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Abstract: In this paper, we present a system for nonmechanical three-dimensional beam steering
using an electrowetting based liquid lens and liquid prism. The optical design of the presented
system was modeled with Zemax and three-dimensional beam steering was simulated by changing
the ROC of the lens and the apex angle of the prism. The liquid lens from Corning-Varioptic was
used and the liquid prism was fabricated and these were combined. The liquid lens and liquid
prism were filled with two immiscible liquids whose densities are the same. The liquid lens
provides variable focal lengths as the applied voltage is changed. The diopter range of the liquid
lens is from −3.9 D to 14.5 D. Beam steering on the x-axis, y-axis, and xy-axis was achieved by
applying different voltages to four sidewalls of the liquid prism. The liquid prism has a beam
steering angle of up to 11.6 °, 12 °, and 11.8 ° on x-axis, y-axis, and xy-axis, respectively. By
combining the electrowetting actuated liquid lens and liquid prism, three-dimensional beam
steering control including the z-axis direction was demonstrated.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In an optical system, precise control of the light beam and beam steering is critical. Many
applications including microscopy [1,2], 3D laser engraving [3,4], telecommunications [5], and
Lidar [6,7] require beam steering technology to adjust the beam. There are two kinds of beam
steering methods: mechanical and nonmechanical. Mechanical beam steering approaches include
rotating mirrors [8], microelectromechanical systems (MEMS) mirrors [9,10], and rotating prisms
[11,12]. Nonmechanical beam steering versions [13] include LC-based systems [14–17], and
liquid-based beam steering [18–21]. Mechanical systems are robust and reliable, but they require
a significant amount of power and are typically heavy, and large. In contrast, nonmechanical
systems are low power, low weight, and compact. These methods can be combined with the
lenses, and mechanical movement in the z-axis direction is required to scan objects along the
depth. Accurate measurement with depth information is possible when using three-dimensional
beam manipulation, which adds control of the z-axis direction when scanning three-dimensional
objects.
In this study, we present a novel method to achieve nonmechanical three-dimensional beam

steering by using a hybrid structure composed of an electrowetting-based liquid lens and a liquid
prism. This structure changes the focal length using the liquid lens and allows beam steering at
each focal length using the liquid prism.
Electrowetting [22] is a mechanism where the contact angle of the liquid is changed by an

external electrical potential. Electrowetting-on-dielectric (EWOD) [23,24] is a phenomenon
in which electrowetting is applied on a dielectric surface. There are many applications using
this EWOD phenomenon [25–27]. The contact angle of the liquid is determined by the Young-
Lippmann equation, cosθ = cosθ1 + (ε0ε / 2dγ)V2, where θ is the contact angle after applying
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voltage V, θ1 is the initial contact angle, ε is the dielectric constant, d is the thickness of the
dielectric layer, and γ is the surface tension.
Here, we designed an optical system with the aid of the optical engineering software Zemax

and simulated three-dimensional beam steering by changing the focal length of the liquid lens
and the tilting angle of the liquid prism. The fabrication processes of the density-matched liquid
lens and liquid prism are reported, and experimental results of the tunable focal length and beam
steering angle are presented. Three-dimensional beam steering with no mechanical movement is
demonstrated with the hybrid structure.

2. Optical design and simulation

The optical design of the proposed system was modeled in Zemax, based on a combination of a
liquid lens and a liquid prism. Figure 1 shows a schematic of the focus tunable liquid lens design.
The liquid lens is composed of two immiscible liquids, and the refractive indices of these two
liquids are also different. And as the radius of curvature (ROC) of the liquid lens changes the
collimated beam is focused on a different point. Assuming the lens is plano-convex, the focal
length of the lens is proportional to the ROC. When the ROC of the liquid lens is −11.1mm, the
beam focuses at 100mm and when the ROC of the liquid lens is −5mm, the beam focuses at
45mm as shown in Figs. 1(a) and 1(b).

Fig. 1. Focal points of the tunable liquid lens depending on the radius of curvature of the
lens. (a) 100mm focal point, (b) 45mm focal point.

Figure 2 shows the hybrid structure of the focus tunable liquid lens and beam steering liquid
prism. The components of the liquid prism are the same as those of the liquid lens. In this case,
the shape of the liquid lens is flat, which means the dioptric power of the liquid lens is 0. As
shown in Fig. 2(a), the beam passes through without changing direction when the liquid prism is
also flat. As the liquid prism tilts, the beam direction is also changed. Figures 2(b)–(d) show
the beam steering directions along the tilting direction of the liquid prism and present the shape
formed on the image plane.
Unlike the case in Fig. 2, the shape of the liquid lens can be changed as the applied voltage

increases and the beam can be focused on one point by the bi-convex shape of the liquid lens. As
a result, beam steering of various focal lengths is possible, and three-dimensional beam steering
can be controlled. In this case, the focal length was set to 100mm and the radius of curvature of
the liquid lens was adjusted as shown in Fig. 3(a). Figures 3(b)–(d) show beam steering with the
x-axis, y-axis, and xy-axis tilting prism. Each apex angle was set to 20° and it can be seen that
the beam is formed at a point on the image plane through various tilting combinations. From the
result of the Zemax simulation, three-dimensional beam steering with the focus tunable liquid
lens and tilting liquid prism was conceptually demonstrated.
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Fig. 2. Beam steering direction according to the liquid prism tilting with a flat liquid lens.
(a) No tilting, (b) x-axis tilting, (c) y-axis tilting, (d) xy-axis tilting.

Fig. 3. Beam steering direction according to the liquid prism tilting with bi-convex lens. (a)
No tilting, (b) x-axis tilting, (c) y-axis tilting, (d) xy-axis tilting.

3. Experimental setup and optical characteristics

3.1. Liquid lens

The proposed system includes a liquid lens and liquid prism for focus change and beam steering,
respectively. The basic principle of operation of the liquid lens is that a contact angle of the
liquid lens changes with the applied voltage, thereby changing the focal length of the liquid lens.
The saturation voltage is determined by what kind of a dielectric layer is used and how thick the
dielectric layer is deposited. We used a focus-tunable lens from Corning-Varioptic and measured
the focal length of the lens by varying the applied voltage. To measure the focal length of the
liquid lens, an additional solid lens was precisely aligned in the optical system and a wavefront
sensor was used, as illustrated in Fig. 4(a). A collimated beam transmits through the liquid
and solid lenses and propagates to the wavefront sensor. As the focal length of the liquid lens
changed, the radius of curvature of the beam was recorded at multiple locations. The focal length
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of the liquid lens (f1) was calculated from Eq. (1)

f1 =
(
1
R
−

1
f2

)−1
∗

(
1 −

d
f2

)
(1)

where f2 is the focal length of the solid lens, R is the radius of curvature measured by the
wavefront sensor, and d is the distance between the liquid lens and the solid lens. The diopter of
the lens was also obtained from the reciprocal of the focal length.

Fig. 4. Measurement of the focal length of the liquid lens. (a) Optical setup using a
wavefront sensor. (b) Diopter of the liquid lens and the wavefronts measured from the
wavefront sensor depending on the applied voltages.

Figure 4(b) shows the diopter and wavefronts of the liquid lens as the applied voltage increased.
The initial state of the lens was concave and the radius of curvature of the wavefront was
−19.9mm. The lens became flat at about 38V, and the wavefront also became flat. As the voltage
increased, the lens became convex and saturated above 70V where the radius of curvature of the
wavefront was 109.1mm. From Eq. (1), the focal length of the liquid lens was calculated to be
about 68.9mm at 70V. The liquid lens is generally paired with an imaging lens, and the resolution
would be theoretically slightly lower due to the liquid lens. However, nominal resolution was
maintained after adding this liquid lens when optical axis was vertical. Therefore, it can be
inferred that the resolution of the three-dimensional beam steering did not degrade when the
liquid lens was used.

3.2. Liquid prism

Figure 5(a) shows the structure of the proposed liquid prism. The four sidewalls of the prism
were indium tin oxides (ITO) deposited glass, and they were assembled on the ITO glass. A 2
µm layer of parylene C was deposited as a dielectric layer through chemical vapor deposition
(CVD), followed by application of a 0.3 µm hydrophobic layer of Teflon by dip coating. At this
time, the dielectric layers were applied only to the inside of the chamber, and the outer parts of
the chamber exposed the ITO electrodes. Then two immiscible liquids were injected into the
chamber. The non-conductive liquid consisted of a mixture of 1-chloronaphthalene (CN) and
dodecane, and DI water was selected as the conductive liquid. Finally, the device was covered by
glass and sealed with UV adhesive.
Figure 5(b) shows operating mechanism based on the electrowetting phenomenon. When

different voltages were applied to the four sidewalls, the shape of the interface changed. As higher
voltage was applied on one side, the electrowetting effect is greater, and thus, the conductive
liquid rushes more to that side. As a result, the beam can be steered by controlling the applied
voltages on the four sidewalls.

Figure 6 shows the effect of each wall’s voltage on the tilting angle of the liquid prism. Figures
6(a)–6(c) show the contact angle of the unrotated liquid prism when different voltages were
applied to each sidewall. The initial state of the liquid prism, whose contact angle was 167 °, was
convex. The saturation voltage was 80V, and the contact angle at this voltage was 75 °. Figures
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Fig. 5. Liquid prism setup. (a) Structure and fabrication of the liquid prism, (b) Schematic
of the liquid prism operation based on the voltages applied to the different sidewalls.

6(d)–6(f) also show the contact angle change depending on the applied voltage when the liquid
prism was rotated 90 ° to the left. The contact angle change of four states (no rotation, rotate 90 °
to the right and left, and flip vertical) were measured as the applied voltage increased as shown in
Fig. 6(g). This demonstrates that gravity effect on the EWOD [28] is negligible if the outside
space of one liquid is filled with another density-matched liquid and the shape of the liquid is
symmetric.

Fig. 6. Contact angle change of each wall with various applied voltages: (a) 0V, (b) 40V,
(c) 80V, (d) 0V (90 ° rotation), (e) 40V (90 ° rotation), (f) 80V (90 ° rotation). (g) Contact
angle change of four states (no rotation, rotate 90 ° to the right, rotate 90 ° to the left, flip
vertical) according to the applied voltage.

Different voltages were applied to the four sidewalls, which changed the shape of the interface
between the conductive and non-conductive liquids. As shown in Fig. 7(a), the initial state of
the liquid prism was convex and the liquid-liquid interface formed a tilted shape as the different
voltages were applied to the left and right sidewalls. Figures 7(b) and 7(c) show the tilting prism
when different voltages were applied only two sidewalls. When 80V and 20V were applied
to electrode1 (V1) and electrode3 (V3), respectively, the apex angle was 26 °, as shown in Fig.
7(b). When the same magnitude of voltages were applied to electrode2 (V2) and electrode4 (V4),
the apex angle differed slightly at 27 °, as shown in Fig. 7(c). However, four voltages should



Research Article Vol. 27, No. 25 / 9 December 2019 / Optics Express 36762

be applied to each electrode to achieve a prism that has a flat surface. Figure 7(d) shows that
the interface between the conductive and non-conductive liquids was flat when four different
voltages were applied to four different sidewalls (V1= 20V, V3= 80V, V2=V4= 40V). Figure
7(e) shows the wavefront of the liquid prism when the liquid-liquid interface was flat. The same
voltage (53V) was applied to the four sidewalls, and the wavefront was measured. The measured
radius of curvature was −2621.3mm, which means the surface was almost flat, so that the effect
of lowering the resolution of the beam steering due to the liquid prism was negligible.

Fig. 7. Tilting prism operation when different voltages were applied to the sidewalls: (a)
No voltage applied, (b) V1= 20V, V3= 80V, V2=V4= 0V (side-view) (c) V1=V3= 0V,
V2= 20V, V4= 80V (side-view), (d) V1= 20V, V3= 80V, V2=V4= 40V. (top-view). (e)
Wavefront of the liquid prism when the liquid-liquid interface was flat.

4. Optical characteristics and experimental results

4.1. Two-dimensional beam steering measurements

Figure 8(a) shows a schematic of the optical setup for measuring the steering angle. A light
source, liquid prism, and check-patterned paper were placed on a suspended platform. In this
case, 520 nm of light source was selected, and the width of one checkered pattern was 5mm. The
distance between the liquid prism and the check-patterned paper (L) was 10 cm. The fabricated
liquid prism was connected to the power supply with four needle probes, and the diameter of
the beam spot was adjusted to 2mm by the pinhole. The incident beam was tilted as it passed
through the device. This tilted beam was formed on a check-patterned paper, and the steering
angle was calculated from this tilted beam spot. Figure 8(b) shows the result of two-dimensional
beam steering, where the incident beam was tilted toward the x-axis (left and right), the y-axis
(top and bottom), and the xy-axis (diagonal) directions. In this experiment, the x-axis beam
steering angle was calculated to be ∼11.6 ° (−5.8 ° to 5.8 °), the y-axis beam steering angle was
calculated to be ∼12.0 ° (−6.0 ° to 6.0 °), and the xy-axis beam steering angle was calculated to
be ∼11.8 ° (−5.9 ° to 5.9 °). Two-dimensional beam steering was also achieved by stacking the
liquid lens and liquid prism and making the surface of the liquid lens flat, as shown in Fig. 8(c).
As shown in Figs. 8(b) and 8(d), the output performances were almost the same when using only
the liquid prism and when using the liquid prism and flat-state liquid lens.



Research Article Vol. 27, No. 25 / 9 December 2019 / Optics Express 36763

Fig. 8. Two-dimensional beam steering measurements. (a) Setup for measuring the steering
angle using the liquid prism. (b) Displacement of the light spot when different voltages
were applied to the opposite sidewalls. (c) Setup for measuring the steering angle using the
liquid lens and liquid prism. (d) Displacement of the light spot when different voltages were
applied to the opposite sidewalls.

4.2. Three-dimensional beam steering measurements

Three-dimensional beam steering can be achieved by using both the liquid lens and the liquid
prism simultaneously. As depicted in Fig. 9, by adjusting the voltages (VP1 ∼ VP4) applied to the
liquid prism, two-dimensional beam steering can be achieved, and by changing the voltage applied
to the liquid lens, this system can also be operated in the z-axis direction (d1∼d3), enabling
three-dimensional beam steering. The overall optical setup was similar to the two-dimensional
beam steering experiment except that the liquid lens was added and the check-patterned paper
was moved in the z-axis direction. In this experiment, the voltage applied to the liquid lens
increased from 55V to 65V in 5-volt increments. The measured diopters were 7.2 D, 10.2 D,
and 12.4 D. As in the two-dimensional beam steering experiment, beams were measured by
applying 20V and 80V to electrode 1 and electrode 3, respectively, and 40V to both electrode 2
and electrode 4.
In two-dimensional beam steering, the beam passing through the pinhole was formed on a

check-patterned paper. Since the liquid lens and liquid prism were stacked in three-dimensional
beam steering, the focused light by the liquid lens could be observed. The light spot moved as
different voltages were applied to four different sidewalls of the liquid prism. However, in the
three-dimensional beam steering, the depth of the focal plane changed as the diopter of the liquid
lens changed.

Figure 10(a) shows three-dimensional beam steering where the incident beam is tilted toward
the x-axis, y-axis, and z-axis directions. Displacement of the beam spot changed when different
voltages were applied to the four different sidewalls. In this experiment, the distances between
the liquid prism and the check-patterned paper (L) were 8 cm (L1), 10 cm (L2), and 14 cm (L3),
respectively. Figure 10(b) shows where the light spots moved on the check-patterned paper.
Theoretically, the distances between the center of the check-patterned paper and the beam spot
are 0.84 cm, 1.05 cm, and 1.47 cm when the distance between the bottom of the liquid prism
and the check-patterned paper are 8 cm, 10 cm, and 14 cm, respectively. However, the measured
distances between the center of the check-patterned paper and the beam spot differed slightly,
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Fig. 9. Schematic of three-dimensional beam steering setup using the liquid lens and the
liquid prism at the same time and photograph of the experimental setup.

and thereby, the resolution depends on the distance between the check-patterned paper and the
liquid prism. When L=L1, the range of the beam spot was 0.83 cm on the x-axis and 0.83 cm on
the y-axis, indicating that the x-axis and the y-axis resolution are 0.07 ° and 0.07 °, respectively.
When L=L2, the range of the beam spot was 1.00 cm on the x-axis and 0.93 cm on the y-axis,
indicating that the x-axis and the y-axis resolution are 0.28 ° and 0.68 °, respectively. When
L=L3, the range of the beam spot was 1.40 cm on the x-axis and 1.38 cm on the y-axis, indicating
that the x-axis and the y-axis resolution are 0.28 ° and 0.36 °, respectively. There is an error in
that the distances between the beam spot and the center of the check-patterned paper that are not
the same at left, right, top, and bottom beam steering for each depths. This can be resolved by
fabricating a liquid prism whose bottom is perfectly square and aligning the liquid prism and
liquid lens more precisely.

Fig. 10. Three-dimensional beam steering. (a) Displacement of the light spot at L1= 8 cm,
L2= 10 cm, and L3= 14 cm. (b) The locations of the beam on the check-patterned paper at
different z-axis depths.
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5. Conclusions

In conclusion, a nonmechanical three-dimensional beam steering system was demonstrated using
a liquid lens and liquid prism. The three-dimensional beam steering system was modeled and
simulated on Zemax, and then experimentally verified by using the liquid lens and liquid prism
and measuring the beam spots. The diopter of the liquid lens changed when different voltages
were applied and the maximum diopter of the liquid lens was measured as 14.5 D at 70V. The
shape of the two liquid-liquid interfaces of the liquid prism was also changed by applying different
voltages to four different sidewalls of the liquid prism. The apex angles of the liquid prism were
measured to be 26 ° to 27 ° and beam steering angle of the liquid prism was calculated to be 11.6 °
to 12.0 °. Three-dimensional beam steering was achieved by using the liquid lens which changes
the focal length and liquid prism which allows two-dimensional beam steering and changing the
voltage applied to them simultaneously.
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