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Abstract: Polymer-dispersed liquid crystals (PDLCs) refer to nematic liquid crystals, which are
embedded in a polymer matrix. A conventional PDLC device is fabricated by phase separation.
However, this method leads to non-uniform electro-optical characteristics of the device due to the
non-uniform size distribution of the liquid crystal droplets. Moreover, the PDLC device is switched
between the transparent state and the scattering state so that a full color scheme is intrinsically
impossible without a color filter. In this paper, a fabrication method for a color PDLC device with
uniform size and shape for liquid crystal droplets is proposed. Droplets of a fairly uniform size in
large quantities can be obtained by means of membrane emulsification. Microcapsules are fabricated
by complex coacervation with gelatin and gum arabic. By adding red, green, and blue pigments,
color microcapsules are obtained. The electro-optical effects of the fabricated color PDLC devices
are also demonstrated. The driving voltage of the device is 90 V, and the switching time is 8.3 ms.
In the turn-on state, the measured hazes of red, green, and blue PDLC devices are 16.89%, 15.82%,
and 18.55%, respectively, while in the turn-off state, the measured hazes of those devices are 65.21%,
67.32%, and 70.76%, respectively.
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1. Introduction

Polymer-dispersed liquid crystals (PDLCs) refer to nematic liquid crystals, which are embedded
in a polymer matrix [1]. Unlike conventional liquid crystal devices [2–5], which rely on birefringence,
a PDLC device exploits the light scattering effects. The typical PDLC device can switch between
a transparent state and a light scattering state by the electric field. It also has been used in a
variety of optical devices such as switchable windows [6], shutters [7], gratings [8], etc. Therefore,
PDLCs can be operated without a polarizer, thus reducing the loss of light. Fergason [9] proposed a
micro-encapsulation method to form liquid crystal droplets within the polymer, and later West [10]
investigated the phase separation behavior of mixtures of liquid crystal and polymer. This method
can be used to separate the liquid crystal from the polymer solution via heat or ultraviolet (UV) light.
However, with this method, it is difficult to control the size of the droplets, causing droplets of various
sizes to be formed. This leads to non-uniform electro-optical characteristics of a device. Therefore,
a means of creating liquid crystal droplets with a uniform size and shape is required.

Another big challenge regarding PDLC devices is the realization of full color. Conventionally,
a color PDLC can be achieved by adopting a color filter or a guest–host mode with the addition of
dichroic dyes [11,12]. However, when using a color filter, the fabrication process time and cost will
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substantially increase. In the guest–host mode, the color shift is caused by the anisotropic properties of
the dichroic dye. Moreover, this type of device is short-lived, because the dichroic dye is vulnerable to
ultraviolet light.

To address both the non-uniform size distribution and the full color display, we propose a color
PDLC device, which is characterized by a colored core–shell structure. The fabrication process of color
PDLCs with a core–shell structure of uniform size is investigated. The electro-optical properties are also
demonstrated in terms of the voltage–transmittance curve, response time, and spectroscopic properties.

2. Materials and Methods

2.1. Formation of Liquid Crystal Droplets by Membrane Emulsification

Membrane emulsification is an emulsification technique, for example, the Shirasu-porous-glass
membrane emulsification method to make monodispersed emulsions developed by Nakashima
et al. [13]. It is suitable for the fabrication of all types of droplets, including oil in water emulsion and
water in oil emulsion. Also, membrane emulsification can form small-sized and uniform droplets. The
schematic diagram of the droplet-forming process is depicted in Figure 1. The dispersed phase escapes
through the porous membrane filter into the moving continuous phase. At the surface of membrane
filter, the dispersed droplets, which pass though the pore of the filter, will be detached by the shear
stress in the continuous phase. In this way, droplet size can be effectively controlled by the shear stress.
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Figure 1. Schematic diagram of membrane emulsification. The dispersed phase escapes through the
porous membrane filter into the moving continuous phase. At the surface of the membrane filter, the
dispersed droplets, which pass though the pore of the filter, will be detached by the shear stress in the
continuous phase. In this way, droplet size can be effectively controlled by the shear stress.

The surfactant (sodium dodecyl sulfate, C12H25SO4Na) doped water and liquid crystal
(BHR71200-100, Linktecs Co., Ltd., Korea) are used as the continuous phase and dispersed phase,
respectively. The continuous phase is made by mixing 200 mL of water with 1 g of SDS. The detailed
specifications of the liquid crystal are listed in Table 1. The ordinary refractive index of the liquid
crystal is 1.506 and its refractive index anisotropy is 0.199. The higher the refractive index anisotropy,
the greater the scattering of light will be.
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Table 1. Properties of the liquid crystal (BHR71200-100).

Properties Value

Clearing Point 99 ◦C

Flow Viscosity 20 mm2s−1

Refractive anisotropy
ne 1.705
no 1.506
∆n 0.199

Dielectric anisotropy
ε‖ 27.9
ε⊥ 6.6
∆ε 21.3

The liquid crystals are injected into the emulsification device with a membrane filter. Nitrogen
gas is injected so that the liquid crystals could emerge from the membrane filter. At that time, the
continuous phase is stirred at a constant velocity to obtain uniform-sized droplets. In our experiment,
using the membrane filter with a pore size of 1.1 µm, liquid crystal droplets with a diameter of about
4 µm are fabricated. Figure 2 shows the fabricated liquid crystal droplets using a membrane filter with
a pore size of 1.1 µm. The pore size of the membrane filter and the stirring velocity are important
parameters, by which the size of the droplet could be determined. Smaller liquid crystal droplets can
be obtained by using a membrane filter with a small pore size and a fast stirring velocity. When the
pore size is 1.0 µm, the variation coefficient of the emulsion droplets is 14.4% and that of the fabricated
polymer particles is 16.5% [14].
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Figure 2. Fabricated liquid crystal droplets using a membrane filter with a pore size of 1.1 µm. The
pore size of the membrane filter and the stirring velocity are important parameters, by which the size
of the droplet can be determined. The smaller liquid crystal droplets can be obtained when using a
membrane filter with a small pore size and the fast stirring velocity.

2.2. Pigment-Doped Color Microcapsule

Complex coacervation was first investigated by forming coacervate droplets using a system of
gelatin and gum arabic [15]. It is mainly used for micro-encapsulation and is based on the interaction
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among oppositely charged polymers. The interaction causes a phase separation into two liquid colloids
to form insoluble complexes known as a coacervate phase. The coacervate phase is more viscous and
concentrated than the initial solution [16].

Gelatin is used as the shell material. It is a water-soluble protein with good film-forming ability,
which finds applications in the food and biotechnology fields. There are two types of gelatin depending
on the material and manufacturing method. Gelatin has an isoelectric point that is the pH, at which
the total charge of the molecular surface is zero. Based on the isoelectric point, it is a positive ion in an
acid and negative ion in the alkaline. Therefore, the condition of the pH is an important parameter
with regard to the complex coacervation. The micro-encapsulation process of liquid crystals is carried
out by means of the complex coacervation of gelatin and gum arabic as a negative-ion colloid.

Figure 3 shows the preparation process of the core–shell structured liquid crystal microcapsule.
First, a 5 wt% gelatin aqueous solution and a 5 wt% gum arabic aqueous solution are prepared for 1 h
at 40 ◦C. After the dissolution of gelatin and gum arabic, the red, green, and blue pigments are mixed,
and then the dispersed liquid crystal droplets are added [17]. To adjust the pH, acetic acid is added
until pH 4.5 is reached, according to a pH meter. As time passes, the liquid crystal droplets form into a
mass. Therefore, by adding deionized water after the adjusting pH, the concentration of the mixture
decreases. For gelation of the mixture, the temperature is kept at 4 ◦C, and then glutaraldehyde is
added and the temperature is maintained at 4 ◦C. The mixture is then stirred for 24 h. Then, the
microcapsules obtained from the above process are rinsed.
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tin oxide (ITO)-deposited glass is used as the top and bottom substrates. To clean the substrate, 
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by a bar coater (Gist). Polyvinyl alcohol (PVA205, Curaray), which has a refractive index of 1.51, is 

Figure 3. Preparation process of the core–shell structured liquid crystal microcapsule. First, a 5 wt%
gelatin aqueous solution and a 5 wt% gum arabic aqueous solution are prepared for 1 h at 40 ◦C.
After the dissolution of gelatin and gum arabic, the red, green, and blue pigments are mixed and
then the dispersed liquid crystal droplets are added. To adjust the pH, acetic acid is added until pH
4.5 is reached, according to a pH meter. As time passes, the liquid crystal droplets form into a mass.
Therefore, by adding deionized water after the adjusting pH, the concentration of the mixture decreases.
For gelation of the mixture, the temperature is kept at 4 ◦C, and then glutaraldehyde is added and
the temperature is maintained at 4 ◦C. The mixture is then stirred for 24 h. Then, the microcapsules
obtained from the above process are rinsed.

2.3. Fabrication Process of the Color PDLC Device

Using the prepared microcapsules, the PDLC device is fabricated, as shown in Figure 4. Indium
tin oxide (ITO)-deposited glass is used as the top and bottom substrates. To clean the substrate,
de-ionized water, acetone, and isopropyl alcohol (IPA) are used. After the cleaning process, a coating
of the mixture of the liquid crystal capsules and polyvinyl alcohol (PVA) solution is applied by a bar
coater (Gist). Polyvinyl alcohol (PVA205, Curaray), which has a refractive index of 1.51, is used as the
polymer binder. The coated layer is dried at the room temperature. After drying of the PDLC layer,
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the top substrate is bonded to the bottom substrate using a UV adhesive with a thickness of 1 µm.
By curing the device with UV light, the PDLC device is fabricated.
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Figure 4. Fabrication process of the polymer-dispersed liquid crystals (PDLCs) device. Indium tin
oxide (ITO)-deposited glass is used as the top and bottom substrates. To clean the substrate, de-ionized
water, acetone, and isopropyl alcohol (IPA) are used. After the cleaning process, a coating of the mixture
of the liquid crystal capsules and polyvinyl alcohol (PVA) solution is applied by a bar coater (Gist).
Polyvinyl alcohol (PVA205, Curaray), which has a refractive index of 1.51, is used as the polymer binder.
The coated layer is dried at room temperature. After drying of the PDLC layer, the top substrate is
bonded to the bottom substrate using UV adhesive with a thickness of 1 µm. By curing the device with
UV light, the PDLC device is fabricated.

3. Electro-Optical Effects of Color PDLCs

Figure 5 shows the switching behavior of color PDLCs with the core–shell structure. When no
voltage is applied, the encapsulated liquid crystals with the color shell are dispersed in the polymer
matrix. The liquid crystal molecules in the droplets assume a bipolar or radial configuration depending
on the interaction characteristics, which causes the light scattering. By contrast, when a voltage is
applied, the liquid crystal molecules are oriented in parallel to the electric field. In this state, light is
transmitted by minimizing the scattering, as the ordinary refractive index of the liquid crystal and the
refractive index of polymer are nearly identical.

The parameters, which affect the optical properties of the PDLC device, include the shape and size
of the droplets, the density, and the refractive index. The intensity of transmitted light I is described as
follows [18]:

I = I0 exp(−Ndσ) (1)

where I0 is the incidence light to the PDLC device, N is the density of the liquid crystal droplets, d is
the distance, and σ is related to the orientation of the droplets. The driving voltage of the PDLC
device is affected by the characteristics of liquid crystals, such as the elastic constant and the dielectric
anisotropy, the size of droplets, and the cell gap of the device. A high electric field is required when the
elastic constant and the dielectric anisotropy are large and small, respectively. Also, a higher electric
field is required when the droplet is very small due to the increase in the anchoring energy on the
surface of the droplet. Figure 6 shows the electro-optical effects of the fabricated color PDLCs, where
both the scattering state (voltage off) and transparent state (voltage on) of the red/green/blue PDLC
device are demonstrated.
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Figure 5. Switching behavior of our color PDLCs with a core–shell structure. (a) When no voltage
is applied, the encapsulated liquid crystals with a color shell are dispersed in the polymer matrix.
The liquid crystal molecules in the droplet assume a bipolar or radial configuration depending on the
interaction characteristics, which causes the light scattering. (b) By contrast, when a voltage is applied,
the liquid crystal molecules are oriented in parallel to the electric field. In this state, light is transmitted
by minimizing the scattering as the ordinary refractive index of the liquid crystal and the refractive
index of polymer are nearly identical.
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Figure 6. Electro-optical effects of our color PDLC device. The scattering states of (a) the red PDLC
device, (b) green PDLC device, and (c) blue PDLC device without a voltage being applied. The
transparent states of (d) the red PDLC device, (e) green PDLC device, and (f) blue PDLC device with a
voltage being applied.

4. Results

4.1. Voltage–Transmittance Characteristics

The transmittance properties with respect to the applied voltage of the device are measured.
Figure 7 shows the schematic diagram of the measurement system. Using a waveform generator,
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voltages from 0 V to 110 V are applied and then the waveform and transmittance are observed
simultaneously. A halogen lamp (Kwangwoo Co., Ltd., Korea) is used as the light source.Crystals 2019, 9, x FOR PEER REVIEW 7 of 11 
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Figure 7. Schematic diagram of the experimental setup for measuring the voltage–transmittance (V–T)
curves and response time. Using a waveform generator, voltages from 0 V to 110 V are applied and
then the waveform and transmittance are observed simultaneously. A halogen lamp is used as the
light source.

The lowest transmittance (TL) and highest transmittance (TH) are defined as the transmittance
when the voltages are 0 V and 90 V, respectively. Figure 8 shows the measured voltage–transmittance
curves. The transmittance of all the color PDLCs begins to change around 40 V, and the transmittance
is saturated around 90 V. The driving voltage of PDLC can be further reduced by adding the
nanoparticles [19].
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4.2. Response Time

The switching property of PDLCs is related to the viscosity of the liquid crystals. When the
viscosity of the liquid crystals increases, the switching time will increase as well. Fast switching can be



Crystals 2019, 9, 364 8 of 11

achieved by adjusting the thickness of the device and the high-driving voltage [20]. The measured
response time of the red PDLC device is shown in Figure 9. The switching time is measured by
applying a voltage of 90 V at 1 kHz. The rise time and decay time of the red PDLCs are 4.6 ms and
3.7 ms, respectively. As a total, the switching time of the red PDLCs is 8.3 ms.Crystals 2019, 9, x FOR PEER REVIEW 8 of 11 
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4.3. Tranmission Spectra

The transmittance with respect to the wavelength is measured using a haze meter (JCH-200S),
as shown in Figure 10. The light from the light source first transmits through the sample, then is
reflected in the integral sphere, and finally arrives at the light receiving unit. In the meantime, the
transmission spectra are measured by the JCH-200S. Figure 11 shows the transmission spectra of the
color PDLC device. For the red PDLCs, the transmittance is 75% when the voltage is applied. On the
other hand, the transmittance is 38% when the voltage is removed. The results of the green and blue
PDLCs are almost same as those of the red PDLCs.
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4.4. Haze

Haze is measured by the haze meter (JCH-200S). After passing through the PDLC sample in the
integrating sphere, light emitted by the halogen lamp is split into the scattered light and transmitted
light. The inner surface of integrating sphere, which is uniformly coated with a highly reflective
material, i.e. barium sulfate, can diffusively reflect the light towards the detector. The servomotor of
the haze meter can rotate the wheel from the white plate to light trap to measure the scattered light
and transmitted light, respectively. Then, the haze is calculated by:

Haze (%) =
Ts

Tt
(2)

where Ts is the scattered light and Tt is the transmitted light passing through the sample. Table 2 lists
the results of the haze measurement. For the red PDLC device, the measured levels of haze are 16.89%
and 65.21%, when the voltage is applied and removed, respectively. For the green and blue PDLC
devices, the measured levels of haze are 15.82% and 18.55% in the turn-on state, while they are 67.32%
and 70.76% in the turn-off state. Incidentally, the contrast ratio can be improved by incorporating other
light modulation mechanisms, such as Kerr effect [21–23].

Table 2. Measured hazes of the color PDLC devices.

Red PDLC Green PDLC Blue PDLC

Haze (turn-on state) 16.89% 15.82% 18.55%

Haze (turn-off state) 65.21% 67.32% 70.76%

5. Conclusions

In this paper, a full color PDLC device with droplets adhering to a uniform size and shape has
been demonstrated. Droplets of a fairly uniform size in large quantities can be obtained by means
of membrane emulsification. With this method, liquid crystal droplets 4 µm in size are fabricated
via membrane emulsification. Microcapsules are obtained by the complex coacervation with gelatin
and gum arabic. By adding red, green, and blue pigments, color microcapsules are achieved. For the
fabrication of PDLC devices, a mixture of 10 µm is coated on the bottom substrate using the bar coater.
After drying the mixture, a UV adhesive is coated on the surface of the layer, and then the top substrate
is attached to the bottom substrate to assemble the color PDLC device. Electro-optical properties of the
fabricated color PDLC devices are evaluated. According to the experimental results, the saturation
voltage of the device is 90 V, and the total switching time is 8.3 ms. In the turn-on state, the measured
hazes of the red, green, blue PDLC devices are 16.89%, 15.82%, and 18.55%, respectively. In the turn-off

state, the measured hazes of the devices are 65.21%, 67.32%, and 70.76%, respectively.
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