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   In the near future, a technological 

revolution in flexible displays may be 

under way, opening up new possibilities 

for electronic imaging. Researchers  

are using ferroelectric liquid crystals  

and micro-polymers to develop thin,  

flexible large-screen displays with  

the ability to supply moving images. 

Mock-up of a roll-up 
screen for portable 

television receivers.
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Among several liquid crystal operation modes, ferroelectric 
devices with spontaneous polarization hold the most promise 
for quicker response times.

    lexible, thin, lightweight 
electronic displays represent the 
next generation of liquid crystal 
technologies. Such displays 
would supply high-quality 
television-like moving images 
and be easily stored so that they 
could be viewed anywhere, 
anytime. For example, a flexible 
display stored in a cylindrical 
holder could be carried in someone’s pocket, and then extended 
to display various kinds of images and information. 

In order to transform such a dreamy roll-up screen into real-
ity, two problems must be addressed. First, the basic structure 
of the liquid crystal device, which includes gap spacing of 
flexible plastic substrates, needs to be reconstructed to tolerate 
mechanical bending. This is because the spacer particles that are 
used in typical glass-substrate-based liquid crystal display panels 
are vulnerable to bending deformation. 

Second, response times must improve. Currently, memory-
type cholesteric liquid crystals with highly twisted molecular 
alignment are thought to be of practical use for the new display 
media called “electronic paper.” However, the cholesteric liquid 
crystal device can display only still images, and the response 
time of conventional twisted nematic liquid crystal displays is 
on the order of several tens of milliseconds, which is not suf-
ficient for a high-quality moving-image display. 

Among several liquid crystal operation modes, ferroelectric 
devices with spontaneous polarization hold the most promise 
for quicker response times. These devices are stabilized by align-
ment layers on substrates and have far superior speed compared 
with nematic liquid crystal devices. However, the ferroelectric 
mode has the disadvantages of poor grayscale capability due to 
its switching operation and fragile molecular alignment struc-
ture for external mechanical shock.

Our research group has used 
ferroelectric liquid crystal (FLC) 
materials and micro-polymers to 
develop a flexible display that is 
both tolerant to mechanical bend-
ing and capable of quick response 
times. This novel display device 
contains two fine polymer struc-
tures of aligned fiber networks and 
lattice-shaped polymer walls to real-

ize flexible liquid crystal displays. In this article, we introduce 
the device’s structure, operating principles, fabrication method 
and fundamental properties.

Structure

Our device is a composite of polymer and FLC materials 
sandwiched between two thin plastic substrates. The substrates 
have been coated with a rubbed polyimide alignment layer and 
a transparent electrode (ITO; In2O3: Sn) for FLC alignment 
control (see figure above). The flexible display contains fast-re-
sponse FLC and micro-structured polymers, which are formed 
as molecular-aligned fiber networks and lattice-shaped walls in 
the device plane. 

The polymer walls can support two thin flexible plastic 
substrates and keep the substrate gap (which corresponds to the 
FLC layer thickness) constant, even when the device is bent a 
great deal. This is because the hard polymer walls are attached 
in themselves to both of the substrates—as opposed to con-
ventional spacers, which have resin particles dispersed in a cell 
gap and resin post spacers that are etched by photolithographic 
processes. The lattice-shaped polymer walls can also confine 
FLC material so that it is not moved over the polymer walls, 
even under external pressure.

Plastic film substrate

Polymer wall Polymer fiber

FLC

Alignment
layer

Cross-section of the flexible FLC display 
containing micro-polymers of lattice-shaped 
walls and aligned fiber networks.

ITO electrode
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The surfaces of molecular-aligned polymer fibers show con-
siderable anchoring effects for FLC alignment. The sub-µm to 
µm-ordered diameter polymer fibers align in one direction and 
stabilize the fragile FLC molecular alignment structure, which 
is formed perpendicular to the polymer fiber direction. The 
FLC molecules that are dispersed among anisotropic polymer 
fibers are then aligned with a certain inclined angle (tilt angle) 
from the direction of the polymer fibers. The tilt angle depends 
on the balance between the twisted elasticity of the FLC mate-
rial and the anchoring force of the polymer fibers. 

As shown in the figure on the facing page, the tilt angle 
enables the FLC molecules to move in the conical plane with 
a rotation axis along the fiber direction when the voltage is 
applied between two ITO electrodes; the Coulomb force drives 
the electric dipole moment of the FLC molecules, and the FLC 
molecules become aligned in either of two inclined directions, 
which remain in the device plane. 

The FLC alignment direction can then be switched by 
changing the voltage polarity. By sandwiching the FLC device 
between polarizers whose transmission axes are crossed, the 
retardation of incident polarized light can be controlled by the 
FLC molecular switching. Thus, by varying the voltage, the 
transmitted light intensity is modulated by the FLC device.

The highly aligned polymer fibers can also generate grayscale 
capability due to the anchoring of the polymer fiber surfaces.  

In our research of the FLC/polymer composite film, we have 
confirmed two mechanisms for obtaining grayscale capability. 
The first works because of the spatial distribution of fine binary 
FLC domains, which are induced by the polymer’s spatial 
modulation effect on threshold voltage for FLC molecular 
switching.

 In this case, as the FLC threshold voltage close to the poly-
mer fibers is increased by the anchoring effect of polymer fibers, 
the several µm-sized FLC switching domains appear in the 
device plane. Because the small FLC domains are invisible to 
the naked eye, an analog optical modulation effect for grayscale 
image display is achieved according to the change in the spatial 
distribution ratio of binary FLC domains that are controlled by 
the applied voltage.

The second method for generating grayscale capability draws 
on the FLC molecular mono-stabilizing phenomenon, in which 
FLC molecules move continuously without the binary switch-
ing domains. When FLC molecules are strongly anchored by 
the fine polymer fibers, they are aligned in parallel to the poly-
mer fiber direction with no applied voltage. 

Otherwise, with various applied voltages, the FLC molecules 
move analogously from the stabilized direction due to the elec-
tric dipole moment. As a result, the monostabilized FLC device 
shows a V-shaped electro-optic property for applying negative 
to positive polarity voltages. 

Iteration-bending 
test for the flex-
ible FLC device 
(100 x 100 mm) 
driven by voltage 
applied to the 
patterned ITO 
electrodes.
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Fabrication
We have also developed a novel process for fabricating the spe-
cial composite film for flexible displays, because conventional 
substrate-gap forming and liquid-crystal injecting processes are 
not suitable for our flexible-substrate-based devices (see figure 
below). The polymers in the device plane were formed through 
a two-step photopolymerization-induced phase separation 
method of an FLC/monomer solution. 

We used a flexographic printing technique for coating a 
monomer/polymer solution onto a plastic film substrate, so 
that a large-screen display could be fabricated easily. After the 
solution was sandwiched between the substrates with rubbed 

alignment layers, the polymer walls were formed using a pat-
terned ultraviolet exposure with a photomask of lattice-shaped 
optical apertures. The monomers that were thermally drifting 
in the solution were then trapped and cured (hardened) in the 
ultraviolet illumination region of the solution. 

Subsequently, polymer fibers were formed from the remain-
ing monomers in the molecular-aligned solution (nematic 
phase), using uniform ultraviolet illumination. The polymer 
fibers were grown along the FLC molecular direction, because 
thermal FLC molecular movement in parallel to its molecular 
long axis suppresses polymer segregation and growth perpen-
dicular to the axis. 

Formation 
processes of the 
polymer walls and 
fibers based on the 
two-step photo-
polymerization-
induced phase 
separation.

Waved color 
matrix display 
using the large 
(A4-sized) FLC 
device driven 
by the field-
sequential-color 
technique.
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Electronic paper 
application of 
the flexible thin 
light-weight  
FLC device.

Thanks to the micro-polymer dispersion technique for poly-
mer fibers and walls, we obtained a 2-µm-thick composite film 
supporting two 100 (or 120)-µm-thick thin plastic substrates. 
So far, we have developed flexible display panels in our succes-
sive research, and the device size is more than 100  100 mm. 
The maximum display size reaches A4 paper of 210  297 mm.

Flexibility

We confirmed a high-speed response of several hundred micro-
seconds due to the high-purity of the FLC component segre-
gated among the polymers. We also achieved a high contrast 
ratio of 100:1 by eliminating the FLC alignment defects near 
the polymer walls. The FLC alignment defects disappeared 
when molecular-aligned polymer walls were formed under strict 
temperature control in the composite film.

The image on p. 36 shows a rolled display using a  
100  100 mm fabricated flexible device. The characters 
“LCD” are driven by patterned ITO electrodes. Due to the 
polymers supporting the substrates, the display image is not 
disturbed when it is bent. 

From investigations into the mechanical stability (bending 
tolerance) of the devices, researchers have found that the mini-
mum radius of curvature at which the device is not broken is 
15 mm for the size 100  100 mm. In iteration-bending tests, 
in which the devices were bent more than 10,000 times, the 
spatial uniformity of the device with polymers did not change 
when the minimum radius of curvature was 20 mm, as shown 
in the figure on p. 39. 

We fabricated color-flexible displays using a micro-colorfil-
ters method and a field-sequential-color technique. In the  
latter case, the FLC pixels with fast response were driven at  
180 (60  3) Hz, which is synchronous with intermittent  

three-primary-color backlight. We recently confirmed that 
image pixels in a flexible FLC panel can be driven by an active 
matrix method using an external transistor array circuit (see 
figure on facing page). 

Potential Applications

Our flexible FLC devices hold great potential. Because of their 
outstanding properties, they could be used to develop a large-
screen roll-up display with moving-image capability. This tech-
nology can also be applied to electronic paper (see figure at left). 
We are now developing active matrix-driving technology using 
organic thin film transistors formed on a plastic substrate. 

[ H. Fujikake (fujikake.h-ha@nhk.or.jp), Hiroto Sato and Takeshi  
Murashige are researchers at the Science & Technical Research Labo-
ratories of Japan Broadcasting Corporation (NHK), in Tokyo, Japan. ]

Our flexible FLC devices hold great potential. They could be used to 
develop a large-screen roll-up display with moving-image capability.


