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Abstract: In this paper we report an adaptive liquid lens actuated by droplet movement. 

Four rectangular PMMA (Polymethyl Methacrylate) substrates are stacked to form the 

device structure. Two ITO (Indium Tin Oxide) sheets stick on the bottom substrate. One 

PMMA sheet with a light hole is inserted in the middle of the device. A conductive droplet 

is placed on the substrate and touches the PMMA sheet to form a small closed reservoir. 

The reservoir is filled with another immiscible non-conductive liquid. The non-conductive 

liquid can form a smooth concave interface with the light hole. When the device is applied 

with voltage, the droplet stretches towards the reservoir. The volume of the reservoir 

reduces, changing the curvature of the interface. The device can thus achieve the function 

of an adaptive lens. Our experiments show that the focal length can be varied from −10 to 

−159 mm as the applied voltage changes from 0 to 65 V. The response time of the liquid 

lens is ~75 ms. The proposed device has potential applications in many fields such as 

information displays, imaging systems, and laser scanning systems. 
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1. Introduction 

Adaptive microlens has received considerable attention for the wide range of applications such as 

information displays, cameras, laser scanning systems, and wavefront distortion compensation. 

According to the difference of the filled materials, it can be roughly classified into two categories: 

liquid crystal (LC) lens [1–5] and liquid lens [6–24]. An adaptive LC lens usually employs an 
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inhomogeneous electric field to make the LC molecules reorient to produce a gradient refractive index 

profile. The LC lens is polarization-dependent which means that the lens has low spectral transmission. 

Since the response time depends on the LC layer thickness and the size of the LC lens, it is more 

suitable for making microlens which constrains the real applications in imaging systems. There are 

three common operating mechanisms to design a liquid lens: electrowetting effect [6–14], dielectric 

force [15–18], and fluidic pressure [19–24]. 

A dielectric lens uses two non-conductive liquids of different dielectric constants to form a smooth 

liquid-liquid interface. It can bear high operating voltage and has lower power consumption. However, 

the dielectric lens needs be applied with inhomogeneous electric field. So the electrodes of the 

dielectric lens should be etched with holes or rings which make the device fabrication more 

complicated. A fluidic pressure based liquid lens usually makes use of a PDMS (polydimethylsiloxane) 

membrane to control the volume of the liquids. The membrane lens can achieve a large lens aperture 

and the focal length can be varied within a wide range. However, the disadvantages of this type of lens 

cannot be ignored. For example, the gravity effect may exist in the membrane lens when it is placed in 

vertical position, which may degrade the imaging performance. By applying an external driving 

system, the lens would have a bulk volume and high power consumption. Compared with the liquid 

lens discussed above, electrowetting-based liquid lens has the advantages of polarization independent, 

fast response, and simple fabrication. 

In this paper we demonstrate an adaptive liquid lens actuated by droplet movement. Compared with 

other adaptive liquid lenses, our lens has the competitive advantages in simple structure, reasonably 

fast response time and low power consumption. In our device, the volume change of the reservoir is 

actuated by liquid pressure. So it is possible to significantly actuate a large-aperture lens or microlens 

array at a relatively low operating voltage. Furthermore, the proposed lens can maintain a better liquid 

interface compared with the lens whose electrode structure is rings [14,15]. Because the rings-shape 

electrode could cause the different frictions for the droplet, the curvature of the lens would be 

nonuniform. One experiments show that the focal length can be varied from −10 to −159 mm as the 

applied voltage changes from 0 to 65 V. The response time of the liquid lens is ~75 ms. 

2. Device Mechanism and Fabrication 

Figure 1 shows the schematic of the proposed device and the operation mechanism. Two ITO sheets 

are fabricated on the bottom substrate. The left-ITO sheet is coated with a dielectric layer whose 

dielectric constant is ~3.5. A PMMA sheet with a light hole is inserted in the middle of the PMMA 

structure. A conductive droplet (Liquid-1) is placed on the substrate and its left side touches the 

PMMA sheet to form a closed reservoir. Then we inject another immiscible non-conductive liquid 

(Liquid-2) from the light hole. The droplet touches the PMMA sheet and completely seals the  

right-hand side of the device. The space of the oil phase is just like a reservoir. The droplet extrudes 

the reservoir to make a liquid pressure. When the droplet moves towards the left side of the device, the 

volume of the oil phase can be changed. That is to say, the volume of the oil phase determines the 

range of achievable focal lengths. At initial state, the non-conductive liquid can form a smooth 

concave surface, as shown in Figure 1a. In this state, the light beam is divergent when it passes through 

the device. When we apply voltage V to the right-ITO sheet, the droplet stretches towards the reservoir 
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due to electrowetting effect, making its volume decrease. So the curvature of the interface is changed, 

as shown in Figure 1b. The top view of the device is also depicted in Figure 1c. Figure 2 shows the 

electrowetting effect mechanism in the device. At initial state, as shown in Figure 2a, the balance of 

the interface between Liquid-1, Liquid-2 and the dielectric layer tri-junction line is governed by the 

equations as below [25]: 
2

1 0
12

ε
cosθ cosθ

2 γ
U
d

= +  (1)

D2 12 0 1Dγ γ cosθ γ+ = (2)

where θ0 is the initial contact angle without applied voltage, θ1 is the contact angle when voltage is 

applied to the device, U is the external voltage to the ITO sheet, d is the thickness of the dielectric 

insulator, ε = ε0εr is the dielectric constant of the dielectric insulator, γ12 is the surface tension between 

Liquid-1 and Liquid-2, γ1D is the surface tension between Liquid-1 and dielectric insulator, and γD2 is 

the surface tension between dielectric insulator and Liquid-2. When the external force is applied to the 

droplet reaches to balance, as shown in Figure 2b, the droplet satisfies the following equation: 

D2 12 1 1Dγ γ cosθ γF + = +  (3)

where F represents the electric force of per meter. 

To fabricate the device shown in Figure 1, four PMMA substrates are stacked to form the structure 

using glue UV-331. The whole size of the structure is 15 mm × 8 mm × 8 mm. First, two ITO sheets 

with the size of 8 mm × 7 mm are made on the bottom substrate and the gap between them is 0.5 mm. 

The left-ITO sheet is coated with a SU8 layer (~1 µm) as an insulator, followed by a thin Teflon layer 

(AF-1600, from DuPont, Wilmington, DE, USA). The surface tension of the Teflon layer is  

~18 mN·m−1 at 20 °C. Then a PMMA sheet is inserted in the middle of the device. The size of the 

PMMA sheet is 8 mm × 7 mm and the diameter of the light hole is 3 mm. Next, we place a droplet of 

NaCl solution (Liquid-1: the density is 1.05 g·cm−3, viscosity is ~12 mPa s at room temperature) on the 

substrate and filled the channel, as shown in Figure 1c. Finally, the silicon oil (Liquid-2: the density is 

0.98 g·cm−3, surface tension is ~19 mN·m−1 at 20 °C, viscosity is ~10 mPa s at room temperature, 

refractive index is 1.40) is injected from the light hole. 

Figure 1. Schematic of the proposed device and the operation mechanism: (a) Initial state; 

(b) Applied voltage to the device; (c) Top view of the device. 
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Figure 2. Electrowetting effect mechanism in the device: (a) Initial state; (b) External 

force reaching to balance. 

 

3. Experiment and Discussion 

To evaluate the device performance during actuation process, we recorded the image of an object 

through the lens. The optical setup is shown in Figure 3. We placed a printed letter “A” 5 mm below 

the device; thus, the object was always within the focal length of the lens. Therefore, we can observe 

an upright virtual image. A CCD (charge coupled device) camera was used to record the  

image-change. When we applied voltage U < 30 V to the device, the droplet could not move. The liquid 

lens has the shortest negative focal length, as shown in Figure 4a. When the voltage 30 V < U < 65 V, 

the droplet started to move towards the reservoir, the image-change was shown in Figure 4b–d. When 

the voltage U = 65 V, the magnification reached maximum. When we removed the external voltage, 

the droplet moved backwards to its original position automatically due to the high interface tension 

with the sidewall of the structure. 

Figure 3. Optical setup of the device. 
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Figure 4. Images for different focal lengths under different voltages: (a) Initial state;  

(b) State 1; (c) State 2; (d) State 3. 

 

To measure the focal length of the liquid lens, we expanded and collimated a He-Ne laser beam  

(λ = 632.8 nm) to ~3 mm in diameter and let it normally pass through the liquid lens. The focal length is 

determined by a geometrical imaging method, as shown in Figure 5a. So f = (d2 − d1) × l1/(l2 − l1) − d1. 

Every measurement was repeated three times and the results were averaged. In our experiment, the 

focal length can be changed from −10 to −159 mm with the voltage changing from 0 to 65 V. As we 

can see from Figure 5b, the focal length changes differently between voltage-on state and  

voltage-off state. The main reason for this may be explained as follows: regarding the droplet 

movement, it is more difficult to extrude the reservoir than move freely backward to its original 

position. Furthermore, the frictional force between the droplet and the structure may be changed 

several times after the droplet movement on the substrate. 

Response time is another key point to measure the optical performance of the device. We take the 

absolute value of the focal length and normalize it. Figure 6 shows the response time of the device. As 

we can see, it takes a time of ~75 ms (~63 ms) for the device changing the focal length from −10 

(−159) to −159 mm (−10 mm). The device has a relatively fast response time. 

Figure 5. Protocol adopted for the determination of focal length (a) and focal length versus 

applied voltage (b). 
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Figure 6. Response time of the device (U = 65 V). 

 

Liquid viscosity plays a significant role in response time of a device. First we define the total 

response time as the sum of the rise time and descend time. We did another experiment at the voltage 

of 60 V to study the relationship between the liquid viscosity and the total response time. In the 

experiment, we choose three silicone oils with different viscosities (10 mPa s, 20 mPa s, and  

50 mPa s) as Liquid-2, respectively. Liquid-1 remained the same. The measured response time of 

different liquids are 146 ms, 205 ms, and 311 ms, respectively. The measured maximum focal lengths 

are 156 mm, 124 mm, and 42 mm, respectively. As shown in Figure 7, the response time prolongs as 

the viscosity increases. Thus, the viscosity of the oil plays a significant role in changing the focal 

length of the liquid lens, as shown in Figure 7. High liquid viscosity means low flow ability. So the 

movement of Liquid-1 will be restrained, which leads to the decrease of the maximum focal length. 

Figure 7. Response time and the maximum focal length under different liquid viscosities. 

(mPa s)  

The curvature of the interface of the proposed adaptive liquid lens cannot change from concave 

surface to convex surface which constrains the varied range of the focal length. The main reason is that 

in our device the droplet actuated by electrowetting extrudes the reservoir to make a liquid pressure. In 

the experiment, the electrostatic force is not large enough to make the droplet move a relatively long 

distance towards the PMMA sheet. So the volume change of the reservoir is limited. Thus, the 
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configuration of the lens cannot change from divergent to convergent. If we decrease the thickness of 

the dielectric layer and the whole size of the device, the device can obtain a robust optical 

performance. We can also increase the external voltage to solve this issue. However, the high applied 

voltage will decrease the lifetime of the device. So we should choose the proper voltage and carefully 

design the device. Our device also suffers from gravity effect when placed in vertical position. We can 

choose three immiscible density-matched liquids filled with the device to solve this issue. This will 

form the basis for our further work. 

4. Conclusions 

In this paper we reported an adaptive liquid lens actuated by droplet movement. The device is 

fabricated with four rectangular PMMA substrates. Two ITO sheets are stacked on the bottom 

substrate with a small gap between them. One sheet with a light hole is inserted in the middle of the 

device. A conductive droplet touches the sheet to form a small closed reservoir which is filled with 

another immiscible non-conductive liquid. When we apply a DC (direct current) voltage to the device, 

the droplet stretches towards the reservoir making the curvature of the interface changed. Our 

experiments show that the focal length can be varied from −10 to −159 mm as the applied voltage 

changes from 0 to 65 V. The response time of the liquid lens is ~75 ms. The proposed device has 

potential applications such as information displays, cameras, imaging systems and laser  

scanning systems. 
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