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ABSTRACT   

A plano-convex electrode is presented for a liquid crystal lens array with a hexagonal arrangement, small inactive region, 
30μm cell gap and low applying voltage. It uses circular curved electrodes to provide a smooth, controllable applied 
potential profile across the aperture to manage the phase profile. 
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1. INTRODUCTION 
On the basis of unique electro-optical characteristics, the material of liquid crystals (LCs) is usually used to study and 
fabricate some optical devices for applications. Recently, studies of LC lenses have become a popular topic because its 
capabilities are obviously different from the conventional glass lenses. Until now, numerous types of LC lenses have 
been proposed such as 3D sensing system 1, Three-dimensional imaging system2 and Optical tunable liquid crystal lens3-5 

etc. Also various challenges to make a better liquid crystal lens are demonstrated as photo-polymerized liquid crystal 
lenses with high applying voltage 6  either complicated structure but good focusing property 7 even a method is developed 
to reduce the distortion in the optical system based on liquid crystal lens array for 200 μm aperture size which is 
impossible to extract three-dimensional image 8 liquid crystal lens with low applying voltage 9-10 stripe-like lenticular 
liquid crystal lens11-13 liquid lens actuated by liquid crystal pistons14. Since liquid crystal lenses are thin, tunable in focus 
and electrically switchable to 2D/3D modes, it seems it is a good candidate to be used in endoscope to enhance 
endoscope imaging system whereas endoscopes usually have a solid lens with few millimeter diameters. This is why we 
are interested to present a small lens based on liquid crystal lens array. In this paper we demonstrated a liquid crystal lens 
array with a hexagonal arrangement, small inactive region, low applying voltage, and better image quality since it shares 
the image with 7 lenses instead of 9 lenses in a commonly used arrangement of 3 by 3 lenses. Also unlike to the prior 
arts we do not use patterned electrode as a lens itself rather we took advantage of this special electrode pattern to achieve 
a better electric field distribution.  

2. EXPERIMENTS 
2. 1 Electrode Fabrication Process 

The fabrication processes and the operating principles of our LC lens array are schematically illustrated in Figure 1. As 
shown in Figure 1(a), our LC lens array has a glass substrate with etched photoresist layers, AZ 40XT is coated with spin 
coating machine (2000 rpm for 25 seconds). The softbake should take place gradually, 5 minutes at 60˚C and 5 minutes 
at 80˚C for the applied thickness and this is to avoid bubbles in the resist film during softbake and finally 7 minutes at 
130 ˚C to reach to its softening point, it gives photo resist a curved shape. Figure 1(b). The conductive polymer ITO 
which has a good optical performance is coated, Figure 1(c). Then the UV-curable adhesive NOA81 as a photosensitive 
prepolymer is coated, we polymerized this layer using a UV light in order to make it solidified as it is depicted in Figure 
1(d). 
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Figure 1. Fabrication process of curved circular electrode 

  

2. 2 Device structure 

The structure of the LC lens consists of two layers of indium tin oxide (ITO) as electrodes, two glass substrates of 
thickness 550 μm, a layer of NOA81 (Norland Optical Adhesive) with thickness of 35 μm as an insulating layer, a LC 
layer with cell gap of 30 μm using ball spacer and two alignment layers of PVA (Polyvinylalcohol) which are 
mechanically buffed to align LC directors. The rubbing directions of two alignment layers are anti-parallel and the lens 
diameter for each one is 350 μm. The schema of electrodes is depicted in figure.2 and the LC cell is shown in figure.3. 

 
 

Figure 2. Indium Tin Oxide on the curved surface of photo-resist 

 

 

Figure 3. Illustration of the LC lens arrays 

 

The device was filled with nematic liquid crystal material E7 (Merck) with the following properties: dielectric constants 
0.19=

p
ε 2.5=

s
ε  ( 225.0=Δn ) and liquid crystal effective dielectric constant  74.9=

lc
ε . The thickness of liquid 
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crystal layer and glass respectively are 30=
lc

d μm; 550=dg μm, 75.7=
g

ε ; the dielectric constant of NOA81 is 

5~
ins
ε   at frequency of 1 kHz and the thickness of insulator is 35=

ins
d μm. Measurement of the lens properties 

3. LENS PERFOMANCE 
The focusing properties of the LC lens, the image quality, interference patterns, and focal length under different applied 
voltages were measured. The scheme of the measurement system was set up to probe the voltage-dependent focal length 
of the LC lens, as shown in figure.4. 
 

 
Figure 4. Experimental set up 

 

When a voltage (V) is applied to the electrodes, the LC layer experiences an inhomogeneous electric field because the 
top ITO electrode has spherical shape. Within the LC layer, the electric field at the border 

b
E and center 

c
E can be 

calculated as follows:  

 

)(
ins

ins

lc

lc

lc
b dd

V

E

εε

ε

+
=  (1) 

 
lc

c d
VE =  (2) 

We substituted these values above into the equations (1) and (2) we have VE c 33.33= and VE b 18.10= . Whereas 
electric field at the border is less than the center and in addition electric field between two electrodes is superposition of 
the ring`s electric field at border which can avoid degrading the gradient form of refractive index from center of lens to 
the border of electrode also over flow of electric field in the center of lens since the lens aperture is too small, the result 
is clear in figure.5 the electric field at border is less than electric field at center. Also these kinds of electrodes make it 
possible to work on a wider range of applied voltages, which gives more precise control over focusing as it illustrated in 
figure.6.  
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Figure 5. Electric field VS. Voltage at the electrode border and electrode center 

 
Based on the measured interference fringes at different voltages, the focal length of the lens cell can be calculated using 
the equation  δλπ Δ= 4/)( 2DVflc , where D is aperture width of the lens, λ is the wavelength of incident laser beam, 

and δΔ   is the phase difference between the center part and the border part of the aperture in the interference patterns 4. 

 
Figure 6. The focal length of the LC lens as a function of the applied voltage (f = 1kHz). 

The total focal length )(Vf   of the LC lens can then be expressed as following, where )(Vfins is the fixed focal length 
of the Insulating layer (NAO81). 
 

 
)(

1
)(

1
)(

1
VfVfVf inslc
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Figure.6 shows the transient properties of the relative phase retardation in a cross-section of our lens arrays. The phase 
retardation was changed when liquid crystals were rotated by applying the voltage to the curved circular electrodes. 
Phase retardation of a LC lens is given by: 

 
λ

πδ
n

lc
d

Δ
= 2  (4) 

Where λ   is the wavelength, 225.0=Δn , 30=
lc

d μm and λ = 632 nm. Therefore the maximum phase difference is 

πδ 10=Δ which means we are supposed to see 10 rings.  
  

 
Figure 7. Liquid crystal directors direction (left), phase retardation in X-Z section (right) 

 
To evaluate the optical properties of this hexagonal LC lens array, the interference fringes between the ordinary and 
extraordinary rays using a He-Ne laser beam (λ = 632 nm) passed through the lens placed between two crossed 
polarizers. Figure 8 shows the recorded interference fringes at various applied voltages. When the voltage is applied, the 
appearance of the interference fringes is changed due to the reorientation of the LC directors which causes by the applied 
electric field. Note that the retardation difference of two adjacent constructive or destructive interference rings indicates 
a phase change of 2π. The variation in phase retardation induced by the applied voltage represents how the electrical 
field alters the lens properties. The curvature of the phase profile of this LC lens array gradually boosts as voltage 
increases. In addition, the interference patterns are composed of almost circular fringes, it is because of disclination , 
however circularly hole-patterned electrode possesses some characteristics including easy fabrication, excellent 
capabilities of tunable focal lengths and large effective apertures etc, but this kind of LC lenses also has a serious 
drawback, that is, occurrence of disclination lines when operating. It can be solved by adding an extra in-plane electric 
field in LC lenses, photopolymerization and so on. 
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Figure 8. The interference patterns in LC lenses for applied voltages 0-5 volts. 

 
Moreover, the imaging properties of this LC lens using a side view type endoscope were investigated when the LC lens 
was placed at a distance of 2 mm from objective lens of endoscope and a photograph (20 mm* 30 mm) at 57 mm far 
away from the LC lens. The images are taken in dim light as shown in figure 9. Since we are using seven lenses just we 
need a computer method based on image processing in order to take a photo of the subject in different angles to make a 
three-dimensional photo of the subjects. Most important benefits from a 3D image capturing research in medical imaging 
are expected such as more evidence-based decision, better understanding of the effect of treatments on diseases, 
minimize damage to healthy tissue by targeting the treatment area, more rapid and accurate diagnosis and serve as an 
easy-to-read visuals for patient education and physicians.  
 

 
Figure 9. The image focusing/defocusing of the LC lens at (a) Vrms = 4, (b) Vrms = 3 and (c) Vrms = 2 volts. 

4. CONCLUSION 
We proposed a new liquid crystal lens array using curved circular electrodes and hexagonal arrangement.  As the applied 
voltage varies, focal length could be continuously changed. Due to its small cell gap, fast response time is achievable. 
The proposed method is more suitable for making LC lenses or lens arrays of a very small size, from several tens to 
several hundreds of micrometers in diameter. Also it is easy to fabricate and would be very attractive for a wide range of 
applications that require a miniaturized lens structure and in term of future clinical applications this concept in this paper 
can also be applied to endoscopes and cameras in cell phones. 
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