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Abstract. The simple design of liquid-crystal lenses with single electrode and operation 
voltage below 5 V is highly desired. We offer a new type of photoaligned liquid-crystal 
lens, where the refractive gradient is created by voltage application due to the patterned 
twist angle gradient. In this paper, we present our calculations and experimental data.
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1. Introduction

Simple non-mechanical lens with variable focal length is 
highly needed for cell-phone and web cameras. The 
peculiarity of the application is that it can tolerate 
reduction of optical quality if the benefits are lens 
thickness below <2 mm, diameter ~2 mm, driving 
voltage below 5 V, low cost price and changeable focal 
length from ~10 cm (i.e. short) to infinity (i.e. long) 
range. Today it is clear that liquid-crystal (LC) lens can 
perform well to satisfy these requirements.

2. Refractive index gradient of LC lens

LC lens requires the voltage controllable gradient of 
refractive index, which for the flat LC cell with fixed 
cell gap (Fig. 1) acts as curved surfaces of the glass lens 
(Fig. 2). It can be shown that for LC lens the refractive 
index gradient of the liquid crystal along the y-axis, 
nLC(y) satisfies the condition:
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where d is the LC cell gap, D – diameter of the lens, ng –
refractive index of glass substrate material, fg – focal 
length inside the glass substrate and F1 = fg / ng – focal 
length in the air.

At least five various approaches to LC lens design 
are known, which are based on patterning different LC 
cell components. First, it is the patterned electrode 
approach [1, 2], when multiple electrodes or gradient 
electrodes are created inside the LC cell to induce the 
gradient of electric field that controls the lens profile. The 
overall complexity of the device is high due to complex 
electronic component required. Second, it is the patterned 
dielectric layer [3], when the dielectric layer is applied to 
create the gradient of electric field controlling the lens 
profile. The single electrode is used, but the switching 
voltages are rather high. Third, it is the patterned cell gap 
[4], when the polymer material modifies the gap thickness 
of LC cell to create the curved interface, which disappears 
due to index matching in the ON-state. The single 
electrode is used, but switching voltages are high and the 
poor alignment of LC causes parasitic scattering. Fourth, 
it is the patterned LC layer [3], when the density of liquid-
crystal material is modified according to monomer 
gradient in the bulk of LC cell. The single electrode is 
used, but switching voltages are also high. Fifth, it is the 
patterned alignment layer that affects bulk LC switching 
upon voltage application to the single electrode. There are 
several possibilities of alignment layer patterning, e.g. 
related to anchoring energy [5] or pretilt angle [6]. Here 
we present original design of liquid-crystal lens based on 
twist angle gradient inside LC cell with a single low-
voltage electrode.
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3. LC lens based on twist angle gradient

3.1. Threshold voltage vs. twist angle

The threshold voltage of liquid crystal switching, Vth, 
depends on the twist angle, Φ, inside the LC cell in the 
following way [7]:
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where K11, K22, K33 are elastic constants of a liquid 
crystal, Δε – anisotropy of dielectric permittivity, p –
chiral pitch.

Fig. 3 shows the threshold voltage dependence on 
the twist angle for the liquid crystal E7 with d /p = 0.25.

Fig. 1. Refractive index gradient of LC lens.

Fig. 2. Curved interface of a glass lens.

Fig. 3. Threshold voltage dependence on the twist angle for LC 
E7, d / p = 0.25.

3.2. Twist angle gradient

Fig. 4 shows the calculated distribution of twist angle 
that results into phase profile for LC lens with 
D = 2 mm. To avoid alignment of defects related with a 
finite anchoring energy for d /p = 0.25, the lowest twist 
angle is chosen to be 10°, while the highest twist angle is 
170°. The phase difference accumulated by the 
extraordinary polarized wave upon propagation through 
the LC cell (50-μm gap, LC E7, d /p = 0.25) between the 
areas with the high twist and low twist angles as the 
function of applied voltage is shown in Fig. 5.

3.3. Design of LC lens

The design of the LC lens based on the twist angle 
gradient includes two LC cells with a single electrode 
possessing an identical gradient of azimuthal aligning 
direction at one substrate (Fig. 6). Each LC cell has 
continuous variation of the twist angle as shown in 
Fig. 4. Application of the same low-voltage level to the 
both cells supplies the phase difference, according to 
Fig. 5.

Fig. 4. Twist angle gradient required for the LC lens phase 
profile.
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Each LC cell is polarization dependent and affects 
the propagation of single polarization component. Thus, 
the polarization independent LC lens design has two LC 
cells (Fig. 6) oriented orthogonally to each other. Also, 
although the twist angle value is the same, the sign of the 
twist angle should be different to compensate 
polarization rotation of the twist angle gradient (Fig. 7). 
Thus, if the first cell is filled with LC doped with the left 
twisting chiral dopant, e.g. ZLI-811, Merck, then the 
second cell is filled with LC doped with the right twist 
chiral dopant, e.g. ZLI-4572, Merck.

Fig. 5. Phase difference between high and low twist areas vs. 
the applied voltage.

Fig. 6. Schematic structure of a single LC cell with the twist 
angle gradient.

Fig. 7. Polarization independent design of the LC lens based on 
the twist angle gradient.

4. Experimental verification

The possibility to realize lens profile upon switching the 
LC cell with the twist angle gradient depends on the 
threshold voltage dependence on the twist angle inside 
single LC cell. To verify the dependence, we prepared 
LC cell with three regions of different twist angles of 
45°, 90° and 135° inside the cell (Fig. 8).

The cell consists of two glass substrates with ITO 
conductor. Uniformly rubbed Nylon6 alignment layer 
was prepared on the top of the substrate 1. Substrate 2 
was coated with the patterned alignment layer of B-15 
[8] material. The substrates were sandwiched together to 
form the LC cell with 20-μm gap, which was filled with 
LC E7 doped with ZLI-811 chiral dopant. The d / p ratio 
was 0.25. Fig. 8 shows the photo of the LC cell with 
three areas of different twist angles placed between two 
polarizers oriented at –45°, 0° and 45°. It is possible to 
see a dark state of the twist angle regions with 45°, 90° 
and 135°, correspondingly to each configuration of the 
polarizers.

Fig. 8. Photo of the photoaligned LC cell with 45°, 90° and 
135° twist angle regions.
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Fig. 9. Transmission-voltage characteristics of 45°, 90° and 
135° twist angle regions of the LC cell, angles between 
polarizers are –45°, 0° and 45°, correspondingly.

Fig. 9 presents the transmission-voltage 
characteristics for different twist angle regions of the LC 
cell shown in Fig. 8. The angle between polarizers in 
each region of measurements was chosen to compensate 
the rotation effect of the twist structure.

As confirmed in experiment, there exists the 
threshold voltage dependence on the twist angle suitable 
for implementation of LC lens based on the gradient of 
the twist angle.

6. Conclusions

The new design of LC lens based on patterning the
alignment material to create the twist angle gradient is 
offered. The possibility to create the LC lens based on 
the twist angle gradient is verified in experiment. The 
stack of two LC cells can be used to achieve polarization 
independent operation of the LC lens compensating

polarization rotation of twisted LC structure. The 
suggested LC lens requires simple driving electronics 
with a single control electrode and low-voltage driving. 
1.2-1.3 V applied to both cells simultaneously is 
sufficient to obtain the resultant LC lens refractive index 
profile of the short focal length.
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