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We report a liquid lens with a liquid–membrane–liquid structure in order to realize a variable-focus

lens with a large optical aperture. We studied a typical liquid lens with a liquid–liquid structure

and examined its physical limitation, namely, the capillary length, restricting the design of a

larger-aperture liquid lens. We propose using elastic force instead of surface tension to acquire a

much longer capillary length. We demonstrated that this approach can achieve sufficiently long

capillary length when external pressure is loaded. A prototype lens with 30 mm aperture was

constructed, and a resolution of 8.00 lp/mm was realized. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4800603]

Variable-focus lenses have been studied for decades,

and many prototypes have been constructed, showing re-

markable achievements. Examples include liquid crystal

lenses,1–3 pressure-actuated liquid lenses,4–7 electrowetting

lenses,8,9 dielectric liquid lenses,10–14 and microlens

arrays.15,16 In addition to their high-speed response and high

optical performance, potential applications to a high-speed

vision system,17–19 camera lenses of mobile phones,20 and

spectacles21 have been reported. However, there is no perfect

liquid lens that possesses all of the desired features. For

instance, a liquid lens with a liquid–liquid (LL) interface can

achieve high resolution but the optical aperture is small; a

liquid–membrane lens always suffers from the effects of

gravity, which destroys the shape of the lens’ meniscus cur-

vature, and a liquid crystal lens is not adequate to be

designed into a large aperture, because a large cell gap and a

high refractive index anisotropy are required to realize a

short focal length, which in turn will lead to a longer

response time. Hence, a liquid-infused lens with a large opti-

cal aperture is still an unsolved problem. In the work

reported in this letter, we studied a typical liquid lens with a

liquid–liquid interface structure, and based on our findings,

we propose a liquid–membrane–liquid structure (LML)

allowing a liquid lens with a 30 mm aperture to be designed.

In the case of a liquid–liquid lens, two immiscible

liquids are infused into two chambers, and an interface is

formed between the two liquids. Because of the liquids’ dif-

ferent refractive indexes, this interface works as a refractive

surface. Since the shape of the liquid–liquid interface can be

arbitrarily controlled and the lens power depends on the cur-

vature of the refractive surface and the contrast of index of

refraction, a variable-focus lens can be realized.6,22

The liquid-liquid interface is preferred to form a good

parabolic meniscus shape in order to achieve good optical

performance and meanwhile suppress its spherical aberra-

tion. Two immiscible liquids with high transparency, equal

density, and high refractive index difference are considered

to be ideal candidates. However, even though a density dif-

ference can be compensated for by using certain additives, it

will appear again due to volume thermal expansion. Because

of the unavoidable density difference between the two

liquids, when the liquid lens is placed vertically, gravity is

statically distributed on the interface. When the size of aper-

ture is sufficiently shorter than capillary length,6,23 the sur-

face tension will become the dominant force and the effect

of gravity is negligible. Hence, to avoid gravity destroying

the shape of the meniscus curvature, it is recommended to

set the lens aperture much smaller than the capillary length,

lc. The capillary length is a characteristic length scale for a

fluid subjected to gravity and surface tension and is given by

lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
jqliquid1 � qliquid2jg

r
; (1)

where r is surface tension, qliquid1 and qliquid2 are the liquid

densities, and g is the gravitational constant. When the lens

aperture diameter, d, is sufficiently smaller than the capillary

length (d < lc), gravity will be negligible. This is a key rea-

son why a liquid–liquid lens can achieve a good spherical

meniscus and optical performance.

Therefore, the capillary length is a physical limitation

that restricts the aperture size. If we want to design a liquid

lens having a large optical aperture without deteriorating its

optical performance, a much longer capillary length is essen-

tial. According to Eq. (1), the liquid densities and gravity are

constants, so the only possible solution is to increase the sur-

face tension r.

To design a variable-focus liquid lens with a large opti-

cal aperture, first we considered the benefits of a liquid–

membrane lens and a liquid–liquid lens. If a piece of elastic

membrane is inserted between two liquids, when the mem-

brane is deformed, an elastic force is produced to resist

the deformation. Normally, the surface tension between the

two liquids is on the order of 10�3 N/m. For example,

between ultra-pure water (0.997 g/cm3) and poly-dimethyl-

siloxane (PDMS) (0.975 g/cm3), the surface tension is only

34.8�10�3 N/m. Hence, the capillary length is calculated as

12.7 mm, and the lens aperture is set as 3 mm in one reported

example.6 Compared with surface tension, the elastic force

should be able to provide a much stronger force. Therefore,
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the capillary length could become longer, making it possible

to realize a large-aperture liquid lens. Based on this concept,

we propose a liquid lens with a LML structure, shown in

Figure 1.

Unlike surface tension, the elastic force is not a constant

value but increases with increasing external pressure. Because

the membrane is clamped at its boundary, the elastic force

shows different values at different places when a certain exter-

nal pressure is loaded on the membrane.24,25 The meridional

elastic force is considered as a substitute for surface tension.

The elastic membrane used had a Young’s modulus of

1.8 MPa, a Poisson’s ratio of 0.45,26 a thickness of 0.1 mm,

and a diameter of 30 mm (with the boundary clamped). The

capillary length was calculated assuming ultra-pure water

(0.997 g/cm3) and PDMS liquid (0.975 g/cm3). The same val-

ues were adopted in other calculations. The average value of

the meridional elastic force versus external pressure is shown

in Figure 2 (black-circle-dotted line). Furthermore, according

to Eq. (1), a given surface tension occurs as a result of the

elastic force; therefore, the capillary length is re-calculated

theoretically and is shown in Figure 2 (blue-triangle-dotted

line). The capillary length becomes greater than 30 mm when

an external pressure of 3 Pa is loaded. When the external pres-

sure is increased to 130 Pa, the capillary length becomes

129.1 mm, which is sufficiently long to design a liquid lens

with a 30 mm aperture. We also examined the case where the

same elastic force acts on a liquid-membrane structure lens

and this is shown in Figure 2 (red square-dotted line). The

maximum value of the capillary length is less than 30 mm,

making a liquid–membrane lens impractical for achieving a

large aperture. In contrast, the LML structure is a possible so-

lution for designing a liquid lens with a large optical aperture.

We examined spherical and symmetry deformation in

the following two ways: (A) An LML model lens was com-

pared with a liquid–liquid lens, both lenses having a 3 mm

optical aperture, to examine the shapes of the interfaces. (B)

The locations of the points of maximum deformation were

observed in different simulations with a 30 mm optical aper-

ture. The results are explained in detail below.

A. Because LML structure can provide stronger force dur-

ing its deformation, there would be an improvement on

the interface deflection. To compare the LL lens and the

LML model lens, we used data from Ref. 6 for the

liquid–liquid lens. For the LML lens, on the other hand,

the data were acquired from the following simulation

procedure: A 3 mm-diameter silicone membrane model

was built, which is the same size as LL lens.6 The dif-

ference in gravitational force between water and PDMS

liquid was loaded on the membrane beforehand so as to

be statically distributed over the membrane. Different

uniform external pressures were applied to the mem-

brane, and the 3D surface deformation was simulated

using the finite element method (FEM). The optical

path lengths (OPLs) of the deformed surface were cal-

culated based on the shape of the 3D deformation and

the refractive indices of liquids. Then, the wavefront

surface defined by the OPLs was fitted to a spherical

surface, and the peak-to-valley (PV) and root mean

square error (RMSE) were acquired from the fitting

results. Figure 3 (top and middle) shows the comparison

result. The LML model lens showed great improvement

in terms of spherical deformation, with smaller PV and

RMSE values.

B. Symmetry deformation was examined, as another criti-

cal factor for evaluating the membrane deformation.

We conducted several simulations on a membrane with

a 30 mm diameter by using an FEM model. The FEM

simulation involved thousands of nodes, and the nodes

were fitted with a parabolic surface. The distance

between the position of maximum deformation of the

parabolic surface and the lens geometric center for dif-

ferent external pressures was observed and is shown in

Figure 3 (bottom). Due to the accuracy of fitting and the

minimum size of the mesh elements in the FEM model,

a value of less than 0.15 mm was accepted as a symmet-

ric shape. As a result, it was demonstrated that with

increasing external pressure, the deformed shape of the

elastic membrane became closer to a symmetric shape.

Figure 4 (left) shows a prototype based on the proposed

liquid–membrane–liquid structure. A silicone membrane

with a thickness of 0.1 mm was prepared and was mounted

and clamped by a stainless-steel frame with a 30 mm inner

diameter to ensure that it was deformed while maintaining a

circular boundary. The two chambers were infused with two

different liquids. If one of the liquids can be made to freely

flow into and out of its chamber by means of a syringe, while

the end of tube of the other chamber is locked, the lens canFIG. 1. Liquid–membrane–liquid structure.

FIG. 2. Capillary length and meridional elastic force versus external pressure.
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shift its power dynamically from positive to negative by

pushing or pulling the syringe. In the prototype, glycerin

(density of 1.25 g/cm3, refractive index of 1.4732) and

SantoLight5267 liquid (density of 1.26 g/cm3, refractive

index of 1.6737) were adopted as the two liquids7,16 because

we found incompatibility between the silicone membrane

and the PDMS liquid during our experiments. The range of

available focal length was examined between [�150 150]

mm, and the minimize F/5 is attainable. An object was

placed at a typical reading distance (300 mm) from the lens,

and a set of images was taken by changing the liquid lens

between convex and concave (Figure 4, right).

The resolution of the prototype lens was measured using

a USAF 1951 Chart.27,28 The setup was conducted by placing

the chart and image sensor on either side of the liquid lens.

Glycerin and SantoLight5267 were infused. Because the

image was magnified by a factor of two, the resolution limit

of the captured image should be divided by two. Figure 5

shows an image taken when the focal length was 150 mm.

A resolution of 16.00 lp/mm (Group 4, Element 1) was

achieved; therefore, the resolution of our prototype was deter-

mined to be 8.00 lp/mm. An identical model with the LML

structure but with a spherical interface having a 150 mm focal

length was constructed in Zemax optical design software. A

resolution of 11.60 lp/mm was confirmed when the modulus

of the optical transfer function was 0.1 in the Huygens MTF

chart. Therefore, compared with a spherical surface lens, our

proposed lens showed comparable optical performance.

In summary, we studied a typical liquid lens with a

liquid–liquid interface and examined its physical limitation,

namely, the capillary length, which restricts the design of a

large-aperture liquid lens. We found that it is advantageous

to insert a membrane at the interface to achieve a much lon-

ger capillary length. This proposed structure was examined

by mechanical analysis of the membrane’s elastic deforma-

tion, and spherical and symmetry deformations were mod-

eled by finite element simulations. A prototype liquid lens

with a 30 mm aperture based on a liquid–membrane–liquid

structure was constructed, and experiments showed that a re-

solution of 8.00 lp/mm could be achieved. It should be possi-

ble to make the proposed liquid lens thinner for use in

eyeglasses for vision correction. In addition, the lens has

potential applications in vision systems for accomplishing

zooming or focusing without the use of mechanically mov-

ing lens units.

FIG. 3. Comparison of PV and RMSE between liquid–liquid model and

liquid–membrane–liquid model with 3 mm aperture (top and middle).

Distance between the point of maximum deformation and the lens center

(bottom).

FIG. 4. Prototype liquid–membrane–liquid lens with aperture size of 30 mm

(left). Image (a) is the original one captured without liquids infused; images

(b) and (c) were taken with a convex lens and images (e)–(h) were taken

with a concave lens.

FIG. 5. An image of a USAF 1951 Chart was captured with focal length of

150 mm. The resolution value of the image should be divided by the system

magnification of 2�. The image has a yellow tinge because Santolight5267

liquid is slightly yellow.

131111-3 Wang, Oku, and Ishikawa Appl. Phys. Lett. 102, 131111 (2013)



1H. Ren, Y. H. Fan, and S. T. Wu, Appl. Phys. Lett. 83, 1515 (2003).
2G. Li, P. Valley, M. S. Giridhar, D. L. Mathine, G. Meredith, J. N.

Haddock, B. Kippelen, and N. Peyghambarian, Appl. Phys. Lett. 89,

141120 (2006).
3M. Ye, Y. Yokoyama, and S. Sato, Appl. Phys. Lett. 89, 141112 (2006).
4D.-Y. Zhang, V. Lien, Y. Berdichevsky, J. Choi, and Y.-H. Lo, Appl.

Phys. Lett. 82, 3171 (2003).
5H. Oku, K. Hashimoto, and M. Ishikawa, Opt. Express 12, 2138 (2004).
6H. Oku and M. Ishikawa, Appl. Phys. Lett. 94, 221108 (2009).
7S. Xu, Y. Liu, H. Ren, and S. T. Wu, Opt. Express 18, 12430 (2010).
8B. Berge and J. Peseux, Eur. Phys. J. E 3, 159 (2000).
9C. Li and H. Jiang, Appl. Phys. Lett. 100, 231105 (2012).

10C. C. Cheng, C. A. Chang, and J. A. Yeh, Opt. Express 14, 4101 (2006).
11C. C. Cheng and J. A. Yeh, Opt. Express 15, 7140 (2007).
12H. Ren, H. Xianyu, S. Xu, and S. T. Wu, Opt. Express 16, 14954 (2008).
13C. C. Yang, L. Yang, C. G. Tsai, P. H. Jou, and J. A. Yeh, Appl. Phys.

Lett. 101, 182903 (2012).
14T. Krupenkin, S. Yang, and P. Mach, Appl. Phys. Lett. 82, 316 (2003).
15N. Chronis, G. Liu, K.-H. Jeong, and L. Lee, Opt. Express 11, 2370

(2003).
16S. Xu, Y. J. Lin, and S.-T. Wu, Opt. Express 17, 10499 (2009).

17C. A. L�opez and A. H. Hirsa, Nat. Photonics 2, 610 (2008).
18C. U. Murade, D. V. Ende, and F. Mugele, Opt. Express 20, 18180

(2012).
19H. Oku and M. Ishikawa, in Proceedings of IEEE ICRA Annual Meeting

2010, pp. 2643–2648.
20S. Kuiper and B. H. W. Hendriks, Appl. Phys. Lett. 85, 1128 (2004).
21G. Li, D. L. Mathine, P. Valley, P. Ayras, J. N. Haddock, M. S. Giridhar,

G. Williby, J. Schwiegerling, G. R. Meredith, B. Kipplen, S. Honkanen,

and N. Peyghambarian, Proc. Natl. Acad. Sci. U.S.A. 103, 6100 (2006).
22L. Dong, A. K. Agarwal, D. J. Beebe, and H. Jiang, Nature (London) 442,

551 (2006).
23B. Lautrup, Physics of Continuous Matter (Institute of Physics, London,

2004), Chap. 8.
24H. Hencky, Z. Math. Phys. 63, 311–317 (1915).
25G. C. Knollman, J. L. S. Bellin, and J. L. Weaver, J. Acoust. Soc. Am. 49,

253–261 (1971).
26F. Schneider, T. Fellner, J. Wilde, and U. Wallrabe, J. Micromech.

Microeng. 18, 065008 (2008).
27H. Ren and S. T. Wu, Opt. Express 15, 5931 (2007).
28R. F. Fischer and B. Tadic-Galeb, Optical System Design (McGraw-Hill,

New York, 2000), Chap. 15.

131111-4 Wang, Oku, and Ishikawa Appl. Phys. Lett. 102, 131111 (2013)

http://dx.doi.org/10.1063/1.1604943
http://dx.doi.org/10.1063/1.2338646
http://dx.doi.org/10.1063/1.2358211
http://dx.doi.org/10.1063/1.1573337
http://dx.doi.org/10.1063/1.1573337
http://dx.doi.org/10.1364/OPEX.12.002138
http://dx.doi.org/10.1063/1.3143624
http://dx.doi.org/10.1364/OE.18.012430
http://dx.doi.org/10.1007/s101890070029
http://dx.doi.org/10.1063/1.4726038
http://dx.doi.org/10.1364/OE.14.004101
http://dx.doi.org/10.1364/OE.15.007140
http://dx.doi.org/10.1364/OE.16.014954
http://dx.doi.org/10.1063/1.4759112
http://dx.doi.org/10.1063/1.4759112
http://dx.doi.org/10.1063/1.1536033
http://dx.doi.org/10.1364/OE.11.002370
http://dx.doi.org/10.1364/OE.17.010499
http://dx.doi.org/10.1038/nphoton.2008.198
http://dx.doi.org/10.1364/OE.20.018180
http://dx.doi.org/10.1063/1.1779954
http://dx.doi.org/10.1073/pnas.0600850103
http://dx.doi.org/10.1038/nature05024
http://dx.doi.org/10.1121/1.1912324
http://dx.doi.org/10.1088/0960-1317/18/6/065008
http://dx.doi.org/10.1088/0960-1317/18/6/065008
http://dx.doi.org/10.1364/OE.15.005931

