
Tunable-focus liquid microlens array using 
dielectrophoretic effect 

Hongwen Ren and Shin-Tson Wu 
College of Optics and Photonics, University of Central Florida, Orlando, Florida 32816 

swu@mail.ucf.edu 
 

Abstract: A tunable-focus liquid microlens array based on dielectro-
phoretic effect was demonstrated. In a lens cell, two immiscible dielectric 
liquids but with different dielectric constants are sandwiched between 
electrodes. One electrode has a holed pattern while the other electrode is 
continuous. The applied voltage generates an inhomogeneous electric field 
near the hole regions. Owing to such an electric field, the generated 
dielectric force would separate the low dielectric liquid into many pieces 
and each piece is pushed to its neighboring hole. After balance, the droplet 
array is formed in the contracting state surrounded by the high dielectric 
constant liquid. Each droplet exhibits a lens character. When the voltage is 
removed, the droplets relax slightly but still keep a certain contact angle. 
Reactivating the cell will again enforce the droplets to reshape from 
relaxing to contracting states and, therefore, changing the focal length. Such 
a lens cell can be fabricated easily and its response time is reasonably fast. 
Its potential applications in image processing and zoom lens are emphasized.   
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1．Introduction 

Tunable focus adaptive lenses have potential applications for image processing, beam steering, 
ophthalmology, and cell phone cameras. Although various lenses have been demonstrated, 
basically they can be grouped into two categories: liquid crystal (LC) lenses [1-5] and liquid 
lenses [6-14]. In an LC lens, the focal length (f) is dependent on the LC birefringence (Δn), 
LC layer thickness (d), and radius of lens aperture (r) as f=r2/2dΔn. For a given aperture size, 
increasing the Δn or cell gap helps to shorten the focal length. However, increasing cell gap 
would lead to an unfavorable slow response time. Thus, using a high birefringence LC [15] is 
a preferred approach. Realistically speaking, LC is more suitable for making microlens or 
microlens array than large-aperture lenses.  

In comparison to LC lenses, the adaptive liquid lens is based on the change of lens shape. 
Its optical path length change can be as large as few millimeters, which is about one order of 
magnitude larger than that of an LC lens. Thus, the liquid lens can present a larger aperture 
size and its focusing power is stronger. According to the operation mechanism, liquid lenses 
can be classified into four types: fluidic pressure [6-9], thermal effect [10], electro-wetting 
[11-13], and dielectrophoresis [14, 16-17]. Among them, electro-wetting and dielectrophoresis 
(also called dielectric lens) have several common features, e.g., similar lens structure, 
electrical driving, large focus power change, and fast response time, except that the employed 
liquids are different. In an electro-wetting lens, the two liquids employed in the lens chamber 
are immiscible: one is conductive and the other non-conductive. The non-conductive liquid 
makes a contact angle on the chamber surface. Because the contact angle is electrostatically 
controllable, the focal length of the lens can be tuned accordingly. As for a dielectric lens, it 
uses two immiscible dielectric liquids with different dielectric constants. When the two liquids 
experience an inhomogeneous electric field, the generated dielectric force causes the low 
dielectric constant liquid to shrink toward the region where the electric field is weaker. 
Because of the contact interface deformation between these two liquids, the focal length of the 
lens is tunable. Based on the described operation mechanisms, it is difficult to extend the 
electro-wetting and dielectrophoretic effects into microlens array. The major challenge is to 
find a non-mechanical method to form uniform liquid droplet array on the substrate surface.  

In this paper, we overcome the technical barrier and demonstrate a tunable-focus liquid 
microlens array based on the dielectrophoretic effect. Using a hole-patterned electrode, we 
can easily get a liquid microlens array. The generated dielectric force not only forms but also 
activates the microlens array. Depending on the patterned electrode structure, a microlens 
array with variable aperture and density can be designed easily. This kind of lens has compact 
structure, simple fabrication process and, therefore, is a strong contender for microlens array.  

2. Device structure and operation principles 

To form a liquid microlens array, two immiscible dielectric liquids are used: the first one (L-
1) has a relatively low dielectric constant and high refractive index, while the second one (L-
2) has a higher dielectric constant but lower refractive index. Figure 1 illustrates the device 
fabrication procedures and operation mechanism of the microlens array. In Fig. 1(a), there are 
six fabrication steps: (1) coating electrode on the surface of a glass substrate, (2) etching the 
electrode with a hole-array pattern, (3) coating a dielectric layer on the electrode surface, (4) 
coating L-1 on the dielectric layer, (5) dropping L-2 on the surface of L-1, and (6) laminating 
the two liquids using an indium tin oxide (ITO) coated glass substrate.  
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Fig.1. Side view of the droplet array forming processes. (a) two liquid layers, (b) droplet 
forming process, (c) stable state with a voltage, and (d) in a relaxed state without voltage. 

To avoid aggregation of L-1 when the step 4 is finished, steps 5 and 6 should follow 
immediately. From Fig. 1(a), the formed L-1 layer could be flat, rough, or break into tiny 
droplets depending on the surface tension of the liquids. As soon as the cell is sealed, a 
suitable voltage is applied immediately, as shown in Fig. 1(b). Due to the hole electrode, both 
liquids experience a centro-symmetrical gradient electric field. Near the holes, a dielectric 
force is generated on the contact surfaces of the two liquids. The dielectric force can be 
expressed as [18] 
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where ε0, ε1 and ε2 are the permittivities of free space, L-1, and L-2, respectively, and E 
denotes the electric field across the cell gap. Equation (1) contains two parts, but the second 
term is either negligible or zero because ε1 and ε2 are both scalars. Therefore, the electric field 
gradient plays the key role to the dielectric force. From Eq. (1), the net force is zero when 
ε1=ε2. Also, the force changes sign depending on whether the droplet’s dielectric constant is 
larger or smaller than that of the surrounding L-2. 

When the dielectric force is strong enough, it enforces L-1 and L-2 to redistribute: L-1 is 
broken up into many droplets and each droplet is attracted by its nearby non-electrode region 
(as the arrows show). The hole electrode regions function as traps. If two or more L-1 droplets 
fall off the same trap, they will merge to form one droplet, as shown in Fig. 1(b). As for the L-
2, it is squeezed in the high electric field region and surrounds the isolated L-1 droplets. When 
the redistribution of the two liquid is completed, L-1 will exist as tiny droplets and occupy the 
weak electric filed regions, as shown in Fig. 1(c). Due to the impact of dielectric force, those 
droplets are in the contraction state. When the voltage is removed, the droplets will spread out 
around the electrode holes due to the potential energy balance, as depicted in Fig. 1(d). The 
adjacent droplets will remain isolated because of the resistance of L-2. The distribution of L-1 
is stable on the substrate surface because the following condition is satisfied [19]: 

dowodw ,,, γγγ +> ,     (2) 

where γ is the interfacial tension and the subscripts w, o, and d represent the water, oil, and 
dielectric layer, respectively. When the cell is activated by a voltage again, the droplet surface 
will return to the shape shown in Fig. 1(c). The droplet profile changing from Fig. 1(d) to Fig. 
1(c) makes the focal length of the microlens tunable. Because the size of the isolated liquid 
droplet is so small, from theoretical analysis the shape of these ultra-small droplets is mainly 
spherical [20]. 

In a relaxed state, the droplet makes a contact angle (θ) on the bottom substrate surface, as 
Fig. 1(d) depicts. Since the shape of the droplet is axially symmetric, the droplet exhibits a 
lens-like character. In this state, the focal length of the droplet can be expressed as [11]: 
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where V is the volume of the droplet, and n1 and n2 are the refractive indices of L-1 and L-2, 
respectively. When a voltage is applied to the electrode again, the induced dielectric force will 
push the droplet and, thus, increase the contact angle. Based on Eq. (3), the focal length of the 
microlens will change correspondingly. 

To demonstrate the liquid microlens array shown in Fig. 1(d), we evaporated a thin 
aluminum (Al) layer on a glass substrate. The opaque Al layer was then etched with a holed 
array pattern using photolithographic technique. The aperture of each hole is 140 μm and the 
gap between the adjacent holes is 100 μm. Then we coated a thin polyimide layer on the Al 
surface. Here we chose diacrylate monomer AE-93 (n~1.46 and ε~5) as L-1 and de-ionized 
(DI) water (n=1.33, ε~80) as L-2. The monomer AE-93 has 13 methylene units in the 
sidechain and its surface free energy is 34.6 mN/M. The L-1 was spun-coated on the 
polyimide surface and the DI water was dropped on the L-1 surface. An ITO glass substrate 
was used as top substrate to seal the two liquids. The cell gap was controlled to be ~120 μm. 
The dielectric polyimide layer used in this cell has two functions: hydrophobic and non-
conductive.  

After the cell was fabricated, we observed its imaging performance using an optical 
microscope (Olympus BX51). The cell was placed on the microscope stage which can travel 
in the vertical direction. Initially, no focusing effect was observed. This means no real L-1 
droplets were formed in the hole regions. However, when a voltage (V~60 Vrms) was applied 
for several seconds, each pixel presented a lens character. After the voltage was removed, the 
lens behavior persisted. Such results imply that the generated dielectric force indeed helps to 
form the liquid lens.  

3. Lens characterizations 

Because the lens is micro-sized, it is very convenient to use the optical microscope to evaluate 
the lens performance. Firstly, we used a microscope to observe the 2D focus spot of the liquid 
droplets. To easily observe the focus change, we intentionally adjusted the position of the lens 
cell such that the lens is in a large defocused state, as shown in Fig. 2(a). When an external 
voltage of ~60 Vrms (~300 Hz) was applied to the electrodes, the size of the defocused spot 
was decreased evidently, as shown in Fig. 2(b). This result indicates that the focal length of 
the lens is changed. Furthermore, according to Fig. 1(c), one can conclude that the focal 
length of the lens is shortened. At V= 88 Vrms, as shown in Fig. 2(c), the focused spot is the 
smallest which means the focal length is the shortest. At V=88 Vrms, the current intensity was 
measured to be ~3 µA (DC), corresponding to a power consumption of ~0.26 mW.  
 

 
Fig. 2. The voltage dependent focal spot of one pixel lens. (a) 0 V, (b) 60 V, and (c) 88 V. 

 

To observe the image quality of the microlens array, we typed a letter “A” on a piece of 
transparency as an object. The object was placed under the lens array. By adjusting the 
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distance between the lens cell and the object, we observed a clear image array in the voltage-
off state. Figure 3(a) shows the image (1×3) of the object taken using a digital camera. In 
contrast to the original object, the image “A” is inverted. One can see that the middle and the 
right images are very clear but the left one is a little blurred because it is somewhat defocused. 
As the applied voltage is increased, the images become blurry instantly due to the defocusing 
effect. Figure 3(b) shows the case for V=60 Vrms. The images are very blurry because they are 
highly defocused. To restore the clarity, we adjusted the cell position while the voltage was 
still applied to the cell.  Figure 3(c) shows the image after refocusing. One can see the images 
are still very clear except for the reduced size. Because the diameter of each droplet is small 
(~0.19 mm), their shape is nearly spherical. Therefore, spherical aberration and defocusing are 
responsible for any incurred image distortion.  

 

Fig. 3. Imaging properties of the microlens array at (a) V=0, (b) V=60 V, and (c) refocused state. 
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Fig. 4. Voltage dependent focal length and the contact angle. 

The focal length of the microlens was measured at different voltages using our optical 
microscope and results (red triangles) are plotted in Fig. 4. At V=0, the inherent focal length 
of the lens is f~2.1 mm. From the parameters of the lens cell, i.e., cell gap (~0.12 mm), lens 
aperture (~0.19 mm), refractive indices of water (n~1.333) and monomer (n~1.46), we 
calculated (using Code-V program) the radius and apex distance of the droplet to be ~0.28 
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mm and ~0.08 mm, respectively.  Moreover, the volume of the droplet was calculated to be 
V~ 0.0016π mm3. As the voltage increases, the focal length is gradually decreased, but the 
volume remains unchanged. At V=88 Vrms, the focal length is decreased to f~1.4 mm. To 
further widen the dynamic range, we could enlarge the cell gap and the radius of electrode 
holes. From Eq. (3), the contact angle was also calculated based on the measured focal length. 
The results are also shown in Fig. 4. At V=0, the contact angle is ~45o. As the voltage 
increases to V=88 Vrms, the contact angle increases to 62.5o.  

The spherical aberration of the microlens was evaluated using Cove-V according to the 
parameters of the lens cell and the measured focal length. In the relaxed state (f~2.1 mm), the 
third order (SA3) and the fifth order (SA5) aberrations were calculated to be 4.95 µm and 0.42 
 µm, respectively. In the highly contracting state (f~1.45 mm), SA3 and SA5 were found to be 
3.59 µm and 0.30 µm, respectively. Because of the relatively large spherical aberration (SA3), 
this type of lens is not targeted for high resolution applications.  

Response time of an adaptive lens is an important parameter for active imaging devices 
because it determines the data acquisition rate. We measured the response time using a square 
voltage burst at f=300 Hz and 60 Vrms. Similar to Fig. 2(a), at V=0 the lens cell was adjusted 
in a larger defocused state. The intensity of the incident light was greatly decreased so that 
only the central spot was observable. To visually observe the tunable focus and the response 
speed, a movie for tuning a 2×3 microlens array was taken, as shown in Fig. 5. One can see 
the response speed of all the microlenses is almost the same. The rise time was measured to be 
~30 ms and the fall time ~250 ms.  

 
Fig. 5. 2x3 mircolens array driven from a defocused state to a focused state. (755KB) 

In this experiment, the DI water was chosen for feasibility demonstration. From Eqs. (1) 
and (3), DI water is attractive for widening the focal length tunability and decreasing the 
operating voltage because of its low refractive index and large dielectric constant. However, 
water freezes at 4oC. Therefore, for practical applications we need to choose a suitable 
material to substitute water and, meanwhile, the microlens material should be carefully chosen. 
Using our proposed method, not only a microlens array can be fabricated easily but also a 
single miniature lens can be prepared for cell phone cameras. To decrease the operating 
voltage, we could choose two liquids with a large difference in dielectric constants. And also, 
the patterned electrode should provide a large gradient electric field.  

4. Conclusion 

We demonstrated an electrically tunable-focus liquid microlens array using a hole-patterned 
electrode. The generated dielectric force serves two purposes: helps to form the microlens 
array, and to change the focal length. In the lens cell, each microlens is a converging lens 
whose focal length can be tuned electrically. Our lens cell has the advantages of easy 
fabrication, compact structure, scalable aperture, and electrical control. In comparison to LC 
based microlens, the liquid microlens has advantages in large focal length tunability, broad 
spectral bandwidth, and fast response time during focus change.  
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