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Abstract 
We propose polarization-dependent micro-lenticular lens 
arrays (MLAs) based on optical phase modulation by 
reorientation of nano-sized LC droplets of the optically 
isotropic liquid crystals (OILC). On applying gradient in-plane 
field, the gradient refractive index is generated between the 
electrodes, giving rise to the MLAs with the focal length of 22 
µm at 50 Vrms and switching time of few ms. The OILC can 
also be applied to switchable microlens. The proposed device 
has a potential to be applicable to 2D/3D switchable optical 
lens.  
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1. Introduction
Since a few decades, adoptive lenticular lenses using liquid
crystals (LCs) achieved much popularity in developing in
various applications such as displays, imaging, biometrics, and
beam steering. The 2-dimensional (2D) and 3-dimensional (3D)
switchable displays utilizing LC parallax barriers [1,2] or
lenticular lens arrays [3,4] are more indeed in achieving the 3D
visual effects without the need of the 3D glasses. The lenticular
lenses are particularly of interest in this area owing to less
sacrifice of brightness. However, in the conventional LC modes
using for lenticular lenses required a higher cell gap for
achieving periodic phase modulation, which leads to a few
inevitable internal aberrations causing poor performances
including slow response time and high sensitivity to incident
polarization. In addition, the conventional LC modes cannot
resist the external pressure and show a distortion in the LC
orientation so that the image becomes blurred when the
externally applied force is stronger.

To overcome the aforementioned drawbacks, a binary composite 
of LC and pre-polymer for optically isotropic liquid crystal 
(OILC) phase has been introduced. The OILC phase achieved 
from nano-phase separated LC exhibits a high transparency and 
very fast response time which is essential requirement for 
developing the switchable lenticular lenses. Additionally, the 
OILC also retains a great advantage of easy processing and, 
remarkably resistance to external mechanical forces that is 
feasible for emerging technologies such as bendable and flexible 
devices [5-7]. Besides, for eliminating the feeble light scattering, 
smaller size LC droplets than the wavelength of visible light is 
highly desirable. Most recently, the feeble light scattering was 
eliminated by utilizing the twisted LC behavior inside the 
droplet [8] and various pre-polymers [9]. In addition, we also 
achieved reduced driving voltages by incorporating conductive 
materials into the OILC system [10]. Considering these 
advantages, few photonic devices includes polarization 

independent tunable microlens [11-13] and diffraction gratings 
[14,15] were developed. When compared to the conventional LC 
modes, the OILC is the potential candidate for developing the 
2D/3D display and photonic devices.  

In this paper, we propose a switchable micro-lenticular lens 
arrays (MLAs) utilizing phase modulation of OILCs. Under the 
applied field, the nano-sized LC droplets reorient in a parallel 
direction to the field. Consequently, the optical path follows the 
gradient refractive index and results in the proposed MLAs. 
Besides, the focused arrays are changed with the incident 
polarization. As a proof, a 3D image was realized when the 
polarized image of the 2D panel’s arrays experiences the 
difference in the gradient refractive index of the micro-lenticular 
device.  

2. Mechanism of the micro-lenticular lens
arrays

Figure 1. Schematic mechanism of the micro-lenticular 
lens arrays using OILCs. Position of focused beam 
changes with the polarization direction of an incident beam 
with respect to the electrode direction. 

Figure 1 shows the schematic mechanism of the proposed 
polarization-dependent switching micro-lenticular lens utilizing 
the OILC phase. An OILC phase is optically isotropic which has 
a refractive index of ni whose value is between polymer 
refractive index np and average nave of LC and does not 
contribute to any optical change, at field-off state. However, on 
the field-on state, the LC directors in nano-sized droplets tend to 
reorient along the field direction and thus allowed it to form the 
graded refractive index enforced by the induced birefringence. 
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Therefore, the incident light propagating through the medium 
experiences optical phase change between electrodes (ne′(no′)) 
and above the electrodes (ni), when the incident polarization is 
perpendicular (parallel) to the electrode direction. Consequently, 
the effective optical phase modulation occurs with the direction 
of incident polarization considered as a polarization-dependent 
micro-lenticular lens effect of the IPS device. 

In OILC, when the electric field is applied, the LC directors in 
nano-sized droplets aligne parallel to the applied field between 
electrodes so that the birefringence is induced. This 
phenomenon can be explained by Kerr effect or molecular 
orientations [14,16,17]. In addition, the incident light 
experiences the ne′(E) along the field direction, and no′(E) 
perpendicular to the field direction, and ni = vpnp + vLCnave where 
vp and vLC are filling factor in the composite. The optical phase 
difference between electrode gaps and above electrodes when 
the polarized direction of an incident light is perpendicular to the 
electrodes can be expressed as [15], 

 
0

2
,

d

e in ' E dz n d



              (1) 

where d is the cell gap, λ is the wavelength of the incident light. 
Comparing the magnitude of each refractive indices 
qualitatively, it follows ne′ > ni > no′ and in addition, ne′ and no′ 
change along vertical and horizontal position of LC layer 
between electrodes, giving rise to graded index. As a result, 
when the field is applied, Δφ along horizontal position and 
graded index between electrodes exist, giving rise to the micro-
lenticular array. 

3. Experimental procedure  
The OILC composite was prepared by utilizing the positive high 
dielectric anisotropy nematic liquid crystal mixture MLC2053 
(∆ε = 42.6, ∆n = 0.235, and TNI = 86°C, from Merck Advanced 
Technology, Korea) and commercial monomer NOA-65 
(Norland Optical Adhesive, np = 1.5122 at 20ºC and 589 nm). 
The prepared OILC sample consists of 42.5% of LC and 57.5% 
of NOA-65. A small amount of the photoinitiator (Irgacure-907) 
was added to the mixture to initiate the radical polymerization 
upon the UV exposure. The prepared mixture was injected into 
the in-plane switching (IPS) (w x l = 4 x 4 μm) cell by a 
capillary action at 90ºC, followed by UV irradiation 
140mW/cm2 for 5 mins. The cell gap was fixed to 10 μm. The 
polarizing optical microscope (POM) (Nikon, ECLIPSE E600, 
Japan) attached with CCD camera (Nikon, DXM 1200), was 
used to observe its polarization-dependent micro-lenticular 
arrays. The response time was measured as a function of the 
applied voltage by using a lab-made set-up consisted of photo-
detector, a function generator (Agilent 33521A) and 
oscilloscope (Tektronix DPO 2024B).  

4. Results and Discussion 
Figure 2 depicts the POM images of the proposed micro-
lenticular device with crossed polarizers and just one polarizer 
on the bottom of the cell. The device showed an efficient dark 
state between the crossed polarizers, in field-off state. Also, 
there is no change in the optical intensity while the sample’s 
plane is rotated on its axis. This shows that the LC droplets are 
smaller in size as compared with the wavelength of incident 
light, which results in the optically isotropic phase. On the other 
hand, on the field-on state, the LC directors in nano-sized LC 
droplets reorient parallel direction to the field only between 

electrodes and hence, the bright and dark fringe patterns are 
observed, as depicted in Figure 2 (b). 

To observe micro-lenticular arrays, the analyzer is removed, and 
the polarization of incident light is kept parallel and 
perpendicular to the electrode direction. Consequently, the 
focused MLAs are obtained and the measured focal length of the 
proposed micro-lenticular device is 22 µm at 50 Vrms. Besides, 
the position of focused beam arrays changes depending on the 
polarized direction of an incident, that is, when it is 
perpendicular to the electrode direction, ne′ > ni so the light is 
focused between electrodes whereas when it is parallel to the 
electrode direction, no′ < ni so the light is focused above 
electrodes as depicted in Figure 2(c) and 2(d). The change in the 
optical path could strongly emphasize the device working as a 
polarization dependent micro-lenticular lens.  

 
Figure 2. POM images (a) V = 0, (b) 50 Vrms, under 
crossed polarizers. (c and d) focused beam position in 
micro-lenticular arrays changes with polarized direction of 

an incident light with respect to IPS electrodes. 

 
Figure 3. Optical images of the USAF-1951 resolution 
target observed through IPS device (a) V = 0 Vrms and (b) 
V = 50 Vrms.  

Furthermore, the device is placed on the USAF-1951 target 
and the light transmission of the polarization is kept 
perpendicular to the electrode direction. When no field is 
applied the resolution target is clearly visible, whereas, in 
field-on state, the image of the resolution target is deviated 
in a perpendicular direction to electrodes, as shown in Figure 
3. The obtained image looks triple in the transverse electrode 
direction showing a micro-lenticular lens effect. A similar 
kind of results was reported with PVD/DBP [18] and PNLC 
[19] lenses.  

Figure 4 depicts the schematic array diagram of the 2D/3D 
switchable display prepared by assembling the micro-
lenticular device placed on the 2D flat panel display (FPD). 
Each microlens formed across the electrodes of the micro-
lenticular device covers two pixels of the FPD, i.e. left pixel 
and right pixel. In field-off state, the 2D static and moving 
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images are very clear and there is no deviation in the image 
was realized while we observe through the device in all 
possible directions. However, when the electric field is 
applied across the electrodes, the optical phase change 
occurs by the effective refractive index change to ne′, which 
is originated from the molecular orientation inside the nano-
sized LC droplets. Therefore, the right pixel and left pixel 
arrays encounter the gradient refractive index and hence 
deviated towards the left eye and right eye, while the 
incident polarization positioned perpendicular to the 
electrode direction. By combining the spatially diverged 
images, the resultant 3D image of the 2D panel could be 
realized without any special glass. In our case, the lens pitch 
is very short, so it can be applied to very high-resolution 
short pitch display or should adjust the lens pitch according 
to the resolution of the display. Figure 5 (a) and 5(b) shows 
such feasibility when the device is applied to conventional 
FPD with twisted nematic LCD. 

 
Figure 4. Schematic array diagram of the switchable 
2D/3D display with a micro-lenticular device (a) V = 0 
and (b) V = 50 Vrms. The polarized light is in the 
perpendicular direction to the IPS electrode. 

 
Figure 5. Photographic 2D at V = 0 Vrms and 3D at V = 
50 Vrms, (a) static image on the top row, (b) moving 
image on the bottom row of the 2D panel. 

 
Figure 6. Response time behavior at an applied 
voltage 60 Vrms. 

The response time was measured as a function of time by 
applying constant square wave voltage of 60 Vrms at 1 kHz. 
The rise and decay times are defined as the transmittance 
increased from (10% to 90%) and decreased from (90% to 
10%), respectively. Obtained rise and decay response times 
for the micro-lenticular device is 0.99 ms & 2.8 ms, 
respectively, as depicted in Figure 6. This shows the 
responses time is faster as compared to the conventional 
LCD modes because the nano-sized LC droplets experience 
stronger anchoring force owing to an increased effective 
surface area of the LC to anchoring with polymer walls 
[7,12]. The fast response time of the device is feasible to 
head mounted or head up displays. 

Finally, the LC extracted morphology of the polymer 
network was studied by using the FE-SEM, as depicted in 
Figure 7(a). The image reveals that the LC droplets are 
uniformly distributed all over the polymer matrix and each 
droplet is isolated by a thicker polymer wall. The average 
droplet size of the composite is 160 nm. Figure 7(b) 
photographic image shows the optical transmittance of the 
proposed device, in which the background text image “ID 
Lab” is clearly visible through the empty cell as compared to 
the OILC cell, owing to the feeble light scattering [8]. The 
higher transparency of the device can be easily achieved 
with different materials and approaches [8,9].    

 
Figure 7. (a) Surface morphology of the polymer 
matrix (b) the macroscopic images of an empty IPS cell 
and the OILC cell which informs high transparency of 
OILC cell. 

5. Impact  
We proposed fast switchable polarization-dependent MLAs 
using optically isotropic liquid crystals. The gradient refractive 
index by the reorientation of the LCs in nano-sized droplets 
makes MLAs realize with the focal length of 22 µm. 
Interestingly, a 3D image was found to be realized when the 
device is placed above the 2D panel. The proposed micro-
lenticular device has a potential candidate for the switchable 
2D/3D flexible device applications 
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