IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 26, 2019, accepted July 18, 2019, date of publication July 22, 2019, date of current version August 8, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2930309

Holographic Zoom System Having Controllable
Light Intensity Without Undesirable Light Based
on Multifunctional Liquid Device

DI WANG'-2, CHAO LIU'2, AND QIONG-HUA WANG 2

!'School of Instrumentation and Opto-electronics Engineering, Beihang University, Beijing 100191, China
2Beijing Advanced Innovation Center for Big Data-based Precision Medicine, Beihang University, Beijing 100191, China

Corresponding author: Qiong-Hua Wang (qionghua@buaa.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61535007, and in part by the
China Postdoctoral Science Foundation under Grant 2019M650422 and Grant 2019M650421.

ABSTRACT In this paper, a holographic zoom system having controllable light intensity based on a
multifunctional liquid (ML) device is proposed. The system consists of a collimated beam, a PBS, a spatial
light modulator (SLM), an ML device, and a receiving screen. Different from the traditional liquid device,
the ML device, which consists of the aperture-change part, the focal-length-change part, and the light-
intensity-change part, is proposed. The aperture-change part and the focal-length-change part are actuated
by the electrowetting effect, and then, the aperture size and the focal length can be changed. In the light-
intensity-change part, two polarizers are stuck on the top substrate and the bottom substrate, respectively.
By controlling the voltage applied on the liquid crystal cell, the light intensity can be changed easily.
When the collimated beam illuminates the SLM, the phase of a spherical wave is loaded on the SLM.
By adjusting the radius of the spherical wave and the focal length of the ML device, holographic zoom
function can be realized. When diffraction images pass through the ML device, the reconstructed image can
be displayed without diffraction beams and high-order diffraction images. Moreover, the size and intensity
of the reconstructed image can be adjusted conveniently with such a simple system. The experimental results

verify the feasibility of the proposed system.

INDEX TERMS Spatial light modulator, liquid device, iris.

I. INTRODUCTION

Human beings live in a three-dimensional world, where the
reception and display of three-dimensional information is
an important way for human visual reproduction. With the
development of science and technology, people have gradu-
ally made breakthroughs in the collection, storage, processing
and transmission of three-dimensional information. As one of
the true three-dimensional displays, holographic display can
completely record and reconstruct the wavefront information
of the objects, so it can provide all the depth information
needed in human visuals [1]-[4]. Therefore, the holographic
display technology has become an important development
direction in the field of information display. So far, though
the researches of the holographic display have achieved
lots of results, there are still many problems that limit its
development such as color holographic reconstruction and
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undesirable light elimination [5]-[8]. The common way to
realize color holographic display is time multiplexing method
by using one spatial light modulator (SLM) or spatial multi-
plexing method by using three SLMs [9]-[11]. Besides, spa-
tial multiplexing method by using an SLM is also proposed to
reconstruct the color holographic image in order to simplify
the system [12]. In the color holographic reconstruction,
people usually pay attention to the precise coincidence of the
three colors. But there is still another problem: color intensity
matching [13]-[15]. The human eye is different in sensitivity
to different colors of light, and the power loss of each laser
is different. So, the intensity of each color reproduction
image is different, and the color of the reproduced image
may differ from the original object accordingly. This kind
of reconstructed image with uneven intensity will affect the
visual effect. The common way to adjust the laser power
is using current control or pulse-width-modulation method.
Moreover, the light intensity is affected by the optical path
of the system [16]-[18]. Using an optical attenuator in the
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holographic system is also an option, but the mechanical
operation is not convenient in the experiment. In contrast,
researches about eliminating the undesirable light have been
studied a lot [19], [20]. In order to eliminate undesirable light
that caused by the pixelated structure of the SLM, which is a
typical problem when using pixelated SLM for holographic
display. Some scholars have proposed to use 4f system in
the holographic reconstruction [21]. However, using a 4f
system will make the entire holographic system more compli-
cated. Some scholars remove the zero-order noise by loading
converging spherical wave to the phase distribution of the
hologram [22], then the zero-order noise can be eliminated
with a solid aperture. Moreover, techniques by adding linear
phase factors have also been proposed to separate the zero-
order noise [23]. The desirable holographic system not only
needs to use several solid lenses and filters to eliminate the
undesirable light, but also needs optical attenuator (such as
two half-wave plates) to adjust the light intensity of the repro-
duction [24]-[26]. However, such systems are very complex.
If we want to achieve the zoom function, the system will
be more complicated. While the applications of holographic
display such as virtual reality and augmented reality often
require lightweight features.

Recently, with the development of liquid photonics
devices, liquid devices such as liquid lens and liquid aperture
have been gradually used in the holographic display system
for better reproduction [27]-[32]. The advantages of liquid
device are the variable changes with low cost and simple
fabrication. So, the liquid device can inject new vitality into
the development of the holographic display.

In this paper, a multifunctional liquid (ML) device based
on electrowetting effect is proposed and combined with the
holographic display system innovatively. Different from the
traditional liquid device, the ML device has the functions of
controllable light intensity, focal length and aperture size at
the same time. By using the ML device in the holographic dis-
play system, the intensity and size of the reconstructed image
can be adjusted, and the reconstructed image can be displayed
without undesirable light with a simple structure. With the
optimization of liquid device performance, the holographic
display system based on the liquid device can really go to
application in the future.

Il. STRUCTURE AND OPTERATING PRINCIPLE

The proposed system consists of a collimated beam, a PBS,
an SLM, an ML device and a receiving screen, as shown
in Fig. 1. The PBS is located between the SLM and the
collimated beam. The ML device is located between the BS
and the receiving screen. When the collimated beam passes
through the PBS and illuminates the SLM, the hologram that
is loaded on the SLM is modulated. Then the diffraction
light passes through PBS and ML device. By adjusting the
voltage applied on the ML device, the reconstructed images
can be displayed on the receiving screen. As one of the core
components of the system, the ML device is used not only to
adjust the light intensity, but also to adjust the field of view.
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FIGURE 1. Structure of the proposed system.

So, the reconstructed image can be displayed without high-
order diffraction images and high-order diffraction beams.
In the holographic reproduction, when the collimated beam
illuminates the SLM, the diffraction distribution after the
SLM can be expressed as the following formula:
U e iT 5 5
r(x,y) = Y eXP[f)L(x + 91

r —2ir
X / / [U(u, v)] exp[ 7 (xu + y)ldudv, (1)

where Us(x, y) is the diffraction distribution of the reconstruc-
tion, k = 27 / A, f is the focal length of the ML device, A is the
wavelength, and U (x, y) is the distribution of the hologram.
When the hologram is loaded on the SLM, the reconstructed
image can be reflected on the receiving screen by the PBS.
In order to eliminate the undesirable light and realize zoom
function, we load a spherical wave (the radius is /) on the
SLM. As shown in Fig. 2, according to the holographic
diffraction theory, the size of the reconstructed image on the
receiving screen can be calculated as follows:

Afdy

p+dy)’
where H is the size of the reconstructed image, d; is the
distance between the SLM and the ML device, p is the pixel
pitch of the SLM, and d, is the distance between the ML
device and the receiving screen. It can be seen clearly that the
size of the reconstructed image is determined by f and /. So,
by changing the focal length f and the radius / of the spherical
wave, the size of the reconstructed image can be adjusted
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FIGURE 2. Analysis diagram of the proposed system.
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FIGURE 3. Structure and mechanism of the ML device. (a) Iris and lens without DC voltage;
(b) iris and lens with DC voltage; (c) voltage-off state with liquid crystal cell; (d) voltage-on

state with liquid crystal cell.

without moving the positions of the optical components in
the proposed system. When light passes through the ML
device, the diffraction light and the high-order reconstructed
images caused by the pixel structure of the SLM can be
eliminated by the aperture-change part of the ML device, then
the reconstructed image with high quality can be displayed on
the receiving screen.

The structure of the proposed ML device is shown
in Fig. 3. The ML device consists of three parts: the
focal-length-change part, the aperture-change part and light-
intensity-change part. Liquid-1, liquid-2 and liquid-3 are the
no-conductive liquid, conductive liquid and dyed liquid,
respectively. In the focal-length-change part, liquid-1 and
liquid-2 are filled in the chamber. When the voltage U; is
applied on the sidewall electrode, the shape of the liquid-
liquid interface will be changed to reach the function of
variable focal length change. In the aperture change part,
a black shading film is secured to the bottom substrate. When
the voltage U, is applied on liquid-3 and electrode, liquid-3
rushes into the center of the bottom substrate due to the elec-
trowetting effect. Hence, the aperture sizes can be changed,
as shown in Figs. 3(a)-(b). Take the focal-length-part as an
example, the relationship between the contact angle 6 and the
applied voltage U can be described by the following equation:
Yi— 2 3

+
Y12 zylzd

cosf = U?, 3)
where ¢ is dielectric constant of the insulating layer, d is
the thickness of the insulating layer, 6 is the contact angel
between liquid-2 and the bottom substrate, y1, y2, and yi2
are the interfacial tensions between the bottom substrate and
liquid-1, the bottom substrate and liquid-2 and the two liquids
respectively. The mechanism of the aperture-change part is
the same as that of the focal-length-change part.
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As for the light-intensity-change part, two polarizers are
stuck on the top and bottom substrates, respectively. The
liquid crystal (LC) cell is a 90° twisted-nematic (TN) cell and
polarizer-1 is orthogonal to polarizer-2. When no voltage is
applied on the LC cell, the light beam can pass through the
aperture. The incident light can be rotated the polarization by
the TN layer with 90°, as shown in Fig. 3(c). When the LC
cell is applied on a voltage Us, the LC directors are reoriented
to be perpendicular to that of the voltage-off state. In this
state, the phase of the light beam changes little. Thus, the light
aperture shows closed state, as depicted in Fig. 3(d). In this
way, the proposed ML device can achieve the function of
controlling the focal length, aperture size and light intensity
in a system, simultaneously.

In the holographic reconstruction, when light passes
through the BS, the result received on the receiving screen
consists of the multi-order diffraction images and the multi-
order diffraction light caused by the pixel structure of
the SLM. By changing the focal length of the ML device and
the radius of the spherical wave, the size of the reconstructed
image can be adjusted easily. When light passes through
the ML device, the size of the reconstructed image can be
adjusted according to the needs. The high-order diffraction
images and high-order diffraction light can be absorbed
by the dyed liquid of the ML lens. So, we can see the
ideal reconstructed image on the receiving screen. Besides,
by adjusting the voltage applied on the LC cell, the intensity
of the reconstructed image can be changed easily. Therefore,
the reconstructed image with desirable intensity can be dis-
played to meet the requirement.

IIl. EXPERIMENTS AND RESULTS
In order to verify the feasibility of the proposed system,
the ML device is produced. When the voltage applied on the
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FIGURE 4. Results of the intensity change when voltage is applied on the electrode.
@UuU=0V;(b)U=3V;(c)U=4V;(d)U=5V.
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FIGURE 5. Results of the aperture size changes and the focal length changes when we apply voltages on
the electrode. (a) Aperture result when U = 0V; (b) aperture result when U = 50V; (c) aperture result when
U = 65V; (d) aperture result when U = 80V; (e) focal length result when U = 0V; (f) focal length result when

U = 50V; (g) focal length result when U = 65V; (h) focal length result when U = 80V.

liquid crystal cell changes from 0 V to 5V, the light trans-
mittance changes accordingly, as shown in Fig. 4. A piece of
paper full of letters is put under the ML device. As can be seen
from the results, the viewing intensity of the letters changes
with the voltage.

In this experiment, the phenylmethyl silicone oil (a density
of ~ 1.03 g/cm?) is used as liquid-1, the NaCl solution is used
as liquid-2 (the density of the solution is ~ 1.03 g/cm?®), and
the propyl alcohol mixed with ink (a density of ~ 1.03 g/cm?)
is used as liquid-3. The size of the iris can be changed by
applying voltages on the electrode and liquid-3. A CCD is
put on the top of the liquid iris to record the image during
actuation process. Figs. 5(a)-(d) shows the aperture changes
when different voltages are applied on the iris. In the initial
state, liquid-3 is clung to the sidewall of the substrate. The
iris shows the largest aperture. The aperture is ~ 12.4 mm,
as shown Fig. 5(a). In this experiment, the threshold voltage
of the proposed iris is ~ 35 V. So, when U >35 V, liquid-3
begins to rush to the center. It can be seen clearly that the
aperture shrinks when the applied voltage increases from
50V to 80V, as shown in Figs. 5(b)-(d). The measured aper-
ture sizes are 10.9mm, 9.8mm, 9.1mm, 8.4mm and 7.6mm,
respectively. Such an experiment shows the aperture sizes
can be changed variably. The focal-length-change can be also
controlled by applying voltage from 50V to 80V, as shown
in Figs. 5(e)-(h). The experiments show that the focal length
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can be changed from ~ 19cm to 400 and ~ —93cm to —oo.
The measured aperture sizes and focal lengths under different
applied driving voltages are also depicted in Fig. 6. It can
be seen clearly that the aperture size is decreased with the
increasing of the voltage. The focal length can be adjusted by
controlling the voltage. Besides, the ML device can realize
the functions of positive and negative lenses.

In the holographic system, a green laser is used in the
experiment and the wavelength is 532nm. An SLM is used
as the phase modulator and its specific parameters is shown
in Table 1. The distance between the SLM and the ML device
is 150mm, and the distance between the ML device and the
receiving screen is 300mm. A cup is used as the recorded
object, as shown in Fig. 7(a). The Gerchberg-Saxton (GS)
algorithm is used in the experiment and the number of
iterations is set to 40. Fig. 7(b) is the hologram of the
recorded object by using the GS algorithm. In the traditional

TABLE 1. Specific parameters of the SLM.

Modulation Effective image Diffraction .
T . Fill factor
type plane size efficiency
Phase 12.29%6.91mm 75% >93%
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FIGURE 6. Relationship between the aperture size, focal length and the driving voltage.

holographic system, a solid lens is usually used to reconstruct
the image. Fig. 7(c) is the result of the reconstructed image
by using the traditional holographic system. The result shows
that the quality of the reconstructed image is disturbed by the
high-order diffraction images and high-order diffraction light.
In the proposed system, in order to eliminate the undesirable
light, the spherical wave is loaded on the SLM. By adjusting
the focal length of the ML device and the radius of the
spherical wave, the clear reconstructed image can be seen
on the receiving screen. When using the ML device in the
system, by adjusting the voltage applied on the electrode
and liquid-3, undesirable light in the reconstructed image can
be eliminated and the desirable reconstructed image can be
displayed on the receiving screen, as shown in Fig. 7(d).

(a) (b)

(c) (d)

FIGURE 7. Results of the reconstructed images. (a) Recorded object;
(b) hologram of the recorded object by using the GS algorithm;

(c) reconstructed image of the traditional holographic system without
the ML device; (d) reconstructed image of the proposed system.

By changing the voltage of the LC cell, the light intensity
of the reconstructed image can be adjusted easily accordingly,
as shown in Figs. 8(a)-8(e). Therefore, with the ML device in
the system, the holographic display system having control-
lable light intensity without undesirable light can be realized
conveniently.
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FIGURE 8. (a)-(e) are the reconstructed images with different light
intensities.

From Eq. (2) we know that the size of the reconstructed
image is determined by the focal length of the ML device and
the radius of the spherical wave. When the radius of the spher-
ical wave changes, the size of the reconstructed image on the
receiving screen can be adjusted accordingly by controlling
the voltage applied on liquid-2. In this way, holographic zoom
system can be realized easily without moving any optical
components in the system. We define the magnification of the
system to be 1 when the radius value is 55cm. For different
sizes of the reproduced images, high-quality reproduction
can be easily achieved by changing the aperture-change part
of the ML device, as shown in Fig. 9. In the experiment,
the position of the optical components is fixed, and the size
of the ML device is only a few centimeters.

€] (®) (©)

FIGURE 9. (a)-(c) are the reconstructed images with different sizes.
@M=16,b)M=13;(c)M=1.
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Compared with the existing technology, the proposed sys-
tem has the following differences and advantages. Compared
with our previous work of Ref. [23], the driving principle
of the two liquid devices are different. The liquid device of
Ref. [23] is based on hydrodynamic actuation. By changing
the volume of the black droplet injected into the chamber,
the aperture size can be adjusted accordingly. While the
ML device is based on electrowetting effect. Therefore, they
are two devices with different principles and structures. The
liquid device of Ref. [23] can only implement the function of
the variable aperture, while the ML device has the functions
of controllable light intensity, focal length and aperture size
at the same time. Therefore, the ML device has greater advan-
tages in structure and performance than the previous device.
The ML device based electrowetting effect has advantages
such as fast response time, and it may be applied to the
holographic real-time display in the future. The response time
of the LC cell is shown in Fig. 10. With such a device, the
controllable holographic zoom system without undesirable
light can be realized with a fast response time. The holo-
graphic system of the previous work can only eliminate the
undesirable light. When the size of the reconstructed image
changes, the position of the receiving screen will be changed.
If we want to achieve the zoom effect, additional solid lens
groups or zoom lenses are needed. While in the proposed sys-
tem, the size and intensity of the reconstructed image can be
adjusted simultaneously without moving any optical element
position. Therefore, the proposed system has greater advan-
tages in performance and structure than the previous system.
Moreover, the traditional method is using two polarizers to
adjust the light intensity of the holographic reproduction.
Besides, the traditional method of eliminating the undesirable
light in the reconstructed image is using several solid lenses
and filters. So, the system will become more complex if the
zoom function is to be achieved. The advantage of the pro-
posed system is the multifunctional integration of the liquid
device. The ML device integrates the functions of the lens,
the diaphragm and the optical attenuation. The LC-based
attenuators have the advantages of fast response time and low

FIGURE 10. Response time of the LC cell.
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driving voltage. Besides, these devices are simple to fabricate
and easy to integrate. The size of the whole ML device is only
a few centimeters. Because the liquid device has the advan-
tages of small size, ease of integration and precise control,
the holographic system can be highly simplified. That is also
the key novelty of the proposed system.

To date, color-matched holographic display effect based
on the simple system is difficult to achieve. When the ML
device is used in the color holographic system, the color of
the reproduced image can be adjusted more realistically, and
the effect of the color holographic display will be greatly
improved. However, there are still some problems in the
proposed system. In the holographic reconstruction, due to
the elimination of the undesirable light, the intensity of the
reconstructed image is greatly decreased. On the other hand,
the propagation of the light path and the absorption of the
liquid also affect the intensity of the reconstructed image.
At present, the improvement of the diffraction efficiency is
one of the problems to be solved in the holographic display
application. Due to the absorption characteristics of the liquid
itself and the LC cell, the transmittance is affected. In addi-
tion, the aperture shapes are irregular when the driving volt-
age raises to 50V and 80V, as shown in Fig. 5(c) and Fig. 5(d)
respectively. That may result from the simple structure of the
ITO substrate which has no limitation to the liquid when the
liquid stretches into the center. We can design an annular ITO
electrode to make the liquid flow into the center regularly.
In the experiment, the spherical wave is used to separate the
diffraction beams and the reconstructed image.

IV. CONCLUSION

In this paper, a new ML device is combined with the
holographic display system is proposed innovatively. The
ML device with adjustable light intensity, controlled focal
length and aperture size based on electrowetting is proposed.
By using the ML device in the holographic display system,
the size and intensity of the reconstructed image can be
adjusted, and the reconstructed image can be displayed with-
out undesirable light. The proposed system has a simple struc-
ture. Maybe, with the performance optimization of liquid
device, the holographic display system based on the liquid
device can really go to application in the future.
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