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Abstract: In this paper, we used a thin polycarbonate (PC) chamber to improve the 
performance of an electrowetting lenticular lens array. The polycarbonate chamber changed 
the radius of curvature (ROC) of the oil acting as a lens, which increased the dioptric power 
of the liquid lens to 1666.7D. The increase in dioptric power required a reduction in the 
distance between the optical center of the lens and the display pixels under the chamber, 
which was accomplished by reducing the thickness of the chamber. The optimal thickness of 
the chamber was determined to be 0.5mm. Using this thin PC chamber, transmittance and 
viewing angle were measured and compared with an electrowetting lenticular lens with a 
conventional 1mm poly methyl methacrylate (PMMA) chamber was done. Crosstalk which 
degrades clear 3D images, is an inevitable factor in lenticular lens type multi-view systems. 
With the 0.5mm PC chamber, the viewing zone was expanded and the ratio of the crosstalk 
area was reduced, which resulted in a clear 3D image. The new method of depositing the 
electrode layer also ensured the uniform operation of the liquid lens array. 
© 2016 Optical Society of America 

OCIS codes: (220.3630) Lenses; (160.5470) Polymers; (110.6880) Three-dimensional image acquisition. 
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1. Introduction 
Multi-view technologies that can form multiple viewing zones have become popular 
autostereoscopic 3D displays [1]. There are two types of multi-view displays: those with a 
parallax barrier [2–4] and those with a lenticular lens [5–7]. The lenticular lens type multi-
view system has dominated the 3D display market because of its high brightness and 3D 
effect. However, in the lenticular lens system, the lens array in front of the display has a fixed 
shape, and this consequently makes it difficult to show 2D images with a high resolution. To 
convert 3D images to 2D images and vice versa, methods using liquid crystal lenses [8,9], 
liquid tunable lenses [10,11], and an electrowetting lenticular lens [12] have been researched. 
Among these, the electrowetting lenticular lens type is relatively simple and operates at high 
speed because of the electrowetting phenomenon. By changing the applied voltage, 3D and 
2D images can be observed with convex and flat lens states, respectively as shown in Fig. 1. 
For these reasons, a number of studies on electrowetting based optical devices [13–15] have 
been carried out. 

 

Fig. 1. Schematic of 2D/3D convertible electrowetting lenticular lens (a) Concave lens state at 
0V (b) 2D display when the lens shape is flat (c) 3D display when the lens shape is convex. 

Dioptric power (D) is the main factor for measuring the optical power of a lens and 
quantifying clear 3D images [16]. It is equal to the reciprocal of the focal length, and is 
described by 

 [ ] 1 2

1 1
(n ) ,Dioptric Power D n

f R
= = −  (1) 

where f, n1, n2, and R represent the focal length, the refractive index of oil, the refractive 
index of conducting liquid (D.I. water) and the radius of curvature respectively. The 
conventional electrowetting lenticular lens uses a poly methyl methacrylate (PMMA) 
chamber because of its transparency and hardness but has only 145 dioptric power due to low 
refractive index, and this limited dioptric power causes blurry and unclear 3D images. In the 
electrowetting lenticular lens system, the light from the display panel is refracted when 
passing through the lenticular lens and forms different viewpoints. Low dioptric power of the 
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electrowetting lenticular lens system causes the crosstalk easily, which means different 
images in different viewpoints are overlapped. So the dioptric power needs to be increased in 
the electrowetting lenticular lens system. 

In this paper, we improved the dioptric power to about 1666.7D by changing the chamber 
material from PMMA to polycarbonate (PC) and reducing the chamber thickness. PC is 
commonly used in the transparent display industry [17] but has never been used as an 
electrowetting lenticular lens array chamber because it is easy to bend and sensitive to the 
photoresist developer. From Eq. (1), because the change of the chamber material means the 
change of oil as will be detailed in Section 3.2, using the chamber material whose refractive 
index is high is advantageous to realize the high dioptric power. We propose a new method of 
fabricating the electrowetting lenticular lens array without using photoresist, which also helps 
increase the uniformity of the sample. As the dioptric power was increased, it was necessary 
to reduce the thickness of the PC chamber to 0.5mm. The transmittance of the sample with 
the 0.5mm thick PC chamber was measured and was compared with those of samples with a 
1mm thick PC and PMMA chamber. It was found that the viewing angle was also enlarged as 
the chamber thickness decreased. Crosstalk is inescapable when operating a lenticular lens 
type multi-view system and crosstalk related problems cause the deterioration of the 3D 
effect. For this reason, reducing the crosstalk in a lenticular lens system is important, and 
considerable research efforts have been devoted to alleviating crosstalk [18–20]. By 
increasing the viewing zone with the proposed electrowetting lenticular lens system, the ratio 
of crosstalk compared to the whole viewing zone was reduced and thus a clear 3D image was 
obtained. 

The rest of the paper is organized as follows. Section II provides the basic principle 
involved in realizing clear 3D images with a thin PC chamber. In section III, we present the 
fabrication process for the chamber and the complete device. Experimental results such as 
dioptric power, viewing angle, transmittance, and uniformity testing are presented in Section 
IV. Finally, Section V concludes with a discussion of the proposed system and its 
performance. 

2. Basic principle 

 

Fig. 2. Lens focal point according to the chamber material. (a),(b) well-focused design (c),(d) 
mis-focused design. 

As mentioned in Section I, dioptric power is the main factor affecting the quality of the 3D 
image, and in the electrowetting lenticular lens, this value is determined by the contact angle 
between two immiscible liquids: water, which acts as a conducting liquid, and oil, which 
serves as a lens. The contact angle between them is affected by the difference in the refractive 
indices of water and oil. The refractive index of the water is fixed at 1.33. The refractive 
index of the oil should be matched to the chamber to maximize the area that is used as a lens, 
and to minimize the refraction between the oil and the slanted wall of the chamber, which is 
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described in Section III. The conventional electrowetting lenticular lens uses a PMMA 
chamber whose refractive index is 1.491 and hence the difference between the refractive 
indices of D.I. water and oil is 0.161, which is too small to achieve high dioptric power. To 
achieve higher dioptric power, the material of the chamber needs to be changed, and 
accordingly we replaced the PMMA with PC, which has a refractive index of 1.585. From Eq. 
(1), the focal length when using the PC chamber is shorter than when using the PMMA 
chamber theoretically because the difference between the refractive indices of D.I. water and 
oil is 0.255. 

The conventional electrowetting lenticular lens is made with a 1mm thick PMMA 
chamber, which causes low dioptric power, narrow viewing angle, and thus large crosstalk. 
When the dioptric power is increased by changing the chamber material from PMMA to PC, 
the thickness of the chamber needs to be changed. The optimum thickness of the chamber was 
determined from Eq. (1). Since the difference of refractive indices of PC and D.I. water is 
0.255 and the radius of curvature is about 0.15mm, the optimal thickness of the chamber was 
determined to about 0.5mm. As shown in Figs. 2(a) and 2(c), the thickness of the PMMA 
chamber should be 1mm because the focal point is formed behind the display when using the 
0.5mm PMMA chamber. And the thickness of the PC chamber should be 0.5mm because the 
focal point is formed in front of the display when using the 1mm PC chamber as shown in 
Figs. 2(b) and 2(d). 

 

Fig. 3. Conceptual drawing of (a) a small numerical aperture (large circle of confusion) (b) a 
large numerical aperture (small circle of confusion). 

Numerical aperture (NA) is an important factor in optics because it characterizes the range 
of angles and indicates the resolving power of a lens. NA can be described by 

 ,
2

nD
NA

f
=  (2) 

where n is the refractive index, D is the lens diameter, and f is the focal length. NA increases 
as the focal point comes closer to the lens, as shown in Fig. 3(b). The circle of confusion 
(COC) which is an optical spot created when light rays from a lens do not come into perfect 
focus, can be defined as the full width at half maximum (FWHM) of an airy disk. The airy 
disk is the central circular region of the pattern produced by the diffraction of light. The size 
of the airy disk depends on the wavelength of the light and the size of the aperture. The radius 
r of the airy disk is described by 

 0.61 ,r
NA

λ=  (3) 

where r is the distance between the central maximum and the first minimum and λ is the 
wavelength of light. From Eq. (3), the airy disk decreases as NA increases and thus the COC 
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becomes smaller. As shows in Fig. 3, COC becomes smaller as the NA increases and the COC 
does not correspond to a one pixel size because of the diffraction. The diffraction means the 
effect of the light beam from the display passing through the material and causing some 
divergence. This diffraction of the light beam increases as the thickness of the chamber is 
increased, which causes the large COC and crosstalk of the lenticular lens. 

3. Fabrication process 
Before fabricating the electrowetting lenticular lens array, the pitch size needs to be 
confirmed for a specific display device. In this study, a mobile display LG G pro2, whose 
pixel pitch is 69μm, was used and the pitch size of the chamber was designed to be 414μm in 
consideration of the 6-view image. The chamber was fabricated using this value, and the 
process of making the electrowetting lenticular lens array followed. 

3.1 Chamber fabrication 

 

Fig. 4. (a) PC chamber fabrication process (b) Ni mold after electroplating (c) enlarged picture 
and side view of the Ni mold (d) PC chamber after hot embossing. 

To fabricate the electrowetting lenticular lens chamber, first a silicon master mold was made. 
A silicon nitride film was grown on the silicon wafer and a lithography process was applied to 
fabricate a 414μm pitch and 1 X 253 array. The silicon nitride was removed by reactive ion 
etching (RIE), which was followed by KOH silicon etching. Each cell of the etched silicon 
master mold was left with a 54.7° slanted angle due to the wet etching property of the <100> 
silicon. The slanted walls of the chamber make it easier to deposit the electrode and dielectric 
layers and allow the electrowetting lenticular lens to be fabricated with a higher fill factor 
than in a chamber having the vertical walls. As indicated in Fig. 4(b), a nickel mold was then 
generated by electroplating the etched silicon master mold; the resulting pattern in the nickel 
mold was the reverse of that of the etched silicon. The PC chamber is then formed by high 
temperature and pressure using a QYW-550 hot embossing machine. The thickness of the 
chamber can be adjusted depending on the temperature and pressure, and in this work the 
thickness was selected to be 0.5mm, as shown in Fig. 4(d). 
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3.2 Electrowetting lenticular lens array fabrication 

 

Fig. 5. Electrowetting lenticular lens array fabrication. (a) PC chamber with slanted walls (b) 
Au deposition (c) parylene C and Teflon deposition (d) gasket fabrication (e) oil dosing in a 
water bath (f) sealing the device with an ITO glass (g) deposition of the electrode layer on one 
side wall using thermal evaporator. 

To fabricate the electrowetting lenticular lens array, an electrode layer needs to be deposited 
first. Gold was chosen as the 1st electrode because of its high conductivity, and a 20nm layer 
of gold was deposited. The electrode layer was not deposited at the bottom part of the 
chamber because if the gold electrode covers the entire area of the chamber the oil pools 
together and does not work as a lens. Unlike the conventional electrowetting lenticular lens 
array fabricated by the photoresist lithography process, the gold electrode in this work was 
deposited by tilting the sample at an angle of 70 degrees during the thermal evaporation 
process as shown in Fig. 5(g). Because the electrowetting lenticular lens array is a slanted 
structure, it is more difficult to coat the photoresist uniformly with photoresist, unlike a flat 
surface. Because the photoresist lithography process was no used in this paper, a cleaner 
sample was obtained and the uniformity of the sample was greatly improved, as will be 
detailed in Section 4.4. 

A 0.7μm layer of parylene C was deposited as the dielectric layer which allows a large 
contact angle change when a large voltage is applied through chemical vapor deposition 
(CVD) and this was followed by application of a 200nm hydrophobic layer of Teflon (DuPont 
AF 1600) by dip coating. The gasket made of the PC was fabricated and attached to the 
chamber edge using a UV adhesive (Norland NOA-81). Oil dosing was carried out in a water 
bath because Teflon has high hydrophobicity and oleophobicity, and tends not to attract water 
or oil, and hence oil dosing in air is difficult. 0.1wt.% sodium dodecyl sulfate (SDS) was 
added to the water as a surfactant to improve the interfacial stability. The oil used for dosing 
consisted of a mixture of dodecane and 1-bromonaphthalene with a 2.9:7.1 ratio to match the 
refractive index of the PC (1.585). 150μl of oil was injected and the sealing process was 
conducted in a water bath to prevent the formation of air bubbles in the chamber. ITO glass 
was used as a cover and the whole device was sealed with an adhesive transfer tape (3M 
300LSE) and a UV adhesive. 
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4. Experimental results 

4.1 Dioptric power measurement 

 

Fig. 6. Dioptric power measurement (a) schematic of the electrowetting lenticular lens array 
placed on a striped pattern (b) 0V (c) 18V (d) 24V. 

To measure the dioptric power, the completed sample was placed on a striped pattern which 
was printed and had a certain angle, as shown in Fig. 6(a). In the initial state, the angle 
between the pattern and the sample was 45°. The ratio between the width and the height 
varied as the shape of the lens changed from concave to flat and convex. As shown in Figs. 
6(b)-6(d), the angle decreases when the shape of the lens is convex. Dioptric power can be 
expressed in a different form from Eq. (1) as follows 

 
1 1 1

1 ,D
f M d

 = = − 
 

 (4) 

where f, M, and d represent the focal length, magnification, and distance between the 
reference image and lens array respectively. From Eq. (4), d is 0.5mm and the magnification 
M is usually calculated from the change in the size of the image and is represented by 

 1

2

tan
,

tan
M

θ
θ

=  (5) 

where θ1 and θ2 are the measured angles at the initial state and the voltage applied state 
respectively. In the lenticular lens system, M only appears in the horizontal scale and the 
vertical scale is fixed when the voltage is applied because each lenticular lens is narrow and 
long. If the shape of the lens becomes convex, the pattern under the lenticular lens array is 
refracted and is magnified in a horizontal direction. Because the rate of change in length is 
equal to the rate of change in the tangent angle when the vertical scale is fixed, M was 
calculated from Eq. (5) and the dioptric power was also calculated from Eq. (4).To compare 
the 0.5mm PC case and the 1mm PMMA case exactly, we added 1mm PC sample. 

Graphs in Fig. 7 present the calculated dioptric power of each sample as the applied 
voltage is increased (see Table 1). In the 0.5mm PC case, the dioptric power varies from 
−144.7D at 0V to 1666.7D at 24V; this is much higher than the 1mm PC case, where the 
dioptric power ranges from −140.8 at 0V to 728.5D at 30V and the 1mm PMMA case, where 
the dioptric power ranges from −131D at 0V to 156D at 27V. Although the dioptric power of 
1mm PC case was increased compared to the 1mm PMMA case, the focal point was not 
matched to the stripe pattern exactly as shown in Fig. 2(d). The dioptric power of the 0.5mm 
PC case was larger than that of the 1mm PC and the 1mm PMMA case. At 6V, the shape of 
the liquid lens becomes flat and a 2D image can be seen in this state. The breakdown voltage 
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of the completed electrowetting lenticular lens using the 0.5mm PC sample, where 
electrolysis occurs and oil pools together was 33V. Although the breakdown voltage was 
33V, enough dioptric power for realizing 3D images can be obtained at 24V, which means 
there is a margin of 9V. Therefore, the breakdown voltage of this 0.5mm PC sample is 
enough for the practical application. 

Table 1. Dioptric power of the liquid lenticular lens with 0.5mm PC, 1mm PC, and 1mm 
PMMA chamber. 

Voltage 
[V] 

Diopter [D] Voltage 
[V] 

Diopter [D] 

0.5mm 
PC 

1mm 
PC 

1mm 
PMMA 

0.5mm 
PC 

1mm 
PC 

1mm 
PMMA 

0 −144.7 −140.8 −131 18 817.2 378.6 148 

3 −71.1 −68.2 −64 21 1245.7 544.7 156 

6 0 1 −1 24 1666.7 654.8 156 

9 68.6 52.4 46.6 27 1666.7 702.1 156 

12 213.0 112.9 92 30 1666.7 728.5 breakdown 

15 548.8 248.5 125.5 33 breakdown breakdown  

 

Fig. 7. Dioptric power of the PC and PMMA chamber depending on the applied voltage. 

Since the dioptric power of the liquid lens with the 0.5mm PC chamber is sufficient to 
form a clear 3D image, a 3D multi-view image from a mobile display (LG G pro2) can be 
observed. For the image test, two different images of a ball on a black background and a 
glove on a white background were displayed and interlaced under the liquid lenticular lens 
array as shown in Fig. 8(a). Each image occupies 3-views (3 pixels) of the six and was 
observed from different viewing zones. When 24V was applied and the sample was viewed at 
a different angle, the two interlaced images were separated clearly. 

 

Fig. 8. Multi-view image through the liquid lenticular lens with the PC chamber (a) two 
objects are seen at 0V (b),(c) each of the objects can be separately seen from a different angle. 
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4.2 Viewing angle measurement 

 

Fig. 9. Experimental setup of viewing angle measurement. 

Although crosstalk is an inevitable factor in the lenticular lens multi-view system, the ratio of 
crosstalk can be decreased if the total viewing angle is enlarged. The experimental setup for 
measuring the viewing angle is illustrated in Fig. 9. A mobile display (LG G pro 2) showing a 
repeated pattern of red and green was used, and the liquid lenticular lens array was placed on 
the mobile phone. The distance between the liquid lenticular lens and the blue line was fixed 
to be 30cm, and as the microscope was moved along the blue line the viewing angle (θ) and 
the light intensities of the two patterns were measured. 

In Fig. 10, the measured light intensities of the red and green patterns passing through the 
0.5mm PC and the 1mm PMMA chamber samples are shown depending on the observed 
viewing point. In the liquid lenticular lens array using the 0.5mm PC chamber, the maximum 
value of the normalized light intensity of the repeated green pattern was 26°, which means the 
viewing angle of the liquid lenticular lens with the PC chamber was 26°. On the other hand, 
in the conventional 1mm PMMA case, the viewing angle was 22° and the crosstalk of this 
sample is higher than that of the sample with the PC chamber. Crosstalk is defined by the 
following N-viewpoint autostereoscopic display condition 

 ( )
1

1

1 int

1

% .
st

st

st

N

i
i

viewpo

I I

Crosstalk
I

=

 − 
 =


 (6) 

In the 0.5mm PC case, the number of viewpoints was two and the measured crosstalk at each 
viewpoint was about 32.8%, which is lower than the 1mm PMMA case, whose measured 
crosstalk was about 39.6%. This demonstrates that the viewing angle was increased and 
crosstalk was also reduced by using the thin PC chamber. 
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Fig. 10. Electrowetting lenticular lens array viewing angle experiment with the 0.5mm PC 
chamber (a,b) and the 1mm PMMA chamber (c,d). 

4.3 Transmittance measurement 

 

Fig. 11. Theoretical transmittance versus the thickness of the PC and PMMA at visible range. 

Since the electrowetting lenticular lens array is placed on the display device and 3D and 2D 
images are observed by the light passing through the lens array, a transmittance test of the 
liquid lens is needed to measure how much light from the display is left after passing through 
the liquid lenticular lens array. The intensity of the backlight will vary depending on the 
transmittance level, and high sample transmittance is required to save power. 

As described in Fig. 11, the transmittance is theoretically calculated by 

                                                                         Vol. 24, No. 26 | 26 Dec 2016 | OPTICS EXPRESS 29981 



 
0

,tI
e

I
α−=  (7) 

where α is the linear attenuation coefficient, t is the distance traveled, I is the intensity of 
photons transmitted across some distance t, and I0 is the initial intensity of photons. Because 
the linear attenuation coefficient of the PC is larger than that of the PMMA in the visible 
spectrum, it was expected that the PC sample would be more affected by the thickness than 
the PMMA. Theoretically, if the material is changed from PMMA to PC with the same 
thickness, the dioptric power is improved but the transmittance is lowered. However, by 
reducing the thickness of the PC chamber to 0.5mm, it can be predicted that the transmittance 
difference between the 0.5mm PC and the 1mm PMMA device is theoretically insignificant 
and the dioptric power increases as mentioned in Section 4.1. Although the transmittance of 
the PMMA is also increased as the thickness is reduced, the focal point is not matched to the 
image exactly as shown in Fig. 2(c). 

We demonstrated this by measuring the transmittance of the finished liquid lenticular lens 
array with the 1mm PMMA, 0.5mm PC, and 1mm PC chambers using an Ocean Optics 
USB4000 spectrometer. The lens was measured when the shape of the lens was flat, which 
corresponds to 0D. In Fig. 12(a), the experimental setup of measuring the transmittance of 
three devices is shown. The transmittance (I2/I1) of the electrowetting lenticular lenses using 
1mm PMMA, 1mm PC, and 0.5mm PC chamber were measured. I1 and I2 are the intensities 
of the LED backlight module without and with the electrowetting lenticular devices 
respectively. As shown in Fig. 12(b), the transmittance of 0.5mm PC was similar to that of 
1mm PMMA in the visible range. This transmittance experiment demonstrates that although 
the PC has a disadvantage in transmittance due to its high attenuation coefficient, by reducing 
its thickness to 0.5mm, which enables high dioptric power, the PC sample had no practical 
loss in transmittance compared with the conventional 1mm PMMA sample. 

 

Fig. 12. (a) Experimental setup of measuring the transmittance of the device (b) Transmittance 
of the electrowetting lenticular lens using 1mm PMMA, 1mm PC, and 0.5mm PC. 

4.4 Uniformity test 

The uniformity of the electrowetting lenticular lens array is an important factor for stable 
operation. As with the dioptric power measurement, the uniformity test with the 0.5mm PC 
chamber was also conducted by placing the sample on a grid pattern and using a microscope 
loupe which magnified the object by ten times. Three regions were tested by applying 0V 
(Figs. 13(b)-13(d)) and 14V (Figs. 13(e)-13(g)) repeatedly. It can be seen that most of the 
lenses are focused on the same focal plane and the defects are mainly caused by the UV 
adhesive during the sealing process. In comparison with the conventional electrowetting 
lenticular lens array with the 1mm PMMA chamber, the PC sample operates more uniformly 
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because the electrode layer was deposited by tilting and evaporating, rather than lithography, 
which leaves defects after the developing process. 

 

Fig. 13. Uniformity test. 

5. Conclusion 
In this paper, we proposed an electrowetting lenticular lens, fabricated using a 0.5mm PC 
chamber. By changing the chamber material from PMMA to PC, the dioptric power of the 
lens was increased to 1666.7D at 24V, which is sufficient for achieving a clear 3D effect. As 
the dioptric power was increased, the thickness of the chamber was reduced to 0.5mm in 
order to match the image and the lens focal point. A comparison was made between the 
0.5mm PC and 1mm PMMA- chamber samples, and the improved performance of the liquid 
lenticular lens using the thin PC chamber was demonstrated. Clear multi-view images were 
observed, the viewing angle was enhanced from 22° to 26° and thus the crosstalk was reduced 
from 39.6% to 32.8%. The measured transmittance of the 0.5mm PC sample was similar to 
the value for the conventional 1mm PMMA sample, even though the attenuation coefficient 
of PC is inherently higher than PMMA. The PC chamber sample also exhibited uniform 
operation because of the relatively defect free evaporation method used to deposit the 
electrode layer, rather than conventional lithography. 
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