woO 2008/037787 A2 |10 00 000

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O O OO 50O

International Bureau

(43) International Publication Date
3 April 2008 (03.04.2008)

(10) International Publication Number

WO 2008/037787 A2

(51) International Patent Classification:
GO2B 3/14 (2006.01) GO2B 26/02 (2006.01)

(21) International Application Number:
PCT/EP2007/060296

(22) International Filing Date:
28 September 2007 (28.09.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

06301000.3 29 September 2006 (29.09.2006)  EP

(71) Applicant (for all designated States except US): VARI-
OPTIC [FR/FR]; 24A /24B Rue Jean Baldassini, F-69007
Lyon (FR).

(72) Inventors; and

(75) Inventors/Applicants (for US only): MAILLARD,
Mathieu [FR/FR]; 33, Rue Auguste Comte, F-69002 Lyon
(FR). BULTEZ, Xavier [FR/FR]; 222, Rue de Créqui,
F-69003 Lyon (FR).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: ELECTROWETTING DEVICE WITH SEGMENTED ELECTRODE

222/

204S

7
Nz

(57) Abstract: The invention concerns an electrowetting optical device comprising a chamber (207) comprising first and second
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ELECTROWETTING DEVICE WITH SEGMENTED ELECTRODE

FIELD OF THE INVENTION

The present invention relates to an electrowetting

device and in particular to an electrowetting optical device
having a segmented electrode.
BACKGROUND OF THE INVENTION

Electrowetting optical devices such as variable focus

liquid lenses, 1liquid shutters and variable liguid diaphragms
are known in the art. An electrowetting lens generally comprises
a refractive interface between first and second immiscible
liquids that is moveable by electrowetting. Figure 1 reproduces
Figure 4 of European Patent Application EP1662276, and
illustrates a variable focal length lens 10 according to one
example of the prior art. Lens 10 comprises two transparent
windows 24, 38 facing each other and parallel to one another,
and delimiting, at least in @part, an internal volume 15
containing two immiscible liguids 16, 18, with different optical
indices, defining an optical interface A, B in the form of a
meniscus where they meet. The liquids 16, 18 have substantially
equal densities, and one is preferably an insulating ligquid, for
example comprising oil or an oily substance, and the other is
preferably a conducting liquid comprising for example an aqueous
solution. The windows are for example transparent plates, made
of an optical transparent material, e.g. glass. Whilst planar
windows are shown, these windows could be fixed lens, centred on
an optical axis (A) of the variable focus lens 10.

Lens 10 further comprises a cap 30 connected to a
transparent window 38 and comprising a first cylindrical side
wall 34. Lens 10 also comprises a body 17 having a symmetry of
revolution about the optical axis (A) of the lens. Body 17 1is

connected to transparent window 24 and comprises a second
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cylindrical side wall 20 of a diameter smaller than the diameter
of the first cylindrical wall. Cap 30 forms a first electrode
and body 17 comprises a second electrode. A gasket 50 is
provided to ensure the tightness of the lens structure,
positioned such that it is compressed between the first and
second cylindrical side walls.

Due to the electrowetting effect, it is possible, by
applying a voltage between the cap 30 and body 17, to change the
curvature of the refractive interface between the first liquid
16 and the second liquid 18, for example, from an initial
concave shape as shown by dashed line A, to a convex shape as
shown by solid line B. Thus rays of light passing through the
cell perpendicular to the windows 24, 38 in the region of the
refractive interface A, B will be focused more or less depending
on the voltage applied.

For more complex control of the interface between the
first and second liquids, for example for the correction of
aberrations and to provide other functions, it is desirable to
be able to independently control different parts of the edge of
the liquid-liquid interface. This would also be desirable in
other electrowetting devices such as in liquid diaphragms and
liquid shutters to provide more control and to be able to
perform more complex functions.

A means of independently controlling different parts
of the edge of the liquid-liquid interface of a lens has been
proposed that involves a liquid lens having a segmented lower
electrode, separated from the edge of a liquid-liquid interface
by an insulating layer. Independent voltages may be applied to
different segments of the electrode. For example, a liquid lens
having multiple lower electrodes is described in US Patent
BApplication No. 6538823. Such a solution however has the
disadvantage that the liquid-liquid interface tends to be
deformed close to the edges of the electrode segments, for
example due to the a voltage difference between adjacent

segments of the electrode. Such distortion is generally very
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undesirable in optical devices as this leads to poor image
quality. In order to reduce this distortion, a high number of
electrodes can be provided thereby reducing the voltage step
between adjacent electrodes, however this has the disadvantage
of adding to the complexity of the wvariable lens, and some
distortion invariably still remains.

SUMMARY OF THE INVENTION

One aim of the present invention is to provide an

optical device and a method of controlling the same that at
least partially address the above mentioned disadvantages of the
prior art.

According to a first aspect of the present invention,
there is provided an electrowetting optical device comprising a
chamber comprising first and second immiscible liquids
contacting each other at a liguid-liguid interface, the first
liquid being an insulating liquid and the second liquid being a
conducting liquid; a first electrode insulated from the first
and second liquids by an insulating layer; and a plurality of
second electrodes in contact with said second liquid, wherein
said second electrodes are arranged to receive independent
voltages for moving different parts of an edge of the liquid-
liquid interface by electrowetting.

According to a further aspect of the ©present
invention, there is provided an electro optic device comprising
the above optical device and driving circuitry for generating
voltage signals to be applied between the first electrode and
each of the plurality of second electrodes.

According to a further aspect of the ©present
invention, there is provided an optical apparatus comprising an
image sensor for capturing an image; a lens arrangement arranged
to form an image on the image sensor, the lens arrangement
comprising the above optical device; and driving circuitry for
generating voltage signals to be applied between the first

electrode and each of the plurality of second electrodes.
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According to an embodiment of the present invention
the driving circuitry is arranged to generate a first voltage of
a first voltage level to be applied to a first of the second
electrodes, and to generate a second voltage of a second voltage
level to be applied to a second one of the second electrodes.

According to vyet a further aspect of the present
invention, there is provided a method of controlling a liquid
lens comprising first and second immiscible liquids, the first
liquid being an insulating liquid and the second liquid being a
conducting liquid, said first and second liquids contacting each
other to form a liguid-ligquid interface, the method comprising
applying a first wvoltage signal between a first electrode
insulated from the first and second liguids by an insulating
layer and one of a plurality of second electrodes in contact
with the conductive liquid, a part of the edge of the liquid-
liquid interface being moved by electrowetting by the applied
first voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other purposes, features, aspects

and advantages of the invention will become apparent from the
following detailed description of embodiments, given by way of
illustration and not limitation with reference to the
accompanying drawings, in which:

Figure 1 (described above) is a cross-section view of
a liquid lens according to the prior art;

Figure 2A 1is a cross-section view of a liquid lens
according to a first embodiment of the present invention;

Figure 2B is a plan view of the embodiment of Figure
2A;

Figure 3 is a cross-section schematic view
illustrating the effect of tilt in embodiments of the present
invention;

Figures 4 to 7 are plan views of liquid Ilenses

according to further embodiments of the present invention;
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Figures 8 and 9 are cross-section views of liquid
lenses according to further embodiments of the present
invention;

Figure 10 is a plan view of a liquid lens according to
a further embodiment of the present invention;

Figure 11 is a plan view of alternative electrodes
that <can be incorporated in embodiments of the present
invention;

Figure 12 1is a <cross—-section view of another
alternative electrode that can be incorporated in embodiments of
the present invention;

Figure 13 is a cross-section view of a variable liquid
diaphragm according to an embodiment of the present invention;
and

Figure 14 is a plan view of an alternative arrangement
of conducting segments according to embodiments of the present
invention; and

Figure 15 is a schematic illustration of an optical
apparatus according to an embodiment of the present invention.
DETATLED DESCRIPTION OF THE INVENTION

Figure 2A is a cross-section view of a liquid lens 200

according to a first embodiment. Liquid lens 200 comprises a
base portion 202 which in this example forms an annular lower
electrode of the lens. Transparent windows 204, 206 are provided
fixed to upper and lower surfaces of the base portion 202, in
this example windows 204, 206 being formed of glass planar
plates. In alternative embodiments these windows can be formed
of fixed lenses. The windows 204, 206 and base portion 202
together define an inner chamber 207 of the lens containing two
immiscible liquids 208, 210, which meet at a refractive liquid-
liquid interface 212 of the lens. Liquid 208 in this example is
an insulating liquid, and 1is for example an oily ligquid
comprising oil mixed with other substances. Liquid 210 is a
conductive liquid, and in this example has a relatively low

conductivity, for example in the range of 0,5 to 300 uS/cm, and
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preferably equal to less than 30 uS/cm. In alternative
embodiments the conducting liguid could have a  higher
conductivity of between 300 and 100,000 uS/cm. The conducting
liquid for example comprises water mixed with traces of a salt,
such as Na»304. Alternatively, a conducting liquid having
approximately 20 MS/cm conductivity can for example be achieved
by a mixture of slightly less than 37.5 percent weight of water,
25 percent weight of Ethylene glycol, 37.5 percent weight of 1,
2, 3 propanetriol and 0.0001 percent weight of NaBr.

According to the present embodiment, two upper
electrodes 214, 216 are provided, each contacting with
conducting liquid 210 in the inner chamber 207. A conductive
track 218 is connected to electrode 214 extending to the outside
edge of lens 200 such that a voltage V1 can be applied between
base portion 202 and electrode 214. A conductive track 220 is
connected to electrode 216 also extending to the outside edge of
lens 200 such that a voltage V2 can be applied between base
portion 202 and electrode 216. The base portion 202 is connected
to a voltage Vg, which is for example a ground voltage. Surfaces
of base portion 202 are covered by an insulating layer 222,
insulating the base portion from electrical contact with the
liquids 210, 208, and the electrodes 214, 216.

The terms "upper electrodes" is used throughout the
present specification to designate electrodes in contact with
the conducting liquid, while the term "lower electrode" is used
to designate the electrode insulated from the liguids by an
insulating layer. It will be apparent that given alternative
orientations or arrangements, the upper electrodes could be
positioned below the lower electrode.

As with the liquid lens 10 of Figure 1, base portion
202 is annular in shape, having a central opening, and the
liquid-liquid interface 212 is arranged to traverse this
opening. At the edge of the opening the base portion 202
comprises a bevelled surface 224 which is rotationally

symmetrical to an optical axis A of the lens and which in this
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example 1is circular and in contact with the edge 225 of
refractive interface 212 between liquids 208, 210. The term
"optical axis A" is used throughout the present specification to
designate an axis passing through the centre of the refractive
interface 212 when the refractive interface has a rotationally
symmetric curvature, the optical axis A passing through a point
in the refractive interface 212 of neutral refraction, in other
words where no angular refraction occurs.

In this embodiment, window 206 is glued or otherwise
fixed directly to a top surface of base portion 202, while
window 204 is glued or otherwise fixed in a recessed groove
provide in the bottom surface of base portion 202. Although not
shown in Figure 2A, lens 200 can further comprise one or more
expansion chambers for compensating for expansion of ligquids
208, 210. Expansion chambers are discussed on more detail in co-
pending European Patent Application No. EP 06115595, which is
hereby incorporated by reference to the extent allowable by the
law.

In operation, independent voltages can be applied
between the base portion 202 and each of the two electrodes 214,
216, and thus the liquid-liquid interface 212 can be controlled
in a variety of ways. The applied voltage is preferably an
oscillating (AC) voltage at a particular frequency. Due to the
low conductivity and/or the frequency of the voltage applied to
each electrode, the wvoltage signal 1is attenuated in the
conductive licquid 210, and therefore has a localised effect on
the edge 225 of the refractive interface, allowing each side of
the interface 212 to be controlled independently. In particular,
tilt or astigmatism can be applied to the refractive interface
212, tilt involving rotating the optical axis A of the lens by a
number of degrees in one direction, and astigmatism meaning that
two different <cross-sections of the interface taken in
perpendicular planes each passing through the optical axis have
different curvature radii, in other words the curves of the

interface at these cross-sections are not identical as they
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would be if the interface were perfectly spherical. Examples of
surfaces providing astigmatism are interfaces having cylindrical
forms or ellipsoidal forms.

Figure 2B illustrates a plan view of a horizontal
cross—-section through the liguid lens 200 of Figure 2A, the
cross section passing through electrodes 214, 216. As shown, in
this embodiment electrodes 214, 216 are each formed as segments
of a common annular disc, each having an inner edge 230 and an
outer edge 232 at the same distance from the optical axis A of
the lens. Electrodes 214, 216 are of identical size and shape.
Each electrode 214, 216 extends approximately 70 degrees around
the lens, and they are evenly spaced such that two gaps each of
approximately 110 degrees are provided between each electrode
214, 216. As shown in Figure 2B, the outer edges of electrodes
214, 216 are insulated from base portion 202 by insulating layer
222.

A dashed line has been superimposed on the plan view
of Figure 2B to illustrate an example of the positioning of the
edge 225 of the liquid-liquid interface 212. Regions of the edge
225 adjacent to electrodes 214, 216 have been labelled 234, 236
respectively. Regions adjacent to the gaps between electrodes
214, 216 have also been labelled 238.

As explained above, when independent voltages V1, V2
are applied between base portion 202 and electrodes 214, 216
respectively, independent control of two parts of the edge 225
of the refractive interface 212 can be achieved. Each electrode
is for example provided with an AC voltage of between 0 and 120
V RMS, at a frequency for example of 1 kHz. Conductive liguid
210 being of relatively low conductivity, in the example the
edge 225 of interface 212 adjacent to electrode 214, labelled
234 in Figure 2B is controlled by voltage V1 independently of
the edge 225 of interface 212 adjacent to electrode 216,
labelled 236 in Figure 2B which is controlled by voltage V2. The
edge 225 of interface 212 adjacent to the gaps between
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electrodes 214, 216, labelled 238 in Figure 2B, are controlled
by a combination of the voltages V1 and V2.

The effective voltage (Vc) applied to regions 234, 236
and 238, which provides the electrowetting modification of
position of the edge 225 of interface 212 and thus also the
contact angle between interface 212 and surface 224, can be
approximated, based on the Millman equation for an RC circuit
connected ground as follows:

Ve = VA (1 + d2@?Cs?/s?)

where V 1is the wvoltage V1 or V2 applied between
electrode 214 or 216 and base portion 202, d is the distance
from electrode 214 or 216, ® is equal to 2nf, where f is the
frequency of voltage V, Cs is the capacitance per unit area of
the insulating layer, and s is conductivity of the conductive
liquid 210. In the present case we are interested in the
distance d being the distance between the electrodes 214 or 216
and points on the edge 225 of the interface 212. It can be shown
by this formula that the lower the conductivity of the
conductive liquid 210, the faster the voltage Vc falls in
relation to the distance d from the electrodes 214 or 216. Thus
the electrodes 214, 216 can be positioned and the conductivity
of conductive liquid 210 can be chosen such that a large
proportion of the voltage V1 applied to electrode 214 is present
at the edge 225 of interface 212 in region 234, whereas a
relatively small proportion of voltage V1 is present at the edge
225 of interface 212 in region 236.

It can also been shown by the above formula that the
same effect occurs when increasing the frequency f. Generally
speaking, the value of the ratio f/s will determine how fast the
voltage Vc falls in relation to the distance d from the
electrodes 214 or 216. The applicant has shown that the ratio
f/s should preferably be comprised between 5.10" Hz.S'.cm and
5.10° Hz.S'.cm, more preferably between 10° Hz.S'.cm and 10°

Hz.S™.cm.
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As an example, assuming that ligquid 210 has a
conductivity s of 1 uS/cm, voltage V between electrode 214 and
base portion 202 is equal to 75 V RMS, the frequency f of
voltage V1 is 1 kHz, the capacitance Cs of surface 224 is 5.5
pF/mm?, and the inner edge 230 of electrode 214 is spaced by 2
mm from edge 225 in region 234, and by a minimum of 15 mm from
edge 225 in region 236, then the effective voltage in region 234
resulting from electrode 214 can be shown to be approximately 51
V RMS, whereas the effective maximum wvoltage in region 236
resulting from electrode 214 (at the point closest to electrode
214) can be shown to be only approximately 17 V RMS. The voltage
in regions 238 of edge 225 resulting from electrode 214 in this
example will wvary between 51 and 17 V RMS depending on its
distance from electrode 214, and assuming that 0 Volts 1is
applied between electrode 216 and the base portion.

The size of electrodes 214, 216, and in particular the
spacing between these electrodes is preferably chosen such that
they are not so close as to be electrically coupled to one
another. In other words, the spacing is preferably chosen such
that the voltage at one of the electrodes does not influence the
voltage on the other electrode. The minimum spacing between
electrodes to avoid unwanted electrical coupling will depend on
the conductivity of the conducting liquid 210 and the voltage
frequency. Furthermore, smaller electrodes have the advantage of
causing smoother field gradients, thereby minimizing distortion
at the edges of the refractive interface 212. In some situations
larger electrodes are advantageous however as they result in a
more homogeneous voltage 1in the region of the refractive
interface beneath them.

Figure 3 is a cross-section schematic view of part of
liquid 1lens 200 illustrating how tilt can be achieved by
application of different voltages V1 and V2. The base portion
202, insulating layer 222 covering the base portion 202,
electrodes 214, 216, liquid-liquid interface 212 and bevelled
surface 224 of base portion 202 with which the edge 225 of
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interface 212 contacts are illustrated. The example is shown in
which voltage V1 applied to electrode 214 is higher than voltage
V2 applied to electrode 216. As illustrated, due to the
electrowetting effect, the higher voltage provided to electrode
214 causes a larger displacement of edge 225 close to electrode
214 than the displacement of edge 225 close to electrode 216.
This results in the refractive interface 212 being tilted, such
that whereas the normal optical axis A of the refractive surface
212 extends through a central axis of the lens perpendicularly
to windows 204, 206, the new optical axis A' of the titled
refractive surface 212 is inclined by an angle o to the normal
optical axis A. Angle o is for example controllable in a range
from 0 to 30 degrees by the difference between V1 and V2. Angle
o for a given cross-section of the lens can be determined
approximately as half the difference in contact angle between
the edge 225 of the refractive interface 212 with surface 224 at
each side of the lens. Taking the example of Figure 3, assuming
a contact angle [ between the edge 225 of interface 212 and
surface 224 in the region of electrode 214, and a contact angle
v between the edge 225 of the interface 212 and surface 224 in
the region of electrode 216, angle o can be determined as
approximately equal to (B - v)/2. This represents the geometric
tilt of the refractive interface. The effective optical tilt can
be approximately determined as:

Optical tilt = Geometric tilt.An/n(oil)

wherein An 1is the refractive index of insulating
liquid 208 minus that of the conducting liguid 208, and n(oil)
is the refractive interface of the insulating liquid.

According to embodiments described herein, the angle
of tilt is controllable at the same time as the power of the
lens, in other words the extent of curvature of the refractive
surface 212. In particular, the power of the lens is determined
based on the average of voltages V1 and V2, whereas tilt is

determined according to the difference between V1 and V2.
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The frequency f of wvoltages V1 and V2 also has an
influence on the effective voltage at surface 224. 1In
particular, the higher the frequency, the faster the effective
voltage drops with distance from electrodes 214, 216. In the
above example of operation, V1 and V2 both have frequencies of
approximately 1 kHz. However, in alternative examples the
frequency is increased for one of the electrodes, to a value of
20 kHz for example, thus decreasing the effect of the voltage
applied to this electrode. In this embodiment, the lens power
and tilt can be controlled individually by a voltage of a first
frequency applied to one of the electrodes 214, 216 and a
voltage of a second frequency applied to the other of the
electrodes 214, 216. One of the voltages can be applied at a
sufficiently low frequency that it has very low attenuation
difference in the conducting liquid 210, such that it reaches
all the surface area 224 at approximately the same voltage
level. This low frequency voltage is thus used to control the
power of the lens. At the same time, a higher frequency voltage
signal can be applied to the other electrode to apply a
localised voltage to one side of the edge 225 of the refractive
interface 212, for example in region 234 or 236. This voltage is
used to control tilt.

The voltages applied to the electrodes in the
embodiments described herein preferably have frequencies in the
range 500 Hz to 200 kHz.

As an example, assuming a conductive liquid 210 having
a conductivity of 10 uS/cm, a first voltage V1 applied between
electrode 214 and base portion 202 has a frequency of 1 KHz and
RMS wvoltage of 75 V, a second voltage V2 applied between
electrode 216 and the base portion 202 has a frequency of 20 kHz
and an RMS voltage of 100 V, the capacitance Cs of surface 224
is 5.5 pF/mm?, and the inner edge 230 of electrodes 214, 216 are
spaced by 2 mm from edge 225 in regions 234, 236, and by a
minimum of 15 mm from edge 225 in region 236, then the effective

voltage in region 234 resulting from V1 applied to electrode 214
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can be shown to be approximately 75 V RMS, while the effective
voltage in region 236 resulting from V1 (at the point closest to
electrode 214) can be shown to be approximately 68 V RMS, thus
showing only a small reduction. On the other hand, effective
voltage 1in region 236 resulting from V2 can be shown to be
approximately 90 V RMS, while the effective voltage in region
234 resulting from V2 can be shown to be only approximately 16
V. Thus both regions 234, 236 will receive an RMS voltage of at
least 68 V RMS, providing the lens power, while region 236
further receives a voltage of 90 V providing tilt to the lens.
The voltage in regions 238 of edge 225 resulting from V1 and V2
in this example will wvary between 68 and 90 V RMS depending on
its distance from these electrodes.

A high frequency signal can also be used to provide
astigmatism in the embodiment of Figures 2A and 2B. 1In
particular, assuming that a 30 kHz RMS voltage of for example
100 V RMS is applied to both electrodes at the same time, the
edge 225 displacement and thus the contact angles between edge
225 and interface 212 in regions 234, 236 will be very high. On
the other hand, due to the high frequency signal, high
attenuation of the signals will occur away from electrodes 214,
216, and thus in regions 238 where no electrode is provided, the
voltage applied to edge 225 will be very low. This will result
in a curved form of interface 212 similar to the side surface of
a cylinder, the peak of the curve extending between the centre
of region 234, through the optical axis A, to the centre of
region 236. If the voltage applied to the electrodes 214, 216
are different, tilt can also be provided at the same time. It
should be noted that when high freguency voltages are applied to
one of the electrodes, attenuation of this voltage can be high
even i1if the conducting liquid has relatively high conductivity.

The same principles described above in relation to the
embodiment of Figures 227, 2B and 3 also apply to the embodiments

that will now be described below.
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Figure 4 is a plan view of a horizontal cross-section
of a liquid lens 400 according a further embodiment, liquid lens
400 comprising a base portion 402, which is the same as base
portion 202, covered by an insulating layer 404. Although not
shown in Figure 4, liquid lens 400 also comprises the same
liquids forming a liquid-liquid interface, and an edge 425 of
interface 412 meeting a surface 424 of base portion 402
equivalent to edge 225. The conducting liquid for example has
low conductivity, of for example between 0,5 and 30 uS/cm. The
structure of lens 400 is very similar to that of lens 200,
except that rather than comprising two upper electrodes, the
embodiment of Figure 4 comprises four upper electrodes, shown
labelled 414, 4l1lo, 418 and 420. Electrodes 414 to 420 are
arranged evenly spaced around the lens, and as with electrodes
214, 216, they are segments from a common annular disc, each
electrode having a curved inner edge 430 and a curved outer edge
432. Each electrode extends approximately 60 degrees around the
lens, and 1is separated from the next by approximately 30
degrees. Each electrode is connected in a similar fashion to
those of Figure 2A, such that independent voltages V1, V2, V3
and V4 can be applied to respective electrodes 414 to 420.

A dashed line 425 has been superimposed in Figure 4
representing the positioning, viewed from above, of the edge 425
of the refractive interface. Four regions 434, 436, 438 and 440
around line 425 have been labelled showing the areas adjacent to
respective ones of the electrodes 414 to 420.

In operation, voltages V1 to V4 are applied to each of
the electrodes 414 to 420, these voltages being AC voltages in
the range of 0 to 120 V RMS. By providing four electrodes, the
refractive interface can be controlled in more complex ways. By
applying a higher voltage to two adjacent electrodes of the four
electrodes, the interface can be tilted. Alternatively, tilt can
be achieved by applying a higher voltage to a first one of the
electrodes, for example to electrode 414, applying a lower

voltage to the two adjacent electrodes to the first electrode,
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for example to electrode 416 and 420, and applying an even lower
voltage to the electrode opposite the first electrode, for
example electrode 418. Tilt can be provided towards any of the
four electrodes.

Astigmatism can be added to the refractive interface
by applying a higher voltage to two of the electrodes facing
each other, for example electrodes 414 and 418, and a lower
voltage to the other two facing electrodes, for example
electrodes 416, 420. Thus astigmatism can be applied to form a
refractive interface having a ridge between electrodes 414 and
418, or between electrodes 416 and 420.

Furthermore, particular combinations of wvoltages can
be applied to the electrodes such that both tilt and astigmatism
can be provided at the same time as controlling the lens power.
Again, Dby applying voltages of different frequencies, the
voltage applied to one or more of the electrodes can be made to
have a more localised effect, while the voltage applied to other
electrodes can have a more general effect on the edge 425 of the
refractive interface.

Figure 5 illustrates yet a further embodiment of a
liquid lens 500, showing the same view as that of Figure 4, in
which eight upper electrodes 502, 504, 506, 508, 510, 512, 514
and 516 are provided in contact with the conductive liquid of
low conductivity. Again the liquids and the structure of the
lens, except for the number of electrodes, are the same as that
shown in Figures 2A and 4, and will not be described again in
detail. Electrodes 502 to 516 are segments of an annular disc,
each extending approximately 30 degrees and being separated from
the next by approximately 20 degrees. By providing more
electrodes, more fine control of the refractive interface
between the liquids can be achieved. In particular, voltage
levels V1 to V8 applied to respective electrodes 502 to 516, and
their respective frequencies can be applied to give the required
form of the refractive interface, with more control being

possible compared to the embodiments having fewer electrodes.
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In some situations, a liquid lens could be used in
which the base portion is not circular. According to embodiments
of the invention, it is possible to correct, at least partially,
the aberrations that result from a non-circular base portion.

For example, Figure 6 1is a cross-section view of an
embodiment of a liquid lens 600 having a base portion 602 that
has a square shape, with a square opening allowing light to pass
through the lens. Dashed lines 603 show the form of a number of
bevelled surfaces 604 for receiving the edge of the liquid-
liquid interface. These surfaces replace edge 225 of Figure 24,
and in this example four bevelled surfaces 604 are provided
inclined with respect to the optical axis A of the lens, these
surfaces being planar surfaces meeting each other at their
edges. Again, base portion 602, including surfaces 604, 1is
covered by an insulating layer 605, insulating it from the
liquids.

In this embodiment, eight electrodes 606, 608, 610,
012, o614, 616, 618 and 620 are provided which allow aberrations
caused by the square shape to be corrected. In particular,
electrodes 606, 610, 614 and 618 are provided close to the
corners of the square lens, and in particular close to the
corners of surfaces 604, and electrodes 608, 612, ©6l6 and 620
are provided halfway along each side of the square lens, close
to the midpoint along the length of each of the surfaces 604. In
this way, when the liquid-liquid interface is convex, by
applying higher voltages at the corner electrodes 606, 610, 614
and 618 and lower voltages at the side electrodes 608, 612, 616
and 620, the refractive interface can be controlled to have a
more spherical form, thereby correcting aberrations caused by
the square shape. When liquid-liquid interface is concave,
corner electrodes 606, 610, 614 and 618 can be controlled with a
lower voltage than side electrodes 608, 612, 616 and 620, to
provide a more spherical interface. Furthermore, variable focus,
tilt and astigmatism can also be applied by control of the

voltages to each electrode.
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Figure 7 is a plan view of a cross-section showing an
embodiment of an octagonal liquid lens 700, which, as shown by
dashed lines 703, has a base portion 702 comprising bevelled
surfaces 704 for receiving the edges of the Iliquid-liquid
interface that are joined to form an octagonal shape. Sixteen
electrodes are provided around the edge of the surfaces 704 for
compensating for aberrations caused by the octagonal shape of
the lens, again these electrodes being provided at the vertices
of the octagonal lens, and half way along each side of the
octagonal lens. As with the square lens, variable focus, tilt
and astigmatism can also be applied by control of the voltages
to each electrode.

Figure 8 is a cross-section view showing a liguid lens
800 which is the same as liquid lens 10 described above in
relation to Figure 1, but with a number of additional upper
electrodes, two of which are illustrated 1labelled 802, 804
respectively. Electrodes 802, 804 in this embodiment are formed
as wire rods entering the cap 36 of the lens through holes 806
which are lined with an insulating layer 808 to prevent contact
with the metal cap 36. Each wire rod 802, 804 extends into the
lens to a point close to the edge of the liquid-liquid interface
of the lens.

Figure 9 illustrates a further embodiment of a liquid
lens 900 having a base portion 902 having an annular shape and
forming a lower electrode of the lens. BRase portion 902 is
covered by an insulating layer 904. Two windows 906, 907 are
provided glued of fixed to the top and bottom surfaces of the
base portion 902. An insulating ligquid 908 and a low
conductivity liguid 910 are provided, these liquids being the
same as described above, the liquids forming a refractive
interface 912 where they meet. The edge 913 of the refractive
interface 912 contacts the inner surface of the annular base
portion 902, which in this example is a surface 914 inclined
with respect to the optical axis A of the lens. A plurality of

upper electrodes are provided, two being shown in Figure 9



10

15

20

25

30

35

WO 2008/037787 PCT/EP2007/060296

18

labelled 916, 918. Electrodes 916, 918 are formed in this
example as metal tracks printed or glued onto the underside of
top window 907 of the device and extending from the top window
907, within the low conductivity liquid 910, to a point close to
the edges of refractive interface 912.

Figure 10 is a plan view of a liquid lens 1000
according to a further embodiment of the present invention.
Liquid lens 1000 comprises many of the same features as lens 200
described above in relation to Figures 2A and 2B, and those
parts 1in common have been labelled with the same reference
numerals. Lens 1000 comprises four electrodes 1002, 1004, 1006
and 1008 in contact with the conducting liguid of the lens.
These electrodes 1002 to 1008 are for example formed as surface
coatings of metal on the underside of window 206, which is not
shown in Figure 10, but which is the same as window 206 of
Figure 2A. Each electrode for example has a thickness in the
range of 0.05 mm to 0.5 mm.

The liquid lens 1000 of Figure 10 has been tested by
applying a 5 kHz voltage to one of the electrodes of up to 80 V
peak-to-peak and shown to provide a variable tilt of up to 8.2
mrad, at the same time as a focus variable between -7 and -3
dioptres. When 5 kHz voltages between 0 and 80 V peak-to-peak
where applied, tilt of up to 16 mrad was achieved, at the same
time as a focus variable between -7 and 1 dioptres.

In this particular example, a special shape has been
given to the electrodes 1002 to 1008 to ensure a symmetrical
design of the parts of the electrode in contact with the
conducting liguid, whatever the positioning of the conducting
paths for the electrical connection of the electrodes. In plan
view each electrode 1002 to 1008 has a form having a protruding
portion, as labelled 1010 in Figure 10, that extends towards the
optical axis A of the lens 1000, adjacent to the bevelled
surface 224 of base portion 202 that contacts the edge of the
liquid-liquid interface of the lens. Portion 1010 is for example

between 0,5 and 2 mm in width, and extends between 1 and 3 mm
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towards the centre of the lens. The spacing between the ends of
opposite portions 1010 is for example between 5 and 20 mm, while
the whole lens is for example between 20 and 40 mm in diameter.
Each electrode 1002 to 1008 further comprises wing portions as
shown labelled 1012 which are substantially perpendicular to
portion 1010 and extent around the lens, sandwiched between
window 206 and base portion 202. Furthermore, each electrode
1002 to 1008 comprises a contact portion extending away from the
optical axis A of the lens towards the outside edge of the lens
1000, either adjacent to portion 1010 in the case of electrodes
1002 and 1006, or from the radially outer edge of one of the
wings 1012 in the case of electrodes 1004 and 1008, these
contact portions allowing electrical contact to be made with
each electrode 1002 to 1008.

Figure 11 is a plan view illustrating alternative
electrodes 1102, 1104, 1106 and 1108 which can replace
electrodes 1002 to 1008 in the embodiment of Figure 10.
Electrodes 1102 to 1108 are again formed of a metal plating on
the underside of window 206, but in this example they are
crescent shaped, such that a front edge 1110 of each electrode
closest to the optical axis A of each lens is less curved than
the back edge 1112 of each electrode furthest from the optical
axis A. Thus the surface area of the electrode is greatest
closer to the optical axis A and gets smaller radially outwards
from the optical axis A. This design has the advantage that it
allows some compensation for the change in separation between
the edge 225 of the liquid-liquid interface and each electrode
as edge 225 moves. Dashed line 1114 gives an indication of the
superimposed positioning of interface 225 with respect to the
electrodes when the interface is at its inner-most position,
while dashed line 1116 gives an indication of the superimposed
positioning of interface 225 in an outer-most position. Given
that the electrodes 1102 to 1108 are arranged in a flat plane
perpendicular to the optical axis A, and that the edge contacts

bevelled surface 224, as the edge 225 is move radially outwards
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from line 1114 to line 1116, it also moves closer to one or more
of electrodes 1102 to 1108, and therefore the apparent voltage
would normally increase. This however is compensated to some
extent by providing these electrodes having smaller surface area
radially outwards from optical axis A.

Figure 12 1is a cross-section view illustrating an
alternative electrode 1200 having a portion 1202 extending from
the surface of window 206 towards the lower window 204,
finishing at a point close to the liquid-liquid interface 212.
This electrode is arranged such that the change in distance
between the edge 225 of the liquid-liquid interface and the
electrode 1200 as edge 225 moves is minimised. As illustrated,
when interface 212 is in a first position shown by solid line
2123, 1its edge 1labelled 225A is for example at its radially
outer limit and is at a distance Q from the closest point on
electrode 1200. However, when interface 212 is at the position
shown by dashed line 212B, edge 225 is for example at its
radially inner limit as shown labelled 225B, and is at a
distance R from the end point of electrode 1200. Due to the
incline of portion 1202 of electrode 1200, which is slightly
steeper than the incline of bevelled edge 224, the distances of
Q and R are substantially equal.

Figure 13 illustrates an embodiment of a variable
liquid diaphragm 1300. Diaphragm 1300 comprises an annular
portion 1302 sandwiched between lower and upper windows 1304,
1306, the lower window 1304 being covered by a transparent
conducting layer 1308, and a further insulating layer 1310
covering layer 1308. A liquid chamber 1312 between the lower and
upper windows 1304, 1306 contains a first opaque insulating
liquid 1314, for example comprising oil mixed with Dblack
pigment, and a conducting liguid 1316. Conducting liquid 1316
for example has low conductivity of between 0.5 and 300 uS/cm. A
grid of electrodes 1318 is provided as a transparent coating of
conducting material applied to the inner surface of window 1306

and contacting with the conducting liquid 1316, four such
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electrodes being shown in Figure 13. Each electrode 1306 is for
example circular or square in plan view, and can be controlled
independently with a voltage, using thin conducting paths. These
paths and the electrodes 1318 can for example be formed
comprising indium tin oxide (ITO).

In operation, in an initial state with no voltages
applied to the electrodes 1318, opaque liquid 1314 covers the
whole surface of insulating layer 1310, except for a small
central region of the surface which is treated to have modified
properties such that the opagque liquid does not contact here.
For example, this region has a higher wettability by the
conducting ligquid 1316 than the insulating liquid 1314. When a
voltage is applied to one or more of the electrodes 1318, due to
the electrowetting effect, the conducting liquid 1316 makes
contact with the insulating layer 1310 in the region adjacent to
these one or more electrodes. Due to the conductivity of the
conductive liquid and/or the frequency of the applied voltage,
the effect of the voltage is localised. This allows complex
control of the opening through the diaphragm, which can have a
variable diameter, and also be moved sideways in any direction
perpendicular to the optical axis A.

Figure 14 illustrates an electrode arrangement 1400
according to another embodiment, this electrode arrangement for
example replacing electrodes 214, 216 of Figures 2A and 2B. The
electrode arrangement in this case comprises a plurality of
conducting segments 1402, 1404, 1406, 1408, 1410, 1412, 1414 and
1416, arranged close enough to be electrically coupled to one
another, only some of them being electrically connected and
forming the upper electrodes of the device.

Generally, in the previous embodiments described
above, the upper electrodes have been spaced far enough apart to
avoid unwanted coupling between the electrodes, unwanted
coupling meaning that the voltage at one electrode interferes

with the voltage applied to an adjacent electrode.
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In the embodiment of Figure 14, conducting segments
1402 to 1416 are segments of an annular ring, each conducting
segment being separated from the next by a narrow distance shown
labelled 1418. A voltage is for example applied to only two of
the conducting segments 1402 to 1416, which thus form the upper
electrodes of the device, while the remaining conducting
segments receive a voltage from adjacent electrodes and/or
adjacent non-connected conducting segments. For example, it is
assumed that an oscillating voltage of 60 V peak-to-peak is
applied to electrode 1402, electrode 1410 is connected to
ground, and the other conducting segments 1404, 1406, 1408,
1412, 1414 and 1414 are electrically isolated, only being in
contact with the conducting liquid 210 and the glass window 206,
which is not a good conductor. The ring of conducting segments
can therefore be considered as conducting tracks separated by
the resistances caused by the liquid 210 filling the gaps
between the conducting segments. Given that the gaps between the
conducting segments are all the same size, the voltage
difference between the voltage at electrode 1402 and electrode
1410 will drop in equal steps at each of the intermediate
conducting segments, resulting in a voltage at conducting
segments 1404 and 1416 of approximately 45 V, a voltage at
conducting segments 1406 and 1414 of approximately 30 V, and a
voltage at conducting segments 1408 and 1412 of approximately 15
V.

The advantage of this arrangement is that different
voltages can thereby be obtained at each of the conducting
segments without the necessity of generating the same number of
voltage levels as the number of conducting segments.

It will be apparent to those skilled in the art that
in alternative embodiments voltages can be applied to different
combinations of the conducting segments 1402 to 1416, and for
example three or four of the conducting segments 1402 to 1416

can be connected to voltage signals, the intermediate conducting
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segments receiving a voltage signal based on the voltage at
adjacent conducting segments.

Figure 15 is a schematic view of an optical apparatus
1500 including an electro optic device made of an optical device
according to the invention, and driving circuitry for generating
oscillating voltage signals to each of the upper electrodes. The
optical apparatus is for example to be used in a compact digital
camera, a mobile phone, etc. Optical apparatus 1500 comprises a
camera module 1502 comprising a lens arrangement 1503 and an
optical device 1504 according to one of the embodiments
described herein. Optical device 1504 has a single lower
electrode 1506 and a number of upper electrodes, two of which
are shown labelled 1508 and 1510. The lens arrangement 1503
comprises a number of fixed lenses.

Driving circuitry 1516 is provided connected to
electrode 1506, and to each of the upper electrodes, for example
to electrodes 1508 and 1510 of the optical device 1504 shown in
Figure 15. The driving circuitry 1516 generates oscillating
voltage signals to each of the upper electrodes.

The driving circuitry 1516 will generally comprise one
or more frequency oscillators for generating signals at one or
more given frequencies. These signals can then be amplified
before being provided between the lower electrode and one or
more of the upper electrodes. According to some embodiments the
voltages applied between the lower electrode and each of the
upper electrodes have different voltage levels or RMS (root-
mean-square) values. There are a number of ways this can be
achieved.

For example, this can be achieved by providing a
variable resistor connected in series between the voltage signal
and each of the upper electrodes, so that the peak-to-peak
voltage level provided to each upper electrode can be varied
independently.

Alternatively, in some embodiments, identical voltage

signals having the same peak-to-peak voltage, the same period
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and the same RMS voltage can applied to the lower electrode and
one or more of the upper electrodes at the same time, but a
variable delay can be added to the signal applied to each of the
upper electrodes. In this way, the RMS voltage can be varied
anywhere between 0 V when the signals applied to the lower
electrode and one of the upper electrodes are exactly in phase
and a maximum value when the voltage signals applied to the
lower and upper electrodes are exactly 180 degrees out of phase.
Such delays can for example be provided by capacitors.

As a further alternative, the RMS voltage of the
signal to each of the upper electrodes can be varied by varying
the duty cycle of each of these signals, while providing either
0 V or a signal having a constant duty cycle to the lower
electrode.

In yet alternative embodiments, each of the upper
electrodes are supplied in turn with an AC voltage signal. The
voltage signal is varied for each upper electrode so that the
required voltage is applied to each upper electrode. The time
period during which the upper electrode is not connected to the
AC voltage signal is preferably shorter than the response time
of the liquid-liquid interface so that there is no undesired
movement of the liquid-liquid interface.

In yet alternative embodiments, the signal frequency
can be increased or decreased, for example by applying only
selected pulses of a reference oscillating signal, resulting in
a varied RMS voltage value.

The camera module 1502 further comprises an image
sensor 1512 which captures images formed from light rays
received via optical device 1504 and fixed lenses 1503.

A processing unit 1514 is provided in the optical
apparatus 1500 which is for example a image signal processor or
the base band processor, for example of a mobile telephone.
Processing unit 1514 implements algorithms for controlling the
driving circuitry 1516 to provide the correct voltages to the

electrodes of the optical device 1504, as well as controlling
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image sensor 1512 to capture images. Processing unit 1514
receives captured images from image sensor 1512 and stores them
in a memory 1518 and displays them on a display 1520.

A power supply unit 1524 provides supply voltages to
the driving circuitry 1516, the image sensor 1512, and the
processing unit 1514.

In some embodiments, the optical device 1504 is a lens
able to perform variable tilt, and such a function can be used
to compensate for any movement of the optical apparatus 1500 as
an image is captured, which can cause blurring. In order to
detect any movement of the apparatus, a motion sensor 1526 can
be provided in some embodiments, connected to the processing
unit 1514, or directly to the driving circuitry 1516. Motion
sensor 1526 detects any motion, and generates an output signal
to control the tilt of the refractive interface of the optical
device 1504 in response. The motion sensor 1526 can comprise any
suitable means for detecting motion of the apparatus, such as a
micro-electro-mechanical system (MEMS) accelerometer.

Thus a number of embodiments of optical devices have
been described which comprise two immiscible liquids, one being
insulating, and the other being a conducting liquid, these
liquids meeting at a liquid-ligquid interface. A first electrode
is provided in the region of the edge of the interface between
the liquids, the first electrode being separated from the
liquids by an insulating layer. A plurality of second electrodes
is provided in contact with conducting liquid. These electrodes
are preferably positioned such that they allow further control
of the shape or curvature of the liquid-liquid interface. In
particular, one of the second electrodes is positioned closest
to a first part of said edge of said liquid-licquid interface and
a another of the second electrodes is positioned closest to a
second part of an edge of said liquid-liquid interface such that
said first and second parts of the edge of said liquid-liquid

interface can be controlled independently.
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In a variable lens the plurality of second electrodes
advantageously allow functions such as variable tilt, wvariable
astigmatism, at the same time as variably focus. For providing
tilt, the electrodes are preferably arranged such that two
halves of the circumference of the edge of the refractive
interface can be controlled differently, while for providing
astigmatism, the electrodes are preferably arranged in facing
pairs, for example as shown in the examples of the figures. For
providing variable focus, the electrodes are preferably provided
evenly spaced around lens, equidistant from the edge of the
liquid-liquid interface.

By providing a plurality of electrodes in contact with
the conductive liguid, the edge of the refractive interface can
be controlled with no sharp variations in voltage from one point
to the next.

The optical device according to embodiments of the
present invention can be a wide range devices including a liguid
lens having variable focus, tilt and/or astigmatism, a variable
diaphragm, or alternative devices, the advantages of the present
invention applying in any device in which electrowetting is to
be used to move parts of a liquid-liquid interface independently
from each other.

Having thus described at least one illustrative
embodiment of the invention, various alterations, modifications
and improvements will readily occur to those skilled in the art.
Such alterations, modifications and improvements are intended to
be within the scope of the invention.

In particular, whilst particular examples of
electrodes have been provided, other forms of these electrodes
are possible. For example, whilst the lower electrode has been
described in the above embodiments as being provided by a base
portion of the device, in alternative embodiments a transparent
electrode could be provided as a surface layer of the lower

window. Furthermore, the plurality of upper electrodes could
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also be formed of transparent electrodes printed or glued to the
underside of the upper window.

Whilst certain embodiments of optical devices have
been described comprising different upper electrode arrangements
comprising a variety of numbers of electrodes of different
shapes and dimensions, in alternative optical device
embodiments, any number of any of the described electrodes can
be provided.

Any of the planar windows 204, 206, 24, 906, 907,
1304, 1306, could be formed of any suitable transparent material
such as glass or plastic, and could be replaced by fixed lenses
of a suitable material. In some embodiments one or the other of
the upper and lower windows could be provided having a mirrored
surface facing into the lens such that the lens acts as a mirror
having variable optical characteristics.

The optical device according to embodiments of the
invention can be used in all kinds of optical systems, for
example where control of the optical power and/or tilt and/or
astigmatism and/or correction of optical aberrations are
necessary. In particular, embodiments can be wused in an
ophthalmic tool used by opticians for determining a customer’s

glass correction.
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CLAIMS

1. BAn electrowetting optical device comprising:

a chamber (207, 1312) comprising first and second
immiscible liquids (208, 210, 1314, 1316) contacting each other
at a liquid-liquid interface (212, 1316), said first liquid
(208) being an insulating liquid and said second ligquid (210)
being a conducting liquid;

a first electrode (202, 1308) insulated from said
first and second liquids by an insulating layer (222, 1310); and

a plurality of second electrodes (214, 216, 1318) in
contact with said second liquid, wherein said second electrodes
are arranged to receive independent voltages for moving
different parts of said liquid-liquid interface by
electrowetting.

2. The optical device of claim 1, wherein at least
one of said plurality of second electrodes comprises a
conducting plate and wherein said conducting plate comprises a
layer of conducting material deposited on an inner surface of
said chamber.

3. The optical device of any preceding claim, wherein
an even number of second electrodes are provided arranged in
facing pairs around an optical axis of said device.

4, The optical device of any preceding claim
comprising a plurality of conducting segments, only some of said
conducting segments being electrically connected to form said
second electrodes, said conducting segments being arranged close
to each other such that at least part of a voltage applied to
one of said second electrodes is also applied to an adjacent
conducting segment.

5. The optical device of any preceding claim, wherein
said second liquid has a low conductivity of less than 300
uS/cm.

6. The optical device of any preceding claim, wherein

said second liquid has a low conductivity of less than 30 uS/cm.
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7. The optical device of any of preceding claim
wherein said optical device is a liquid diaphragm (1300), said
first liquid being opaque and forming an annular drop having an
opening, and wherein said plurality of second electrodes are
arranged adjacent to said liquid-liquid interface in order to
control the dimensions of said opening in said annular drop.

8. The optical device of any of claims 1 to 6,
wherein said optical device is a liquid lens comprising a base
portion having an opening providing a light path through the
lens, said liquid-liquid interface traversing said opening,
wherein said first and second liquids have different refractive
indices and an edge of said liquid-liquid interface is moveable
by electrowetting by application of voltages to one or more of
said second electrodes.

9. The optical device of claim 8, wherein said
plurality of second electrodes are arranged so as to allow one
or more of the following functions:

variable focus;

variable tilt;

variable astigmatism.

10. The optical device of claim 8 or 9, wherein said
edge of said refractive interface contacts an annular surface of
said chamber such that said edge of said liquid-liquid interface
is circular when no voltages are applied to said electrodes.

11. The optical device of any of claims 8 to 10,
wherein said edge of said refractive interface contacts a non-
annular surface of said chamber such that the edge of said
interface is non-circular when no voltage is applied to said
electrodes.

12. An electro optic device comprising the
electrowetting device (1504) of any preceding claim and a
driving circuitry (1516) for generating voltage signals applied
between said first electrode and each of said plurality of

second electrodes.
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13. The electro optic device of claim 12, wherein
said driving circuitry is arranged to generate at least a first
oscillating voltage of a first frequency to be applied between
said first electrode and at least a first one of said plurality
of second electrodes, the ratio of said frequency to the
conductivity of the conductive liquid being comprised between
5.107 Hz.S'.cm and 5.10° Hz.S'.cm, more preferably between 10°
Hz.S7".cm and 10° Hz.S™ .cm.

14. The electro optic device of claim 12 or 13,
wherein said driving circuitry is arranged to generate a first
oscillating voltage of a first frequency to be applied between
said first electrode and a first one of said plurality of second
electrodes, and to generate a second oscillating voltage of a
second frequency different from said first frequency to be
applied between said first electrode and a second one of said
plurality of second electrodes.

15. An optical apparatus comprising:

an image sensor (1512) for capturing an image;

a lens arrangement arranged to form an image on said
image sensor, the lens arrangement comprising the electro optic
device of any of claims 12 to 14.

16. The optical apparatus of claim 15 wherein the
liquid-liquid interface of said optical device is a liquid lens
controllable to have wvariable tilt, and wherein said optical
apparatus further comprises a motion sensor (1526) arranged to
generate a control signal based on motion of said optical
apparatus, said ligquid-liquid interface being controlled based
on said control signal.

17. A method of controlling a liquid lens comprising
first and second immiscible liquids (208, 210, 1314, 1316), said
first liquid being an insulating liquid and said second liquid
being a conducting liquid, said first and second liquids
contacting each other to form a liquid-liquid interface (212),

said method comprising:
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applying a first voltage signal between a first
electrode insulated from said first and second liquids by an
insulating layer and a selected one of a plurality of second
electrodes in contact with said conductive liquid, a part of the
edge (225) of said ligquid-liquid interface being moved by
electrowetting by said applied first voltage.

18. The method of claim 18 wherein said first voltage
signal is an oscillating signal at a first frequency chosen such
that the apparent voltage at different points of the edge of
said liquid-liquid interface are different.

19. The method of claims 17 or 18 wherein said first
voltage signal 1s an oscillating signal at a first frequency
chosen such that the ratio of said first frequency to the
conductivity of the conductive liquid is comprised between 5.10'
Hz.S".cm and 5.10° Hz.S{.cm, more preferably between 10 Hz.S”
.cm and 10° Hz.S™.cm.

20. The method of any of claims 17 to 19, further
comprising applying a second voltage signal between said first
electrode and a second one of said plurality of second
electrodes, said first and second voltage signals being
oscillating voltages having different frequencies of oscillation

and different root-mean-square voltage values.
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