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High resolution integral imaging display
by using microstructure array
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A novel integral imaging method which can be used to display three dimensional (3D) images with high
resolution is proposed. The integral imaging system consists of a delicate microstructure array and microlens
array. The microstructure array displays the information of the microimage array. Due to the application of
the delicate microstructure array, a large number of efficiency pixels in the microimage array are regularly
imaged through the microlens array, which will result in the 3D images with high resolution. In this paper,
the relationships among the resolution of the 3D images, the focal length of the microlens, microstructure
array/microlens array distance, and the feature size of the microstructure array are analyzed theoretically
based on optical design theories. The related experiments are performed. The microstructure array with 1 pm
feature size is fabricated by lithographic method and applied on the integral imaging system, which forms the
3D images with the resolution 10 lines/mm. Compared with traditional integral imaging system, the resolution
of the 3D images generated by the method is effectively enhanced. It is inferred that the method has great
potential on static 3D display such as 3D photograph, 3D advertisement, and so on.

Keywords: three-dimensional image processing, high resolution.
OCIS codes: 100.6890, 350.5730.

MHTerpanbHbIi AUCMJIen C BbICOKUM pa3peLueHuem,
MCMNOJNb3YIOLWUA MaTpULy MUKPOCTPYKTYP

©2019  YUKUN ZHANG, YuaiNGg Fu, HuaialaN WaNG, HuiFanG Li, SHuwan PaN, YonGgzHAO Du

IIpensioskeH HOBBIN METOJ MHTErPAJBLHOTO MOCTPOCHUS M300PasKeHil, IPUTOIHBIN JJIA CO3MAaHUI 00 bEMHBIX
(3D) mucniees ¢ BBICOKHUM paspemeHnem. HTerpaasHasa n3o0pakaronias CICTeMa COTEP:KUT MaTPHUI[BI MHKPO-
CTPYKTYP M MUKpoOJauH3. HHpopManua oTobpaskaercs Ha MaTPUIy MUKPOJIMH3 Yepe3 MaTPUIy MUKPOCTPYKTYD,
3JIeMEHTHI KOTOPHIX OJHO3HAYHO CBA3aHBI, UTO NOBbINIaeT pa3penienue 3D usoopaxenus. TeopeTuuecku mpo-
aHAJIW3UPOBAHBI M BHIBEJEHBI COOTHOLIEHU Mexay paspemennem 3D uzobpaskenuii, (QOKYyCHBIM paccTOSHHEM
MHUKPOJIMH3, PACCTOTHHEM MKy MUKPOJMH3aMH M MHKPOCTPYKTypPaMH M TeOMeTPHYeCKHMH MapaMeTpaMu
MUKPOCTPYKTYP. /L1 9KcIIepuMeHTaJIbHOM IPOBEPKH JUTOrPA(DUIECKMM METOIOM OBIJIM H3TOTOBJIEHBI MAaTPHUIIBI
MHUKPOCTPYKTYP ¢ miaroM 1 MKM, KOTOpbIe OBLIM MCIIOJIb30BAHBI B MHTErpajbHOI n3o0paskaromeii 3D cucreme,
oGecneunBaromei paspemenne 10 1uH/MM, YTO IPEBOCXOIUT XapPaKTEPHCTHKYU OOBIYHBIX HHTETPATBHBIX H300pa-
skaromux cucreM. CreiaH BHIBOJ 0 3SHAUYNTEIHHBIX MIEPCIEKTUBAX MCII0JIb30BAHHU S METOa IJIS CO3TAHUS CTaTHYe-
ckux 3D mucnaees, Tak, Hanmpumep, kak 3D dororpacdun, 3D pexsama u T.1I.

KnroudeBsble crnioBa: 06paboTKa TPexMepHbIX U306paXkKeHu, BbICOKOE paspeLueHume.

1. INTRODUCTION isting 3D display technologies, integral imaging has
Integral imaging, proposed by Lipmann in 1908, obvious advantages, such as continuous parallax,
uses a microlens array to pick up and display three full color, perfect matching with modern display,

dimensional (3D) scenes [1]. Compared with other ex- and so on [2-9]. Because of this, integral imaging



attracts extensive attention of researchers, which is
considered to be one of the most promising 3D dis-
play technologies. However, because the resolution
of the microimage array is limited by that of tradi-
tional displays (computer display resolution about
3.8 lines/mm), the generated 3D images have low res-
olution, which will lead to the limitation on the appli-
cation of integral imaging [10-14].

In order to obtain the micro image array with
high resolution, several methods are adopted, such
as improving the pixel number by fast shocking the
lens array [12], the microimage array displayed by
high resolution projectors or displays [13, 14], and so
on. The pixel number of the micro image array tak-
en through the lens array can be enhanced through
rapid shocking the lens array. The resolution of the
3D images generated by the rapid shocking method
is effectively enhanced and four times of that gener-
ated by traditional integral imaging [12]. However,
it inevitably brings mechanical noise and high manu-
facturing cost for the application of electromechani-
cal components. The integral imaging by using high
resolution projectors (11.8898 lines/mm) can gener-
ate the 3D images with high resolution (1 lines/mm)
without mechanical noise [13], and this method has
been used in the field of medicine. However, a large
number of projectors are applied in the system,
which causes that the mechanical control is extreme-
ly difficult and has large size [13]. In 2006, Jun Arai
proposes a method to enhance the resolution of the
3D images by employing a high resolution display
[14]. They independently develop the high resolution
display (8.0315 lines/mm). The display is used on in-
tegral imaging system. The 3D images with high res-
olution are successfully achieved. However, it takes
more time and effort on the high resolution display.

In this paper, we propose a novel integral imag-
ing method with high resolution by using a micro-
structure array. The microstructure array is used
to display the information of the microimage array.
Through theoretical calculation, the effects of the
microstructure array resolution, the focal length of
the microlens array, and microstructure array / mi-
crolens array distance on the 3D image resolution are
analyzed. It is demonstrated that the resolution of
the 3D images increases with the feature size of the
microstructure array decrease. After that, the mi-
crostructure array with high contrast is fabricated
and applied on the integral imaging system. The 3D
images with high resolution are perfectly achieved.

2. THEORETICAL ANALYSIS OF INTEGRAL
IMAGING WITH HIGH RESOLUTION

2.1. The principle of integral imaging
The integral imaging system consists of two parts:
image acquisition and reconstruction, as shown
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Fig. 1. Integral imaging system. Image acquisition sys-
tem (a), reconstruction system (b).

in Fig. 1. The image acquisition is to record the infor-
mation of a 3D scene at various perspective and form
a microimage array, as shown in Fig. 1(a). Generally
speaking, microimages can be captured by a micro-
lens array. The microimages are processed based on
the two step pickup method [2, 3]. A microimage ar-
ray is generated. The information of the 3D scene at
various perspective is dispersed in the microimage
array. Reconstruction is that the pixel information
of the microimage array is taken by the identical mi-
crolens array. The 3D image can be formed based on
the reversibility principle for light rays, as shown in
Fig. 1(b).

2.2. Parameter analysis

As shown in Fig. 1 and according to the optical de-
sign theory, the pixels in a microimage array are tak-
en through the corresponding lens array, which sat-
isfies the following formula,

S (1)
g& L f

Here, g, is the distance between the microimage ar-
ray and the corresponding lens array, [, is the dis-
tance between the central plane of the 3D image and
the microlens array, and f is the focal length of the
microlens.

Assuming the pixel size of the microimage array
is p,, the pixel size of the 3D image is p,,, and the dis-
tance between the central plane and the edge plane
of the 3D image is b, at the edge plane it is satisfied
that,
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According to Equations (1) and (2), we can obtain
that
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The resolution of the micro image array and that
of the 3D image are defined as following,
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Among them, R, is the resolution of the 8D im-
age, which represents the pixel number in the unit
length. R, is the resolution of the microimage array.
Therefore, the relationship between the 3D image
resolution and the resolution of the microimage ar-
ray is
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In the Equation (6), it is inferred that three main
ways can be used to improve the resolution of the 3D
image: (1) reducing the focal length of the microlens f,
(2) enlarging the distance between the microlens ar-
ray and the 8D scene g,, (3) improving the resolution
of the microimage array R,. Reducing f and increas-
ing g, can improve the 3D image resolution, but it
would lead to the decrease of the field angle and the
3D image aberration [15]. From the Equation (6), it
can be seen that the resolution of the 3D image is pro-
portional to that of the microimage array. Therefore,
improving R, is the best way to enhance the resolu-
tion of the 3D image.

For improving the resolution of the microimage
array R, the microimage array is displayed by the
microstructure array fabricated by lithographic
method. Lithography is an effective method to fab-
ricate micro- and nanometer structures through op-
tical exposure and development. By the method, the
microstructure array with small feature size can be
achieved. The resolution of the microimage array R,
is improved with the feature size of the microstruc-
ture decrease. Therefore, the microimage array with
high resolution can be formed. It means that the 3D
image with high resolution can be achieved by using
the delicate microstructure array.

2.3. Acquisition and transformation

of the microimage array

In order to perform the relevant experiment, mi-
croimages at various perspective are captured by
the software 3Ds Max. The image acquisition sys-
tem is shown in Fig. 2(a). 3D scenes are three butter-
fly models and a vase model at different positions.
The distance between two adjacent models is 30 mm.
40000 microimages are taken and recorded the in-
formation of the 3D scenes at various perspective.
The microimages are analyzed and regularly com-
bined, which form the microimage array with 100 pm

() (0)

Fig. 2. The micro image acquisition. Capture process of the
micro images (a), micro image array (b).

period, as shown in Fig. 2(b). Then, the boundary of
the microimage array is extracted through the soft-
ware written by ourselves. The image array with
JPG format is converted into that CIF format which
can be processed by direct writing instruments.

3. FABRICATION OF KEY COMPONENTS

In order to achieve the delicate microstructure array
and microlens array for the integral imaging system,
the lithographic method is used in the experiments.

3.1. Fabrication of the microstructure array
The mask of the microstructure array is fabricated
and obtained by using a laser direct writing tech-
nique, as shown in Fig. 3. The critical dimension and
period of the mask are 1 ym and 100 um, respectively.
For achieving the microstructure array with high
contrast, we propose that the microstructure array
is prepared by metallic materials. The preparation
process is as follows: (1) the K9 glass substrate is im-
mersed and cleaned by dilute nitric acid solution (ni-
tric acid : water = 10:1) for 6 hours. After that, the
glass substrate is dried at the temperature 160 °C.
(2) The Chrome with 120 nm thickness is evaporated
on the substrate. (3) The resist with model AZ3100
is coated on the surface of Chrome layer with the
parameters: spinning speed 3000 rpm (revolutions
per minute), spinning time 30 s (second). After coat-

b —

Fig. 3. The mask of the microstructure array.
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Fig. 4. The fabrication result of the microstructure array.

ing the resist, the resist thickness is 1.3 pym. (4) The
resist on the substrate is exposed through the mask
of the microstructure array by using the ultraviolet
(UV) light with 365 nm wavelength and 10 mW/cm?
power. The exposure time is 8 s and the development
time is 12.5 s. (5) After removing Chrome and cle-
aning the resist, the microstructure array with Chro-
me material is formed on the substrate, as shown
in Fig. 4. The four microscopic images are the im-
ages of the microstructure array at different posi-
tions. The microstructure array is period, but each
microstructure is different, which is consistent with
the mask of the microstructure array.

Because of the microimage array displayed by the
microstructure array, the microimage array has the
same period and critical dimension with the micro-
structure array. The period and critical dimension
of the microimage array are 100 pym and 1 um, re-
spectively. The resolution of the microimage array is
1000 lines/mm. The resolution of the microimage ar-
ray is about 265 times that of the traditional display.

3.2. Fabrication of microlens array

After the fabrication of the microstructure array, the
microlens array is prepared by the moving mask li-
thography [16, 17]. The preparation method of the mi-
crolens array comprises the following steps: (1) The
K9 glass substrate is immersed and cleaned by using
dilute nitric acid solution (nitric acid : water = 10:1).
After that, the glass substrate is dried at the temper-
ature 160 °C. (2) The resist with the type AZ 50XT
is coated on the substrate with the spinning speed
2500 rpm and the spinning time 20 s. (3) The re-
sist on the substrate is exposed by using the mov-
ing mask lithographic method with the UV light [16,
17]. The wavelength of the UV light is 365 nm. The
power of the UV light is 5 mW/cmg. The exposure
and development time are 93 s and 72 s, respective-
ly. Then, the microlens array is formed on the resist.
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Fig. 5. Fabrication results of the micro lens array.

The parameters of microlens array

Pith, mm 0.1
Microlens Radius, mm 0.1626
array
Focal length, mm 0.29
Thickness, mm 0.35
Plastic Polvetivl
substrate i olyethylene
Material terephthalate (PET)

(4) The soft mould of the micro lens array is fabri-
cated by the casting technology [18]. The material of
the soft mould is polydimethylsiloxane. (5) The mi-
crolens array is imprinted on the PET film with the
UV curing materials. The microlens array has high
transmittance. The microscopic image is shown in
Fig. 5. The parameters of micro lens array are shown
in table.

After that, the microstructure array with high
contrast and the microlens array are carefully alig-
ned and tightly bonded on the substrate. Here, the
miniaturized structure of integral imaging is suc-
cessfully achieved.

4. EXPERIMENT RESULTS AND ANALYSIS

Then, the 3D images of three butterflies and a vase
are distributed around the microlens array in exper-
iment, as shown in Fig. 6. The 3D images are deli-
cate and the critical dimension of the 3D images is
about 100 pm. It illustrates that the resolution of the
3D images is around 10 lines/mm. According to the
Equation (6), the resolution of the 3D images is cal-
culated to be 11.0439 lines/mm. The experimental
results are basically consistent with the theoretical
calculation of the integral imaging. The resolution of
the 3D images is far higher than that by using a tra-
ditional display or projector array and 265 times of
that by using a traditional display. It is demonstrat-
ed that the 3D images with high resolution can be
perfectly obtained by the method.
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Fig. 6. The 3D images generated by the integral imaging
system.
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Fig. 7. The 3D images at various perspective and locations.
The shooting results (a), the shooting locations (b).

In order to prove that the images shown around
the microlens array are 3D images, the images at
various perspective are taken. The shooting results
and locations are shown in Fig. 7 (a) and (b) respec-
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