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ABSTRACT  

Electrically tunable adaptive lenses provide several advantages over traditional lens assemblies in terms of compactness, 
speed, efficiency, and flexibility.  We present an elastomer-liquid lens system which makes use of an in-line, transparent 
electroactive polymer actuator. The lens has two liquid-filled cavities enclosed within two frames, with two passive 
outer elastomer membranes and an internal transparent electroactive membrane. Advantages of the lens design over 
existing systems include large apertures, flexibility in choosing the starting lens curvature, and electrode encapsulation 
with a dielectric liquid. A lens power change up to 40 diopters, corresponding to focal length variation up to 300%, was 
recorded during actuation, with a response time on the order of tens of milliseconds. 

Keywords: Adaptive lens, focus tunable lens, dielectric elastomer actuators, acrylic elastomer, electroactive polymer 
transparent electrodes 
 

1. INTRODUCTION  
Variable-focus or adaptive lenses are superior to traditional fixed-focus solid lens assemblies in terms of reduced bulk 
and weight as well as having a high-speed response, low material costs, and facile fabrication 1,2. Such benefits can be 
used in imaging applications where space is at a premium, including endoscopes, cell phone cameras, and machine 
vision apparatus. Low-cost adaptive lenses with liquid components offer simple lens designs and the possibility of more 
economic manufacturing of phased arrays and larger lenses. A variety of actuation mechanisms are used to drive the 
deformation of liquid adaptive lenses, including rotating screws 1, electric motors 3, piezoelectric elements 4, 
electromagnetics 5, shape memory alloys 6, electrowetting 7, heating elements 8, ionic-polymers 9 or dielectric elastomer 
actuators (DEAs) 10. However, each of these existing adaptive lens configurations locates the actuator outside the optical 
path.  The primary consequence of placing the actuator outside the optical path is that a significant fraction of the lens’ 
lateral area is occupied by the actuating mechanism, reducing the usable optical area. The use of transparent DEAs for 
lenses was recently demonstrated, but as the lens consists of a buckling solid elastomer membrane, it only operates as a 
diverging optic 11. 

The demonstration of compliant, highly transparent, and electrically conductive electrodes in combination with dielectric 
elastomers affords the opportunity to use electrical signals to alter the shape of a liquid lens without external actuation 12.  
The high optical transparency of the electrodes, liquid, and elastomer permits the construction of simple, self-contained 
adaptive lenses suitable for space-constrained tasks.  The purpose of this paper is to describe a self-contained, tunable 
lens with an integrated electrical actuator in the optical path of the lens. The two liquid cavity design allows electrode 
encapsulation with a dielectric liquid and the flexibility of choosing the lens curvature at rest. In this proceeding, a 
detailed description of the lens design, materials, and fabrication is presented.  
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The lens’ adaptive capability is driven by the relative curvature difference between the passive membranes as a function 
of the internal liquid pressure. When a voltage is applied to the DEA membrane, the Coulombic attraction between the 
charges generates a Maxwell stress over the membrane’s thickness, causing it to stretch which, in turn, displaces volume 
in the plane of the electrodes. As the DEA deforms, the tension in the membrane decreases causing both a concomitant 
decrease and increase in liquid pressure in the first and second cavities, respectively. A unique feature of the lens is that 
the diameters of the passive membrane windows, D1 and D2, are not equal, allowing the change in curvature to differ 
between the two membranes, thus altering the focal length of the lens. To maximize the optically active area, which is 
defined by D1, the larger membrane window, D2, may be constructed as large as possible to the outer diameter of the lens 
frame, provided that the material of the frame is reasonably stiff and impermeable to the liquid. In comparison to the 
previously published lens design 13, this dual-cavity lens has several advantages, including the ability to operate one 
cavity at a sub-atmospheric pressure for concave lens applications, resistance to gravitational effects during a loss of 
DEA membrane tension affording reduced image distortion, and electrode encapsulation within the lens liquid. 

 

3. EXPERIMENTAL DETAILS 
The part numbering in the following text refers to the schematic shown in Figure 1a. A pair of lens frames was prepared 
from acrylic sheets (2 mm thickness, McMaster-Carr) cut into 25 mm outer diameter rings, each with inner concentric 
holes of D1 = 8 mm and D2 = 13 mm, as shown in Figure 1a as parts 2 and 4, respectively.  An injection port was drilled 
in each frame, later filled with a moisture-curing silicone elastomer (Silpoxy, Reynolds manufacturing). The passive 
elastomer membranes were made from transparent acrylic elastomer sheets (4905 or 4910, 3M); the first membrane (part 
1) is 0.5 mm thick and the second membrane (part 5) is 1 mm thick, which were linearly pre-stretched to 350% and 
100%, respectively. The DEA membrane was made from the same material as the first passive membrane, except 
SWCNT electrodes were deposited on both sides of the electroactive membrane using the filtration-transfer method 
described previously 12. After bonding of the frame and membranes, clear silicone oil (Dow Corning Liquid 200, 50 cSt, 
refractive index 1.4022) was injected into the lens cavities through the injection ports.   

For dynamic response measurements, a collimated white light was passed through the optical axis of the lens and 
collected by a fiber optic leading to a spectrophotometer (model USB 2000+, Ocean Optics).  The detector was set at a 1 
ms integration time, and the light intensity between 600 to 610 nm was measured as a function of time. When the lens 
was actuated, the focal length moved toward the fiber optic detector, increasing the density of light at the fiber optic tip 
and increasing the recorded light intensity. 

 

4. RESULTS 
The assembled lens is depicted in Figure 1(b) against a square grid background illustrating that most of the materials, 
including the frame, are optically transparent; the frames can be made opaque to prevent stray light if preferred. The 
acrylic DEA elastomer membranes have a high transparency as only a small fraction of light is lost through absorption.   
However, reflective light losses may be significant in the absence of an anti-reflective coating, which occurs primarily at 
the air-passive membrane interfaces.  Inside the lens, such reflective losses are minimized since the refractive index of 
the acrylic membrane (n = 1.476) 14 and liquid (n = 1.4022) are similar. Thus, despite three membranes and two liquid 
mediums within the light path, the assembled lens has relatively high optical transmittance (> 80% at 550 nm). 

To visualize the focal length change when the DEA is electrically actuated, a laser beam was passed through the lens 
into water containing a dilute colloidal silica suspension (diameter 210 nm, Bangs Lab.), as shown in Figure 2a. The 
silica particles were completely dispersed and slightly scatter the laser beam so that the beam shape can be captured 
photographically. Since the incoming laser beam was collimated, the light converges at the lens focal point, forming a 
cone. When an electrical bias is applied to the DEA electrodes, the lens focal length increases, as illustrated in the lower 
portion of the figure.  
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Figure 2. Photograph of the adaptive lens focal point (indicated by arrows), visualized using a green laser beam passed 
through a colloidal silica dispersion in water. The adaptive lens can be seen on the left side of the images. The upper and 
lower images show the focal point of the lens at 0 V and 4500 V, respectively. The scale is in mm. 

 
 
The fabricated lens has a plano-convex configuration at rest, where the pressure in the first cavity is above ambient and 
equal to ambient in the second cavity. In this configuration, the composite focal length is determined by the amount of 
liquid in the first cavity. Increasing the amount of liquid in the first cavity decreases the lens curvature and subsequently 
reduces the initial focal length. Assuming spherical curvatures on the outer membranes, R1 and R3, the focal length of the 
lens, f, can be calculated using the thick lens equation, 
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where n and d are the refractive index of the liquid and the thickness of the lens, respectively. With no actuation, the 
curvature of the planar surface is infinity (R3 = ∞) and the above equation can be simplified to f = R1/(n-1). For the focal 
length measurement test, the fabricated lens has an initial focal length of 15 mm, corresponding to a lens power of 67 
diopters. The calculated radius of curvature, R1, and the apical height, h, of the hemisphere are 6 and 1.5 mm, 
respectively.  Since the ratio of h/(D1/2) = 0.37 is less than 1, the spherical cap geometry approximation is maintained 15. 
During actuation, the DEA membrane stretches, increasing the curvature of the DEA membrane (R2), which increases R1 
and decreases R3. The resulting net curvature change and the corresponding change in focal length originate from the 
relative difference in diameter D2 with respect to D1. As shown in our previous publication 13, the relative difference 
D2/D1 plays an important role in the amount of focal length change during actuation; the larger the ratio, the larger the 
dynamic focal length change. 
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