lens radius will be smaller. The schematic

of singular curvature and dual curvatures lens structures is shown in Fig. 4-11.

Since one portion of lens is taller than another, some light will be blocked by the
taller portion. The simulated results of varies pairs of dual curvatures in single lens

are shown in Fig. 4-12. While the deviations of lens radius between left and right
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portions are similar, the resulted viewing angles are same as the desired function.
Moreover, until the deviations reached 50 um as shown in Fig. 4-12 (d), some light
path may be blocked to result narrower viewing angle. The study shows the
uncertainty of left and right portions in single lens has to be small as possible, thus,

the desired viewing angles can be obtained.

(a) (b)

Fig. 4-11. Schematics of (a) singular curvature and (b) dual curvatures lens structures.

(a) (b) (© (d)

Fig. 4-12. Simulated results of half lens with radius of 150 um and another half with
radius (a) 200 um, (b) 150 um, (c) 140 um and (d) 100 um.

4.4.2 Lens Gap Effect

In the Excimer laser micromachining system, the lenticular-lenses are fabricated
one by one. There may be the gaps in between the lenses as shown in Fig. 4-13. Since
the fabricated substrate is colorless, the undirected light will pass through and then
mix up with expected light strips. Hence, the resulted images may be blurred due to

light interference. The 3D functional layer will lose its functioning ability. Therefore,
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the lens design may need to seek for continued lenses and avoid the gaps in between

lenses.

Fig. 4-13. Schematics of lens structures' with (a) no‘gap and (b) gaps, and their
respected simulated results:

4.5 Experiments

The proposed micro-optical elements were fabricated by using Excimer laser
micromachining system with contour mask at Instrument Technology Research Center
(ITRC) to fabricate. The laser system used is an Excitech 7000 series excimer laser

workstation as shown in Fig. 4-14.
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Fig. 4-14. Appearances of Excitech7000.

Energy of excimer laser, number of micromachining pulses so called # of shot, and
laser repeat rate can be precisely controlled to our need. We chose the projection system

with 10x because the higher demagnification increases the resolution of the

7}
ing.con Tglf@gsk, i.e. the minimum pixel size on
ALY

-of workiis a PC polymer (polycarbonate)

Tables 4-1 and 4-2. The outlook of target sample is shown in Fig. 4-15.

After excimer laser micromachining, the radius of fabricated lenses and its angular
distribution of light intensity are measured by using Zygo’s optical interferometer as

shown in Fig. 4-16 and Conoscopic system as shown in Fig. 4-17.
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Table 4-1. Micromachining parameters.

Parameters Values range
Energy 240 mJ/pulse
Attenuation 0.8

Laser penetration rate 10~ 18 Hz
Stage feeding rate 1~ 3 mm/min.

Table 4-2. Fabrication targets for the lenticular-lenses arrays.

Parameters 3D function Double-screen function

Ra (Maximum Roughness) = 1.0um = 1.0um

C (Lens radius) 650 £ 50 um 800 £ 50 um

X {Lens pitch) 594 um 1188 um

D (Single lens height) 66 um 264 um

H (Substrate thickness) = 500 um = 500 um

W (Substrate width) 17426 um 21780 um

L (Substrate length) 21780 um 17426 um

Fig. 4-15. Outlook of a set of lenticular-lenses to be fabricated.
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Fig. 4-17. Appearances of ELDIM EZContrast 160 measurement system.
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4.6 Experimental Results and Discussions

The experiment is taken based on verifying the simulated results with the reality

on lens radius and viewing angle for both functions.

4.6.1 Lens Radius

The sample of lenticular-lenses-based micro-optical structure with the diagonal of
0.54 inch, as shown in Fig. 4-18, is mainly fabricated by Excimer laser micromachining
system. The lenticular-lens pitch and length are 3.6 mm and 11 mm, respectively. By
utilizing Zygo’s interferometer to inspect the fabricated substrate, the results of lens
thick and lens half width, as shown in Fig. 4-19, can be used with equation 3-7 to

calculate the lens radius as shown in Table4-3.

From the experimental results;-we can find that trial 3 and trail 13 are close to the
design for double-screen and 3D. functiens;—fespectively. In addition, by using the
similar settings as trails 2 and 4, excimer.laser has fabricated the lenses twice with
similar output results within + 50 um. The smooth of surface is less than 1 um which is
acceptable for our design. In the other words, the excimer laser has high possibility of
reproducing the lenses. Comparing to double-screen function, 3D function layer is
more difficult and needs more time to fabricate due to its smaller pitches dimensions.
Nevertheless, 3D and double-screen function layers can be fabricated by excimer laser
with the laser energy equals 240 mJ, attenuation 0.8 and stage feeding rate 1 mm/min.
The only variable is penetration rate which for 3D and double-screen function layers

are 10 Hz and 15 Hz, respectively.
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Fig. 4-18. Photograph of sample fabricated lenticular-lens for double-screen function.
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Fig. 4-19. Measured results of Zygo’s interferometer.
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Table 4-3. Fabrication parameters and resultant lenses radii of each trail.

Diouble-screen Function

Caleulated
Eadius

3D Function

Calculated
Eadius

ble-screen Functions

Al

reen function yields the viewing

“harizontal and vertical directions,

,;.-'-’.f""l"- System, the measured viewing

respectively. After testing the sa

angles are - 60° ~ 60° and - 10° ~ 40" in the horizontal and vertical directions,
respectively. The simulated and experimental results for double-screen function are
compared in Fig. 4-20. The experimental results show the wider viewing angles in the

horizontal direction. Since double-screen function used to direct the light paths in

vertical directions, the wider of horizontal direction does not affect the results.

The experimental result of 3D function is wider than the simulated result, but they
have the similar feature, 3 viewing screens. There are several possible reasons of
having different magnitudes with the similar trend. The obviously reason is that the
lambertian light’s incident angle of Conoscopic System is larger than the settings of the

simulation. Moreover, the coordinate axes of the simulation software and measuring
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system are different. Simulation software has coordinate axes in X and Y. The
Conoscopic System has the axes in Phi and Theta. Since the Phi and Theta can project
on X and Y axes, the relationship between both coordinates’ measured results will
have similar trend. The results show similar tendency of using different coordinate
systems, but the magnitude of the results will not be the same values. Furthermore,
the other reason may be the difficulty of alignment for the small dimensional objects.
Due to the necessary of blocking the opponent directional light, the barrier has to
locate at precise position and only let the designated directional light passes through.
Due to the tiny aligning point and colorless substrate, there are some crosstalk

happened.

= Lo
= k-]
z
oy
H |
=

Fig. 4-20. Angular distributions of simulated results on (a) top screen of double-screen
function and (b) right eye of 3D function, and the experimental results on (c)
top screen of double-screen function and (d) right eye of 3D function.
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4.7 Summary

A prototype of micro-optical structure for 3D and double-screen functions was
fabricated by the excimer laser micromachining system. The fabrication parameters,
such as laser energy, attenuation, penetration rate and stage feeding rate are found to
be 240 mJ/pulse, 0.8, 10 Hz ~18 Hz and 1 mm/min. ~ 2 mm/min., respectively. As the
result, the lens radius can be estimated from the measured half lens pitch and lens
thickness. The radii of fabricated lenticular-lenses for 3D and double-screen functions
are within the tolerances of design values, 800 + 50 um and 650 + 50 um, respectively.
Moreover, due to the difficulty of aligning colorless samples during the measurement,
the measured viewing angles for both functions are wider than the simulated results.
The trend of occurring light strips, however, is similar in both cases. Thus, the
experimental results proof the possibilityrof fabricating the lenticular-lenses-based

micro-optical structure by excimer‘laser micromachining system.
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Chapter 5
Mechanism of Converting an Ordinary Flat
Panel Display to 3D Double-screen Display

5.1 Introduction

After the optical system has designed to generate two screens of 3D images and
the micro-optical structure has fabricated by excimer laser, the next import factor of
building up the 3D double-screen display is to organize the components and input the
suitable images to feet the hardware. If the alignment between the fabricated
lenticular-lenses layers and ordinary panel.has.noticeable slanted angel, moiré patterns
may appear. Moreover, even if-the components are aligning precisely, observers still
can not view the desired images by the display system with the unmatched images’
inputting. Therefore, the mechanisms include ‘attaching micro-optical structure on a

flat panel and processing digital images are necessary to be studied.

5.2 Algorithm of Digital Image Process

The purpose of proposed micro-optical structure is to direct light paths from
color filter to the desired viewing screens. In order to yield exhaustive pictures in all
viewing screens, pixels have to be grouped as row-based or column-based to provide
the images for different directions. Hence, the ordinary images have to be modified in
order to generate the correct images. The images transformation system is, therefore,

needed.
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3D double-screen images algorithm, as shown in Figs. 5-1 and 5-2, is developed
from utilizing digital image process technique. From the implantation, the images are
split and recombined to form a combination image for each eye or direction as shown
in Fig. 5-3. When the 3D image is needed, the left and right eyes images are
combined pixel by pixel as shown in Fig. 5-4. Similarly, double-screen images are the
combination of bottom screen and top screen images as shown in Fig. 5-5. Thus, the
algorithm of generating 3D and double-screen images step by step yields satisfactory

3D double-screen images.

Right Eye Left Eye 3D
Bottom Screen Bottom Screen Bottom Screen
Image Image Image

Right Eye Left Eye 3D
Top Screen Top Screen Top Screen
Image Image Image

3D
Double-screen
Image

Double-screen
Image

Fig. 5-1. Concept map of 3D double-screen images algorithm.
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Fig. 5-3. The schematic outlook with (a) left and right pixels for 3D function and (b) top
and bottom pixels for double-screen function.
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Fig. 5-4. (a) Right eye [R], (b) left eye [L] and (c) 3D [R+L] images.
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Fig. 5-5. (a) Bottom screen [B], (b) top screen [T] and (c) double-screen [B+T] images.

5.3 Alignment of Micro-optical Structure

In order to have the 3D and double-screen images, the designed micro-optical
structure, which consists 3D and double-screen functional layers, has to be pasted on
the panel. Due the pitches for pixels’ and lenses’ are in very small dimensions, human
eyes would have difficulty on perceiving and aligning them properly. Therefore, the
viewing angles caused by the alignment effects have to be discovered.
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5.3.1 Aliasing

By utilizing simulation software as the tool in finding the causes for the
alignment deviations in horizontal or vertical directions, the shift of resulted viewing
angle range is clearly presented and easily compared. When the lenticular-lenses and
pixels are aligned in the designed position as shown in Fig. 5-6 (d), the simulated result
shows the angular distribution of light intensity has viewing angles from
approximately 0° to 30° as shown in Fig. 5-6 (a). With this resulted viewing angle
range, the structure favors in generating right directional image of double-screen
function. In addition, by moving the lens layer to the left of the color filter little by little,
the resulted viewing angle range will shift from right side to left side and become
smaller and smaller as shown in Figs::5-6:(a), (b) and (c). The original design of

double-screen function will, theréfore, lose its capability.

The changes of viewing angle ranges-depend on the alignment deviations. While
the lenticular-lenses and pixels are aligned.with 0.1 mm tolerance as shown in Fig. 5-6
(e), two almost equivalent portions of viewing angle regions appeared at left and right
sides. After that, the right directional image becomes appearing at left side when
alignment tolerance is between 0.1 mm and 0.2 mm. If tolerance is bigger than 0.2 mm
as shown in Fig. 5-6 (f), the resulted viewing angle range become two portions which
are - 36° to- 10.5° and 21° to43° for left and right spots, respectively, as shown in
Fig. 5-6 (c). Thus, the lenticular-lens is no longer to precisely direct the light into the
desiderative region in the misaligned situations. The double-screen function, therefore,
may not exist any more. Consequently, alignment between the lenses and pixels is the
key to maintain the power of both functions in generating 3D and double-screen

images.
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Fig. 5-6. Angular distributions of the double-screen function for (a) aligned well, (b)
0.1 mm tolerance and (c) 0:2 mmtolerance with their respective outlooks (d),
(e) and ().

5.3.2 Moiré Patterns

Moiré pattern is caused by interference with two or more periodic structures as
shown in Fig. 5-7 [21]. In the proposed structure, moiré patterns occurred when the
substrates are attached with tilt angle. Each layer of the lenticular-lens arrays should be
perpendicular to each other which means one should align horizontally to the panel
pixels, and another should align vertically to the panel pixels. If the tilt angle is
approaching to 45° , the moiré patterns will be shown more clearly. However, moiré
patterns are minimized when the tilt angles between each layer are 0° and 90° . Thus,
one of the solutions to avoid the moiré patterns is to align each layer on the panel

properly in desired angles, such as 0° and 90° for 3D and double-screen functions.
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Fig. 5-7. Cause of moiré patterns.

5.4 Experimental Results

To verify the reality of the proposed stfu‘cture, the demonstrations are processed
with several 3D and double-scree"n‘image$. The ‘prop(‘)sed micro-optical structure which
comprises two sets of lenticular-lenses is‘d‘esig‘ned tjo stick-on an ordinary panel to
generate the expected images. By “pastiﬁg a‘lse;‘of lenticular-lens on the panel which has
3D image modified, as shown in Fig. 5;8 (a),‘the realistic 3D images can be perceived
as shown in the circle of Figs. 5-8 (b) and (c). Within the attached region (the circle
region), the image of a roof is clearly shown up, not like the other areas are shown
blurred images. Furthermore, by implanting black & white strips instead of processed
images as shown in Figs. 5-8 (d) and (e), the proposed structure has successfully
generate black and white images for left and right eyes, respectively. The simulated

results show the validation of the model design.

By replacing the other set of lenticular-lenses which designed for double-screen
function on the panel, two different images can be generated as shown in Fig. 5-9 (a).

The observers are proposed to view the roof in the top screen while perceiving the petal
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in the bottom screen. Moreover, the double-screen function can still operate by
replacing the processed images with black & white strips as shown in Fig. 5-9 (b).
The results of inputting black & white images are similar with inputting the processed
images. The experiment shows the double-screen functioning ability of the proposed
functional layer. Thus, the possibility of proposed micro-optical structure splitting a

single screen image to two different screens images has verified.

With adding the 3D functional layer on the top of double-screen layer, the display
yields 3D double-screen images. The left and right eye’s images of both screens are
shown in Fig. 5-10. The adopted system utilizes a LCD, which consists of the proposed
structure pasted on and a mirror representing the top and bottom screens, can generate

dual 3D images simultaneously.
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Fig. 5-9. Demonstrated result of the panel with attaching another set of lenticular-lenses
(top screen’s circle area) for (a) processed images and (b) white & black
strips for double-screen function.

(b) (c)
Fig. 5-10. Demonstrated results of (a) without attaching micro-optical structure’s image
and with attaching for (b) left and (c) right eye’s 3D double-screen images.
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5.5 Discussions

The images of the demonstration were taken by the digital camera without any
other modification. Due to the limitation of the camera’s performance and light
reflection, there are some parts of the lenses areas became a little reddish in the
photographs. Besides, the proposed 3D function is based on parallax, thus, the
observers are receiving the right/left eye images to the right/left eye. After that, the 3D
images will be reconstructed in human’s brain. Due to the restriction of the ordinary
digital camera on photographing multiple images simultaneously, the images for each
eye have to be taken separately. Because the objects in both images are presented
evidently, the micro-optical structure can be defined as possessing splitting light ability.
In addition, the left eye and right eye images are about 6.5 cm horizontally. Both eyes

images can be recombined to be.the 3D images in the human’s brain.

For double-screen function, the-performance of demonstrated images on the
ordinary panel may seem differently with.our.expectation. Some unwanted black strips
are occurred by misalignment. Misalignment includes the distance between with color
filter and tilt angle of the micro-optical structure. When the thickness of the substrate is
insufficient to our design, the light path becomes shorter than the expected. Hence,
some portions of images may not get enough light and may vyield the black strips.
However, the unwanted strips can be eliminated by adding the gap between the

substrate and the panel or increasing the thickness of the substrate itself.

Since the demonstrations of 3D and double-screen functions match the simulated
results, a 3D double-screen display based on the combination of both lenticular-lenses
sets should generate two 3D full-sized images as well. The further investigation will

start with improving the image quality by eliminating the unwanted black strips. After
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optimizing the performance for each function, the materialization of optimized 3D
double screens display can be fabricated to perform two excellent realistic scenes

simultaneously in near future.

5.6 Summary

The mechanism of transforming the ordinary displays to 3D double-screen
displays has developed after studying both software and hardware. The 3D
double-screen algorithm utilized digital images processing techniques, which includes
splitting and recombining pixels to form 3D, double-screen and 3D double-screen
functional images. After software is ready to use, the alignment issues, such as
aliasing and moiré patterns are studied. The major solution is to align properly in
horizontal, vertical and enclosing directions with sufficient substrate thickness. After
that, by pasting the fabricated:lenticular-lens-based: optical system on a flat panel
display, the 3D double-screen images could be generated in the display. The results
demonstrated the proposed architecture has high potential of obtaining the 3D and

double-screen functions in a flat panel display.
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Chapter 6
Conclusions and Future Works

6.1 Conclusions

An optical system for novel 3D double-screen display has been investigated and
verified. The system comprises a mirror and a lenticular-based micro-optical structure
to generate dual full-sized 3D images. The prototype of double-screen function is
based on increasing the pitch size of 3D function’s lenticular-lens by rotating the layout
of color filter from portrait to landscape. By combining both sets of lenticular-lenses in
cross-over, double-screen and 3D:functions can be generated simultaneously. In
addition, the image crosstalk has minimized by the optimization of micro-optical
structure, including substrate thickness; material refraction index, lens pitch and lens
radius. Two full-screen-sized 3D:images have been successfully simulated with
resulting the viewing angles around - 35° ~35° and + 5° ~% 40° in the horizontal

and vertical directions, respectively.

The lenticular screens for 3D and double-screen functions were fabricated by
Excimer laser micromachining system. The radii of fabricated lenticular-lenses for 3D
and double-screen functions are within the tolerances of design values, 800 + 50 um
and 650 + 50 um, respectively. The trends of light strips for simulated and
experimental results are similar. Hence, the experiments show the possibility of having

the designed model to be fabricated by using this manufacturing technology.

The mechanism of digital images process between the ordinary and 3D
double-screen images was established. By pasting the proposed lenticular-lens-based
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optical system on a flat panel display, the 3D double-screen images could be generated.
The demonstrations show the high possibility of transforming the flat panel display to
obtain the 3D and double-screen functions in a single display system by using the

proposed novel architecture.

6.2 Features

There are several features of the proposed system. First, there are minimum
structures needed. The required components are the proposed micro-optical structure,
a flat panel and a mirror. By including these simple components, the ordinary flat
panel display could be easily converted to 3D double-screen display. Moreover, the
second advantage is simple fabrication process.: The proposed micro-optical structure
can be easily and economically fabricated in large amounts by utilizing direct writing
method, Excimer laser micromachining system. Finally, the most attraction of the
design is to provide the ability .of viewing two full-screen sized 3D images
simultaneously. By adjusting the numbers of functional layers, the display can also
show either 3D, double-screen or 3D double-screen images to fit in with observers’

desires.

6.3 Future Works

The study on 3D double-screen display has provided the know-how on utilizing
single panel to display multi-screen images. Since the fundamental knowledge of
designing the lenticular-lens-based optical system has been studied, the single panel
3D multi-screen display could be further developed by expending the research in the

following categories, such as developing an advanced algorithm for processing the
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realistic multi-screen dynamic images, replacing with advanced substrate materials for
obtaining the required refraction indexes of 3D and multi-screen functions, inserting
liquid crystal into the lenticular-lenses for the capability of switching functions,
fabricating two layers of lenticular-lenses in a single sheet for thinner the attached
structure, and implanting time-multiplexed method for higher resolutions on 3D
images. Thus, the single panel 3D multi-screen display with switchable function can
generate high resolution, realistic and multi-screen full-sized images. With the further
improvement of the converting mechanism, the ordinary flat panel displays will have

high potential to become the single panel 3D multi-screen displays.
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