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(57) ABSTRACT 

A tunable microlens uses at least two layers of electrodes 
and a droplet of conducting liquid. Such a droplet, which 
forms the optics of the microlens, moves toward an electrode 
with a higher Voltage relative to other electrodes in the 
microlens. When calibration of the microlens is desired, an 
equal and constant Voltage is passed over the first layer of 
electrodes and a different, constant Voltage is passed over the 
Second layer of electrodes, which may, for example, be 
disposed in a Star-like pattern. A driving force relative to 
each electrode in the Second layer results and is proportional 
to the length of the circumference of the droplet that 
intersects with each of the electrodes. This driving force 
reaches equilbrium, and hence the droplet reaches its nomi 
nal centered position relative to the Second layer of elec 
trodes, when the length of interSection of the circumference 
of the droplet with each of the electrodes in the second layer 
is equal. 
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METHOD AND APPARATUS FOR CALIBRATING A 
TUNABLE MICROLENS 

FIELD OF THE INVENTION 

0001. The present invention relates to microlenses, and 
more particularly, to liquid microlenses. 

BACKGROUND OF THE INVENTION 

0002 Lasers, photodetectors, and other optical compo 
nents are widely used in many optoelectronic applications 
Such as, for example, optical communications Systems. 
Traditionally in Such applications, manual positioning and 
tuning of the components is required to maintain the desired 
optical coupling between the System components. However, 
Such manual positioning can be slow and quite expensive. 

0.003 More recently, in attempts to eliminate this manual 
positioning of the System components, Small tunable lenses 
(also known as tunable microlenses) were developed to 
achieve optimal optical coupling. Typically, these micro 
lenses are placed between an optical Signal transmitter, Such 
as a laser, and an optical Signal receiver, Such as a photo 
detector. The microlens, which uses a droplet of liquid as a 
lens, acts to focus the optical signal (e.g., that is emitted by 
the laser) onto its intended destination (e.g., the photode 
tector). In Some cases the position and curvature of these 
microlenses is automatically varied in order to change the 
optical properties (e.g., the focal length and focal spot 
position) of the microlens when, for example, the direction 
or divergence of a light beam incident upon the microlens 
varies from its optimized direction or divergence. Thus, the 
desired optical coupling is maintained between the compo 
nents of the optical System. Therefore, the manual position 
ing and adjustment required in previous Systems is either 
Substantially reduced or even completely eliminated. 
0004. While the prior art electrowetting-based micro 
lenses described above are useful in certain applications, 
they are also limited in certain aspects of their usefulness. In 
particular, none of the prior art electrowetting microlenses 
provided a mechanism for achieving automatic microlens 
calibration, i.e. its automatic return to Some nominal, cali 
brated state with a defined position and focal length. This 
might be disadvantageous in certain applications. For 
example, there are many situations where Some Sort of a 
Search and optimization algorithm needs to be employed in 
order to achieve optimal tuning/positioning of the droplet. In 
the prior art Solutions, which do not use a calibration 
mechanism to first calibrate the position of the droplet, the 
algorithm must start from an unknown microlens position. 
This could result in a Substantial increase in the time 
necessary to complete the microlens tuning/positioning pro 
CCSS. 

SUMMARY OF THE INVENTION 

0005) While prior microlens embodiments reduce the 
need for manual positioning or tuning of components of an 
optical System, we have recognized that there remains a need 
to provide a tunable liquid microlens that is capable of 
automatic calibration. In particular, in certain applications it 
may be advantageous to have a microlens that is Self 
calibrating. Such a microlens would eliminate the time and 
effort associated with calibrating a microlens by first moving 
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the droplet to a known position and then moving the droplet 
of liquid of the microlens to a nominal, calibrated position. 
0006 Therefore, we have invented a microlens that uses 
at least two layers of electrodes, one of which acts as a layer 
of calibrating electrodes. When a calibrating Voltage is 
applied to the electrodes in this calibrating layer, the droplet, 
which forms the optics of the microlens, will quickly and 
automatically reach a nominal, calibrated position relative to 
the calibration electrodes in the microlens. 

0007 One embodiment of such a self-tunable microlens 
comprises a transparent conducting Substrate of a material 
(Such as transparent ITO (indium tin oxide) glass) that is 
transparent to at least one wavelength of light useful in an 
optical System. A first, lower layer of electrodes is disposed 
within a dielectric material which is in turn disposed on the 
transparent conducting Substrate. Each of these electrodes is 
attached to at least one Voltage Source So that the electrodes 
in the first, lower layer may be Selectively biased to create 
a respective Voltage potential between a droplet of conduct 
ing liquid disposed on the dielectric material and each of the 
electrodes in the first, lower layer. The droplet of liquid tends 
to move to a higher Voltage and, therefore, can be reposi 
tioned by varying the Voltages applied to this first, lower 
layer of electrodes. The layer of dielectric insulating mate 
rial Separates the first, lower layer of electrodes from the 
droplet of conducting liquid and the transparent conducting 
Substrate. 

0008. A second, upper layer of electrodes is disposed 
within the dielectric insulating layer between the first, lower 
layer of electrodes and the droplet. When calibration of the 
lens is required (e.g., after communications have concluded, 
or when the System of which the microlens is a part is reset 
for any reason), a constant and equal voltage is applied to the 
electrodes in the Second, upper layer in Such a way that the 
droplet of conducting liquid is adjusted to its nominal, 
calibrated position relative to the electrodes in the Second, 
upper layer. 

BRIEF DESCRIPTION OF THE DRAWING 

0009 FIG. 1 shows a prior art microlens and its opera 
tional effect on a beam of light. 
0010 FIG. 2 shows a prior art microlens wherein a 
Voltage differential between an electrode and a droplet of 
conducting liquid is used to adjust the focal length of the 
lens. 

0011 FIGS. 3A and 3B show a prior art microlens 
wherein the droplet of conducting liquid is electrically 
coupled to a Substrate via a well. 
0012 FIG. 4 shows the prior art microlens of FIGS. 3A 
and 3B wherein a voltage selectively applied to one or more 
electrodes results in a movement of the droplet away from 
its centered position relative to the electrodes. 
0013 FIG. 5 shows a microlens in accordance with the 
present invention wherein a Second, upper layer of elec 
trodes is used to automatically calibrate the droplet of 
conducting liquid. 
0014 FIG. 6 shows a top plan view of the microlens of 
FIG. 5 wherein the droplet of conducting liquid is auto 
matically calibrated in response to a Voltage differential 
between the Second, upper layer of electrodes and the 
droplet. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

0.015 FIG. 1 shows a prior art embodiment of a liquid 
microlens 101 including a small droplet 102 of a transparent 
liquid, Such as water, typically (but not necessarily) with a 
diameter from Several micrometers to Several millimeters. 
The droplet is disposed on a transparent substrate 103 which 
is typically hydrophobic or includes a hydrophobic coating. 
The droplet 102 and substrate 103 need only be transparent 
to light waves having a wavelength within a Selected range. 
Light waves 104 pass through the liquid microlens focal 
point/focal spot 105 in a focal plane 106 that is a focal 
distance “f” from the contact plane 107 between the droplet 
102 and the Substrate 103. 

0016. The contact angle 0 between the droplet and the 
Substrate is determined by interfacial Surface tensions (also 
known as interfacial energy) “Y', generally measured in 
milli-Newtons per meter (mN/m). AS used herein, Ys, is the 
interfacial tenson between the Substrate 103 and the air, gas 
or other liquid that Surrounds the Substrate, Y is the 
interfacial tension between the droplet 102 and the air, gas 
or other liquid that Surrounds the droplet, and Ys, is the 
interfacial tension between the substrate 103 and the droplet 
102. The contact angle 0 may be determined from equation 
(1): 

cos 0=(Ys-v-Ys-L)/YLiv Equation (1) 

0017. The radius “R” in meters of the surface curvature 
of the droplet is determined by the contact angle 0 and the 
droplet volume in cubic meters (m) according to equation 
(2) as follows: 

R=3*(Volume)/IT (1-cos 0)(2-cos 0-cos 0) 
0.018. The focal length in meters is a function of the 
radius and the refractive indices “n”, where nuta is the 
refractive index of the droplet and nv is the refractive 
index of the air, gas or other liquid that Surrounds the droplet 
102. The focal length f may be determined from Equation 
(3): 

f-Rf(Liquid-vapor) 
0019. The refractive index of the substrate 103 is not 
critical because of the parallel entry and exit planes of the 
light waves. The focal length of the microlens 101, there 
fore, is a function of the contact angle 0. 
0020 FIG. 2 shows a prior art microlens 201 whereby 
the phenomenon of electrowetting may be used to reversibly 
change the contact angle 0 between a droplet 202 of a 
conducting liquid (which may or may not be transparent) 
and a dielectric insulating layer 203 having a thickness “d” 
and a dielectric constant e. An electrode 204, Such as metal 
electrode is positioned below the dielectric layer 203 and is 
insulated from the droplet 202 by that layer. The droplet 202 
may be, for example, a water droplet, and the dielectric 
insulating layer 203 may be, for example, a Teflon/Parylene 
Surface. 

Equation (2) 

Equation (3) 

0021 When no voltage difference is present between the 
droplet 202 and the electrode 204, the droplet 202 maintains 
its shape defined by the volume of the droplet and contact 
angle 0, where 0 is determined by the interfacial tensions 
Y as explained above. When a voltage V is applied to the 
electrode 204, the voltage difference between the electrode 
204 and the droplet 202 causes the droplet to spread. The 
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dashed line 205 illustrates that the droplet 202 spreads 
equally across the layer 203 from its central position relative 
to the electrode 204. Specifically, the contact angle 0 
decreases from 0 to 0 when the Voltage is applied between 
the electrode 204 and the droplet 202. The voltage V 
necessary to achieve this spreading may range from Several 
Volts to Several hundred Volts. The amount of Spreading, i.e., 
as determined by the difference between 0 and 0, is a 
function of the applied voltage V. The contact angle 0 can 
be determined from equation (4): 

0022 where cos 0 (V=0) is the contact angle between the 
insulating layer 203 and the droplet 202 when no voltage is 
applied between the droplet 202 and electrode 204; Yv is 
the droplet interfacial tension described above; e, is the 
dielectric, constant of the insulating layer 203; and eo is 
8.85x10 F/M-the permittivity of a vacuum. 

0023 FIGS. 3A and 3B illustrate a prior art tunable 
liquid microlens 301 that is capable of varying both position 
and focal length. Referring to FIG. 3A, a tunable liquid 
microlens 301 includes a droplet 302 of a transparent 
conductive liquid disposed on a first Surface of a transparent, 
dielectric insulating layer 303. The microlens 301 includes 
a plurality of electrodes 305 insulated from the droplet 302 
by the insulating layer 303. A conducting transparent Sub 
strate 304 Supports the electrodes 305 and the insulating 
layer 303 and is connected to the droplet 302 via a well 306 
running through the dielectric insulating layer 303. Thus, 
when Voltage V is passed over the conducting transparent 
substrate 304, the droplet 302 also experiences voltage V. 
0024 FIG. 3B is a top plan view of an illustrative 
configuration for the electrodes 305. Each electrode is 
coupled to a respective Voltage V through V and the 
droplet 302, which is centered initially relative to the elec 
trodes, is coupled to a voltage V via the well 306. When 
there is no voltage difference between the droplet 302 and 
any of the electrodes 305 (i.e., V=V=V=V=V), and the 
droplet 302 is centered relative to the electrodes and quad 
rants I thru IV, the droplet 302 assumes a shape as deter 
mined by contact angle 0 and the volume of droplet 302 in 
accordance with equations (1)–(3) expained above. The 
position of the droplet 302 and the focal length of the 
microlens can be adjusted by Selectively applying a Voltage 
potential between the droplet 302 and the electrodes 305. If 
equal Voltages are applied to all four electrodes (i.e., 
V=V=V=V:V), then the droplet 302 spreads equally 
within quadrants I, II, III and IV (i.e., equally along lateral 
axes X and Y). Thus, the contact angle 0 between the droplet 
302 and insulating layer 303 decreases from 0 to 0 in FIG. 
3A. The resulting shape of the droplet 302 is shown as the 
dashed line 307 in FIG. 3A. This new shape of the droplet 
302 with contact angle 0 increases the focal length of the 
microlens 301 from the focal length of the microlens with 
the initial contact angle 0 (i.e., when V=V=V=V=V). 
0025 FIG. 4 shows the prior art microlens of FIG. 3A 
and FIG. 3B wherein the lateral positioning of the droplet, 
301 in FIGS. 3A and 3B, along the X and Y axes can also 
be changed relative to the initial location of the droplet by 
Selectively applying Voltages to one or more of the elec 
trodes, 305 in FIGS. 3A and 3B. For example, referring to 
FIG. 4, by making V=V=V and by making V2 greater 
than V, the droplet 402 is attracted toward the higher 

Equation (4) 
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voltage of the electrode 404 and thus moves in direction 407 
toward quadrant II. AS discussed above, by adjusting the 
lateral position of the droplet 402, the lateral position of the 
focal spot of the microlens 401 in that microlens focal plane 
is also adjusted. Thus, by Selectively adjusting the Voltage 
applied to one or more of the electrodes 403, 404, 405 and 
406 relative to the droplet 402 in different combinations, the 
focal length and the lateral position of the microlens 401 can 
be selectively adjusted. 
0026. While the prior art electrowetting-based microlens 
embodiments described above are useful in certain applica 
tions, they are also limited in certain aspects of their 
usefulness. In particular, none of the prior art electrowetting 
microlenses provided a mechanism for achieving automatic 
microlens calibration, i.e. its automatic return to Some 
nominal, calibrated State with a defined position and focal 
length. This might be disadvantageous in certain applica 
tions. For example, there are many situations where Some 
Sort of a Search and optimization algorithm needs to be 
employed in order to achieve optimal tuning/positioning of 
the droplet. The prior art Solutions, not using a calibration 
mechanism to first calibrate the position of the droplet, 
require this algorithm to start from a new and unknown 
microlens position. This could result in a Substantial increase 
in the time necessary to complete the microlens tuning/ 
positioning process. Additionally, an automatic calibration 
ability would permit the microlens to reset itself to a 
nominal, well-defined position that is advantageous for 
initiating operations or for testing purposes. Thus, there 
remains a need to provide a tunable liquid microlens that is 
capable of automatic calibration. 
0027 FIG. 5 shows a first embodiment of the present 
invention wherein a self-calibrating liquid microlens 501 
includes a droplet 502 of a transparent conductive liquid 
disposed on a first surface of a hydrophobic layer 503 which 
is in turn disposed on a dielectric insulating layer 504. 
Illustrative dielectric insulating materials include the afore 
mentioned Teflon/Parylene surface. Alternatively, the dielec 
tric insulating layer 504 could be made of a hydrophobic 
material, thus eliminating the need for a separate hydropho 
bic layer 503. The microlens 501 includes a first, lower layer 
of electrodes 505 (shown in cross section in FIG. 5 as 
electrodes 505a and 505b), and a second, upper layer of 
electrodes 515 (shown in cross section in FIG. 5 as elec 
trodes 515 and 515b. The electrodes 505 and 515 are 
insulated from the droplet 502 by the dielectric insulating 
layer 504. A conducting transparent substrate 506, such as a 
Substrate made from ITO (indium tin oxide) glass, Supports 
the electrodes 505 and the insulating layer 504, and is 
connected to the droplet 502 via a well 512 running through 
the hydrophobic layer 503 and the dielectric insulating layer 
504. A voltage V is applied to the conducting transparent 
substrate 506 and, hence, the droplet 502. The droplet 502 
may advantageously be enclosed in an enclosure liquid or 
gas 509. 
0028 Operations of the microlens are initiated with the 
droplet in a nominal location, for example centered on the 
surface 503 relative to the electrodes 505. Voltage V over 
electrodes 515 is, for example, initially set to 0 volts. A 
constant Voltage, not necessarily equal to Voltage V, is also 
passed initially passed over electrodes 505 Such that all 
electrodes in that layer experience the same Voltage (e.g., in 
FIG. 5, V=V). When a light beam 511 of a selected 
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wavelength, Such as that generated by a laser, is aligned with 
the microlens 501, the electronic circuit 507 maintains the 
constant voltage V =Vs across all electrodes in layer 505 via 
leads 506. 

0029 When the light beam becomes misaligned with the 
microlens for any reason, the electronic circuit will adjust 
the voltages across the electrodes in layer 505 such that the 
droplet 502 will move and become re-aligned with light 
beam 511. Various methods and apparatus which may be 
used to detect misalignment and to accomplish this realign 
ment function are described in the copending U.S. patent 
application Ser. No. 09/884,605, filed Jun. 19, 2001, entitled 
“Tunable Liquid Microlens,” Ser. No. 09/951,637, filed Sep. 
13, 2001, entitled “Tunable Liquid Microlens With Lubri 
cation Assisted Electrowetting;' and Ser. No. , filed 
Apr. 30, 2002, entitled “Method and Apparatus for Aligning 
a Photo-Tunable Microlens.” In all of the techniques 
described in these applications, the microlens is continu 
ously or periodically adjusted, when necessary, to align itself 
with the light beam. In addition to moving the droplet 502 
to realign the microlens with the light beam 511, the droplet 
502 may also be moved when it is desired to steer the focus 
of the light beam 511 to a different focal point. One skilled 
in the art will recognize that there are numerous causes for 
the droplet to move from its initial position to a different 
position. Whatever the reason for the droplet 502 being 
moved, the result is that the droplet 502 may be moved 
during operations Such that it is in a different position, Such 
as the position of the droplet represented by dashed line 514, 
compared to its nominal, calibrated position. 
0030. Layer 515 of electrodes is used to calibrate the lens 
(e.g., either after operations has concluded or periodically 
during operations). AS used herein calibrating the microlens 
refers to the process of returning the droplet to its nominal, 
calibrated position relative to the electrodes in layer 515. 
This calibration is achieved by applying a constant, equal 
voltage V to the electrodes in layer 515 via leads 506, where 
V>V Volts, while at the same time passing a constant 
Voltage, that is equal to the droplet Voltage V, over the 
electrodes in layer 505 in a way such that each of the 
electrodes in layer 505 experience the same voltage as the 
other electrodes in that layer (e.g., V=Vs=a constant volt 
age). AS further explained below, the result is that the droplet 
514 will move in direction 513 to return to its nominal, 
calibrated position. 
0031 FIG. 6 shows a top plan view of the microlens of 
FIG. 5 and shows an exemplary configuration of the two 
layers of electrodes useful in accomplishing the aforemen 
tioned calibration function. The electrodes in the lower layer 
505 in FIG. 5 are represented in FIG. 6 by electrodes 614 
thru 621. The electrodes in the upper layer 515 in FIG. 5 are 
represented in FIG. 6 as electrodes 603 through 610. These 
latter electrodes are disposed in a pattern Such that the Sum 
of the interSection lengths of the circumference of the 
microlens droplet of liquid with the second plurality of 
electrodes 603 thru 610 changes (in this example the sum 
decreases) as the distance from the center of the pattern of 
electrodes increases. In other words, when the droplet is 
centered relative to the second, upper layer of electrodes 603 
thru 610, and its diameter is increased (e.g., by applying a 
constant voltage across the first, lower layer of electrodes), 
the Sum of the length of interSection of the circumference of 
the droplet, represented by dashed line 602, with the elec 
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trodes will decrease. For example, as electrode 603 extends 
away from the well, its lateral width (as shown in FIG. 6) 
decreases, i.e., the electrode becomes narrower. As a result, 
as the diameter of the droplet increases, the circumference of 
the droplet overlaps with a Smaller portion of the electrode. 
One skilled in the art will recognize that there are other 
equally advantageous configurations of the first, lower layer 
of electrodes 614 through 621 and the second, upper layer of 
electrodes 603 through 610 that are intended to be encom 
passed by the present invention. 
0032. As previously discussed, during operations, the 
droplet of the microlens 601, which is coupled to voltage V 
via well 612, may be repositioned to, for example, the 
position represented by dashed line 602 by applying various 
voltages V through Vs to the electrodes 614 through 621 in 
the lower, first layer of electrodes. To calibrate the microlens 
Such that the droplet is returned to its nominal position, the 
Voltage acroSS electrodes 614 through 621 is made constant 
such that V=V=V=V=Vs=V=V,-V=V. By applying 
a voltage V to each of electrodes 603 through 610, where 
V>Vo volts, a driving force is created which will move the 
droplet 602 in direction 613 to a nominal, centered position 
relative to electrodes 603 through 610. The driving force 
needed to move the droplet in direction 613 is directly 
proportional to the voltage Square (V) across each elec 
trode multiplied by the intersection L between the outer 
circumference of the droplet and each of the electrodes 603 
through 610. The upper electrodes are disposed, for 
example, in a star-like pattern with wedge-like gaps between 
the electrodes (or other equally advantageous configuration) 
in a way Such that the length of the interSection of the 
circumference of the droplet and a particular electrode will 
decrease as the droplet moves in the direction of that 
particular electrode. As a result, the driving force will 
decrease as the droplet 602 moves in direction 613. The 
droplet 602 will move in direction 613 until (V) L= 
(V*) L=(V) L=(V) L=(V) L,-(V) L= 
(V) L-(V) Lio. For a constant V across all electrodes 
603 through 610, this relationship can be simplified such that 
the droplet will move until La-L=Ls=Le=L7=Ls=Lo-Lo. 
In other words, the droplet 602 will move until the continu 
ous reduction in the driving force due to the decrease in the 
length of contact between the circumference of the droplet 
602 and the individual electrodes 603 through 610 results in 
the equilibrium of the forces acting on the droplet. The size 
and number of the wedge-like gaps between the electrodes 
603 through 610 is designed in such a way as to insure that 
the motion of the droplet 602 halts at the point where it is in 
its nominal position, in this case centered relative to elec 
trodes 603 through 610. By varying the value of the voltage 
V one can achive a predetermined value of the microlens 
contact angle and thus a predetermined focal length. 
0033. The foregoing merely illustrates the principles of 
the invention. It will thus be appreciated that those skilled in 
the art will be able to devise various arrangements which, 
although not explicitly described or shown herein, embody 
the principles of the invention and are within its Spirit and 
Scope. Furthermore, all examples and conditional language 
recited herein are intended expressly to be only for peda 
gogical purposes to aid the reader in understanding the 
principles of the invention and are to be construed as being 
without limitation to Such specifically recited examples and 
conditions. Moreover, all Statements herein reciting aspects 

Apr. 28, 2005 

and embodiments of the invention, as well as Specific 
examples thereof, are intended to encompass functional 
equivalents thereof. 

What is claimed is: 
1. A tunable liquid microlens comprising: 
a first plurality of electrodes, 
a conducting liquid; and 
a Second plurality of electrodes configured Such that 

application of an equal and constant Voltage to Said 
Second plurality of electrodes causes Said conducting 
liquid to be positioned in a nominal position relative to 
the electrodes in either Said first plurality or said Second 
plurality of electrodes. 

2. The tunable liquid microlens of claim 1 further com 
prising a transparent conducting Substrate of a material that 
is transparent to at least one wavelength of light. 

3. The tunable liquid microlens of claim 2 further com 
prising a dielectric insulating layer that insulates Said plu 
rality of electrodes from said droplet. 

4. The tunable liquid microlens of claim 1 wherein a 
Voltage acroSS Said conducting liquid is constant. 

5. The tunable liquid microlens of claim 1 wherein the 
Sum of the interSection lengths formed by an interSection of 
the circumference of a droplet of Said conducting liquid with 
Second plurality of electrodes changes as the distance from 
the center of Said Second plurality of electrodes increases. 

6. A method for use in calibrating a liquid microlens with 
a droplet of conducting liquid, Said method comprising: 

passing a first constant Voltage over a first plurality of 
electrodes, and 

passing at least a Second constant Voltage over a Second 
plurality of electrodes in order to cause Said droplet to 
move to a nominal position. 

7. The method of claim 6 wherein the voltage passed over 
each electrode in Said Second plurality of electrodes is the 
SC. 

8. The method of claim 6 wherein the voltage passed over 
each electrode in Said Second plurality of electrodes is not 
the same. 

9. The method of 6 wherein said second constant voltage 
is greater than a Voltage on Said droplet of conducting liquid. 

10. A tunable liquid microlens comprising: 
a first plurality of electrodes, 
a droplet of conducting liquid disposed on a hydrophobic 

Surface; 
a Second plurality of electrodes arranged in a pattern and 

disposed between Said first layer of electrodes and Said 
droplet; and 

an insulating layer Separating Said droplet of conducting 
liquid from Said first plurality of electrodes and Said 
Second plurality of electrodes, 

wherein the sum of the intersection lengths formed by the 
intersection of the circumference of the droplet of 
liquid and the pattern of the Second plurality of elec 
trodes changes as the distance from the center of Said 
pattern of Said Second plurality of electrodes increases. 

11. The tunable liquid microlens of claim 10 wherein said 
Second plurality of electrodes is arranged in a Star-like 
pattern. 


