1 RUGGED VARI ABLE FOCUS LI QUI D LENSES AND ACTUATORS FOR ACTUATI ON OF
LI QUI D LENSES BACKGROUND OF THE | NVENTION 5 [0001] The present

I nvention relates generally to opticg! systens, and nore

particularly to rugged variable-focus liquid |lenses. [0002] In
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modulation and thus requires thick lenses or high voltages. In addition, many electro-optic

20 materials show strong birefringence causing polarization dependence of the microlens, which

distorts light with certain polaﬁzaﬁon. These problems become especially severe in the case
where arrays of tunable microlenses are required. For example, existing camera phones use
tiny, fixed-focus lenses, which have poor light-gathering capabilities, limited focus range and
limited resolution power., As a result, the image quality is low compared to conventional

25  photo cameras.

[0004] Variable focus liquid lenses have been developed to overcome some of the
ahove problems (see, e.g., U. S. Patent No, 5,973,852). A variable focus fluid lens is
provided when the focal length is controlled by changing the contact angle or radius of
curvature of a fluid meniscus,‘which forms the o;;ﬁcs of the lens. The optical device also
30 typically includes a pressure or volume control means fluidly coupled with the fluid for

-adjusting the pressure of the fluid and therefore also the curvature of the meniscus.



30 typically includes a pressure or volune control neans fluidly
coupled with the fluid for adjusting the pressure of the fluid and
therefore also the curvature of the neniscus. 2 [0005] However,

i nprovenents can be made for problem® particular to liquid |enses,
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BRIEF SUMMARY OF THE INVENTION
[0007] The presént invention ﬁrovides ragged variable-focus lenses that overcome the
above problems. In particlﬂa:r, the present invention provides systems and methods for
25  efficiently forming Hquid lenses and for recovering liquid lenses after shock-related events.

[0008] According to one embodiment of the invention, an optical device includes a
housing having a hydrophobic top surface, a botfom surface and a first cavity, wherein the
cavity has inwardly curved walls. A ﬁfst fluid having a first meniscus is disposed within the
first cavity. A first control means is coupled with the flnid for displacing fiuid into and out of
30  the first cavity. In one aspect, the hydrophobic top surface inciudes 2 Ié.yer of hydrophobic
| material covering a non-hydrophobic material. In another aspect, the walls are hydrophilic or

include a layer of hydrophilic material covering a non-hydrophilic material. -



cavity has inwardly curved walls. Afirst fluid having a first
meni scus is disposed within the first cavity. Afirst control neans
Is coupled with the fluid for displacing fluid into and out of 30 the
first cavity. In one aspect, the hydrophobic top surface includes a

| ayer of hydrophobic naterial covering a non-hydrophobic material.
I'n ar\ggm‘r as Peghordindao Wadths eaitRdineds sfhe inventivh, ari cyticaltievive limojeles of
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20  ahousing having a top surface, a bottom surface and a first cavity, wherein the cavity has
inwardly curved walls. A first fluid having a meniscus is disposed within the first cavity, the
first fluid forming a first liquid lens. A first control means is coupled with the first fluid for
displacing fluid into and out of the first cavity. The optical device also includes a first non-

liquid lens.

25 [0013] Reference to the remaining portions of the specification, including the drawings and
claims, will realize other features and advantages of the present invention, Fusther features -
and advantages of the present invention, as well as the structure and operation of various
embodiments of the present invention, are described in detail below with respect to the
accompanying drawings. In the drawings, like reference numbers indicate identical or

30 functionally similar elements..



liquid | ens. 25 [0013] Reference to the remaining portions of the
specification, including the drawings and clains, will realize other
features and advantages of the present invention. Further features
and advant ages of the present invent4on, as well as the structure and
operation of various enbodinments of the present invention, are
described in detail BRIFPMDOBSCRIFEONEDF THE DRAWINGE conpanyi ng
drawings. In the draw ngs, |ike reference nunbers i r]di cate .identi cal
or 3q00Mct i onZNGy 1A shawman isqmestdnvisw of a ligpiddensrgssgnph P’Y’P@ﬁﬂ@ﬂ

DRAW NGS [ 0014] F.G j b view of a liquid |ens
asserfBr Y %v&a%(lzﬁr I%\E:ﬁ MbOURncdlof ROFREAtidh,

y  curve cavity according to an enbodi nent of
the invention. [00151 FIG ,1B.shows..a.siide view of.a liquig |
assenf@P1Slwi t h A:%Gi HRaghows 2 gdm e °¥V§h 15 ass[eﬁjg%‘]‘ntﬁf"énwgﬁ%&gd a
sizde Migw of a liquid lens assenbly with an inwardly curved cavity
before the liquid fills the inwardly curved cavity. [0017] FIG 1D

sho i de vi | Ouhkd . iy ]113, 0 o YRRl chivey €d
cav}NtS[;QG]a‘ﬁter tﬁi&(r ?éﬁﬁcf}lr%?q#{iégﬂ%ﬁylaﬁagiraﬁf%gurved@cavity. 1 c10018]
FI G daRtpbefore the Hiald fitksdve infvardbnauvedreaniter o- si zed pillars forned on
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hydr %b?fzii C SUrgac en shdWod Qlic fikk of hfiqaides Rsaitte withew infardlycarved or

m cro-si Zed ridged_ t opol ogy on the top and bottom surfaces of an
i nwaradvigy efienteeiigeidifilly thegnWerdly WREAGAAAY | ¢ surfaces. [0020] FIG 2A
shows a top view of a flat cavity that is enpty, according to an 15
erbodioots]t of tHIE. IBehows mside Fi0®2f harier or mb@o-sizedwiliars fopned efheiora

flat it i t l.i qui d f ' . 2] FIG. 2C
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top and bottom surfaces of an inwardly curved cavity to form hydrophilic surfaces.

[0020] FIG. 2A shows a top view of a flat cavity that is empty, aqcording to an

15 embodiment of the invention. '
[0021] FIG. 2B shows 4 top view of a flat cavity with a liquid drop formed at the
inlet. | '
[0022] FIG. 2C shows a top view of a flat cavity with a liquid drop enlarged at the
inlet.

20  [0023] FIG. 2D shows a top view of a flat cavity with a liquid drop that has filled the
cavity.
[0024] FIG, 3A shdws a top view of an empty inwardly curved cavity according to an
embodiment of the inveniion.
[0025) FIG. 3B shows a top view of an inwardly curved cavity with a liquid ring

25 being formed.
[0026] FIG. 3C shows a top view of an inwardly curved cavity with the liquid ring
merging,. -
{00271 FIG. 3D shows a top view of an inwardly curved cavity with a concave liguid

lens formed.



[00241 FIG 3A shows a top view of an enpty inwardly curved cavity
according to an enbodi nent of the invention. [0025] FIG 3B shows a
top view of an inwardly curved cavity with a liquid ring 25 being
formed. [00261 FIG 3C shows a top vhew of an inwardly curved cavity
with the liquid ring nerging. [0027] FIG 3D shows a top view of an
| nwar giozs]c ur ve FIGRSE kowd 4 fap 3iencofan hewirdiyieutied cavity With areshves liqyi®028]
FIG 3E shows a top view of an inwardly curved cavity with a convex
| i qui kns fosngd-f or ned. [0029] FI G 4A shows a side view of a liquid

| ens assenbly with a housing for multiple |enses according to an °
enbod[osesit of (HIG. #Ashows aside Siejved3djvidilas asmmbhowih 8 hense Prew of a
i qui s, assenbl

d jth | i,quj { f d. [0031] FIG 4C
shomsméllt"g’redlgni?ﬁ %608 n%\%lﬁncfg?b&hﬁrgé g"%ﬁ%@r‘{%ﬁ{fg&j t ho;rr}ei qui[ d | e]ns bei ng

adjusted. [0032] FIG  5A shows, a side view of liguid |ens assenbly

4 b HNSUnG | os dICuHB shaws s Bderignior » dauidie e en i rlonIEnDHE o

i nven}-&nggd [0033] FIG 5B shows a side view of a liquid | ens assenbly
with an open air reservoir according to an enbodi nent of the

invention. [00 E 5C shows h:de: i kY b@ﬁ%errbly
wth L@gﬂncl 0S g@}afl{:%h?‘&%F\B%ﬂgwgoﬁghgglﬁjé@\gg%g@ﬁ gﬁg‘dg@ggﬁ giéng 0 an
enbodgdjggﬂéd_of the invention. 15 [0035] FIG 6A shows a side view of
an air reservoir with curled ends, according to an enbodi nent of the
i nvengdesy [ 00 | FRIHIRIMeMsimia withan lefl6gedairr Wi th
enl ar gdggﬂends; %&gﬁﬁggg?gﬂgg%@npﬂ?%m of thg i nvention. [0037]
FI@G vedersoioweconding theangnelpdimery of thg ivgnidns assenbly with an inwardly
curved 20 cavity with a disturbed Iliquid Iens according to an |
enbod{ooast of tHG.iSBwhotv aside view of a liquid lens assembly with an open air reservoir

according to an embodiment of the invention.

[0034] FIG. 5C shows 2 side view of a liquid lens assembly with an enclosed air

reservoir and dome-shaped lens according to an embodiment of the invention.

15 [0035] FIG. 6A shows a side view of an air reservoir with curled ends, according to

an embodiment of the invention.

0036} FIG. 6B shows a side view of an air reservoir with enlarged ends, according to

an embodiment of the invention.

[0037] FIG. 7A shows a side view of a liquid lens assembly with an inwardly curved -
20  cavity with a disturbed liquid lens according to an embodiment of the invention. -
[0038] FIG. 7B shows a side view of a liquid lens assembly with the liquid pushed
out to fill the inwardly curved cavity.
[0039] FIG. 7C shows a side view of a liquid lens assembly with the liquid pushed
against the air reservoir.
25  [0040] FIG. 7D shows a side view of a liquid lens aséembly with a retracting liquid.
[0041] FIG. 7E shows a side view of a liquid lens assembly with a re-formed liquid

lens.



[0038] FIG 7B shows a side view of a liquid |lens assenbly with the
liquid pushed out to fill the inwardly curved cavity. [0039] FIG 7C
shows a side viewof aliquid |lens assenbly with the |iquid pushed
" against the air reservoir. 25 [0040]6FIG 71) shows a side view of a
liquid |l ens assenbly with a retracting liquid. [0041] FIG 7E shows

a sid \.ew of |, qui d : o i &afl L b 1 S:
5 “ToBSHTR G % SAgheve gt R ket o't A SBHGH (L Kbl
cavi t jeRsesaeeoidihgltol anGiitddinhent sfthe &ventiosi ng t 0 an enbodi nent of the
invention. [0043] FIG 8B shows a liquid lens and solid | ens

accor ﬂiogﬂjl Lo arpgr @hcfwé ligfid 1R and $31i@ Mink @cor@inf CVAAmbddGnerf 6f theows
a liqui ens and a solid piano convex | ens according to an
enbodinveniionof the invention. [0045] FIG 8D shows two |iquid |enses
and two solid | enses according to an enbodiment of the invention.

[ 0946]006HG. SE HII08E shows 4 liguid tbnk embesolidplinorenyes lews dcoprdingdmahi ched
in between 10 _agccordi,ng to an enbodi nent of the invention. [0047]
FI G @B%%nt&fgi%ﬁ’e@uﬁ’gnp actuation nethod according to an

enbodi ment of the invention, [0048] FIG 10 slhows an_actuation

met ho0dsE or di NG: 8Dahowsbyo banidlensas aud tyro solid lensas,ancprdig 108 [ 0049]
FIG 11 SHous, ah 3 cL U 1B{J__on met hod accordi ng to anot her enbodi nent of
the PR “f%n.ﬂf'ugeﬁ']‘ 1 G 12 shows a nore detailed drawi ng of the

enbodi nent of FlI 11. 0051 |G 13 sh i r a
I i qui P¥ehs conﬁlf%n §E§é%‘f’%{‘ﬂ°glb°&%q E‘Fsﬁ& a‘fcgoneasﬁgﬁ %%F%%Qr%%ﬁ@#g%tg&?fe El?he
i mengécgmingﬁ, 4 Qe 3dinientor thd s, a single electrical notor used to
actuate two liquid |l enses according to another enbodi nent of the

inve ntd(ﬂ'?] FIG. 9 shows a single pump actuation method according to an embodiment of

the invention.
[0048] FIG. 10 shows an actuation method according to another embodiment of the
invention, ‘

15  [0049] FIG. 11 shows an actuation method according to another embodiment of the
invention. | )
[0050] FIG. 12 shows a more detailed drawing of the embodiment of FIG.. 11.
[0051] FIG. 13 shows a block diagram for a liguid lens control system according to

another embodiment of the invention.

20 [0052] FIG. 14 shows a singlé electrical motor used to actuate two liquid lenses

according to another embodiment of the invention,

[0053] FIG. 15 shows a side view of a ﬁciuid Igns-based, auto-focus lens system

according to an embodiment of the invention.

[0054] FIG. 16 shows a side view of a liquid lens-based, auto-focus lens system

25  according to another embodiment of the invention.

[0055] FIG. 17 shows a side view of liquid lens system with a zoom/focus module

according to an embodiment of the system.



[0053] FIG 15 shows a side view of a liquid |ens-based, auto-focus

| ens system according to an enbodi nent of the invention. [0054] FIG
16 shows a side view of a liquid | ens-based, auto-focus |ens system

25 according to another enbodi ment of the invention. [0055] FIG 17

shows a side view of liquid lens systemw th a zoom focus nodul e

according to a odi nent..of.th ws a
sidel 9@8/ of a%ﬁ?% SgOV%"ﬁ?dg yETe aan@{ﬁégsv%?tfsagﬁg? g&agl %%%S%H@
var i aflisnislapRk@neds aduERettdingtear ehngimentafitespgdnnent of the
system [0057] FIG 19 shows a side view of a liquid |lens systemwth

a zo cus | ' ' @Qﬂeﬁdﬁn e A bodth/fddiemodule
i nvegm’%ﬁ. 5 %8@ ﬁ]—llaggrgéﬂggﬁs %\Kag{hgm?%sui d lens systemwth a
Z oonMgcosdmg i andticer amboditienigoftibe ingendioher enbodi ment of the invention.
10059] FIG 21 shows a piezoelectric tube actuator according to an
egbogb t of tHhge bR aQiYuid B ktedIvith 22bensfousmatup acdostingib a
prezoel ectric disc actuator using a 10 piezoelectric buzzer
di aplanather enbastimpni@f the iBv¥enEMbodi ment - of the invention. 10061] FIG
22B shows a side view of the pi ezoel ectric disc actuator. [ OO%HI G
22C 0059 a t OfFIGi 2vshoivs a pirzedledtic tibe peuaprascerdingd gr cubpdigent ed
pi ezqel ectric di aphragm according to an enbodi nent of the invention.
15 DEFHHHEH DESCRI PTI ON OF THE | NVENTI ON [0063] FIGS. |A -11) show a
| ens assenbly that holds a varjable-focuys l.iquid lens .within an
i nwarl@Pg0lcur vedFlGedA hows@ayion W‘em%""?aﬁ%‘é 36? ﬁ%t“?e%r B Erbodi ment

t i b OFL ; sh@uscdanert 9o tRtinvendunew of a |iquid
qugnsqggzsognéﬁﬂfo &{a?%ﬁgﬁlagﬁffhn gocavi ty 104 that is inwardly curved.
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t he | cavit Inwardly curved, [1ke the shape of a barrel,
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15 DETAILED DESCRIPTION OF THE INVENTION
[0063] FIGS. 1A-1D show a lens assembly that holds a variable-focus liquid lens
within an inwardly curved lens cavity or chamber, according to one embodiment of the
invention.
[0064] FIG. 1A shows an isometric view of a liquid lens assembly 100 with a lens

20 cavity 104 that is inwardly curved. FIG. 1B shows the side view of the same lens.assembly
100. As shown, the lens cavity 104 is inwardly curved, like the shape of a barrel, to provide a
region where the liquid will conglomerate due to surface tension before forming a whole lens.
In FIGS. 1A-1D, this region is located at the largest peximeter within lens cavity 104, and a
ring is subsequently formed on this perimeter, As more liquid enters lens cavity 104, the ring

25  will grow and eventually deveiop into a liquid lens. This procedure can be further improved

by an additional actuation method.

[0065] One actnation system includes a pump configured to introduce a fixed volume
of liquid into lens cavity 104 to form a lens and then changes the shape of the lens by -
controlling the small amount of liquid. For example, FIG. 1C shows a fixed volume of liquid

30 110 at pump 112, before liquid 110 enters lens cavity 104 through the inlet 102. Liquid 110



ring is subsequently formed on this perineter. As nore liquid enters
| ens cavity 104, the ring 25 will grow and eventually develop into a
liquid lens. This procedure can be further inproved by an additional
actuation nethod. [00651 One actuatigpn systemincludes a punp
configured to introduce a fixed volune of liquid into lens cavity

104 t t S
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hydrophilic coating on a surface may be replaced by the use of a micro- or nano-sized ridged

topolology on the surface, as shown in FIG. 1F.

[0068] The static/dynamic contact angle may be varied by applying pressure to the
liquid or by pumping more liquid into the cavity, which shifts the interface across the

25  hydrophilic-hydrophobic boundary, and thus changes the curvature and contact angle of the
meniscus. For example, the static contact angle may give a concave lens. However, applying
pressure to the meniscus would further push it into the hydrophobic region and change the '
contact angle so that the lens is convex. In this manner, the curvature of the lens formed by

- the fluid meniscus can be tuned, 'I‘hus; an optical device according to embodiments of the

30  invention typically includes a pressure control means ﬂﬁidly coupled with the liquid for this

purpose. In general, the corvature of the meniscus will have a tunability range between the



t opol ol ogy on the surface, as shown in FIG I|F. [0068] The
static/dynam c contact angle may be varied by applying pressure to
the liquid or by punping nore liquid into the cavity, which shifts
the interface across the 25 hydrophi ki c- hydrophobi ¢ boundary, and
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a,.droplet at inlet 102 E,h@l e of cavity 104 for the lens
aééen%?v?%ﬁﬁ%%%?gﬁ‘@%ﬂ%e gegérréf)?)é?' then enlarges until it covers
the entire cavity. [0072] Ln c rast, avid ya W . ‘
cyl i ndP872k) 1y sillawhi‘s%%#"%tyr%%"rf gesg.hq@ﬁ@?c r?le‘%ge@]?‘%fr“a‘{eﬂ‘{e‘&f%‘%ﬁ i on
of a lghgl thorlRNormhiRin PRAMRIElent: | KoSexabipl8, FIGS| 2420 pillesttadptop viens off
such a lrquid |lens cavity with HF% vvalhls. Fl G 21A shows atﬁﬂe{r‘pléy
| ens &ueh g liquis fems eavaly widi flat walls. . 2A shows an empty lens cavity with flat walls,
In FIG. 2B, the liquid starts at the inlet located at the left side of the cavity, as shown by the .
20  droplet partially covering the cavity. FIG. 2C shows the liquid droplet enlarged from the

inlet, FIG. 2D shows the liquid droplet enlarged to £ill the entire cavity.

[0073] FIGS. 3A-3E show top views of a liquid lens cavity with inwardly curved
(e.g., barrel shaped) walls according to one embodiment of the invention. For an inwardly
curved cavity, the liquid from the inlet flows in the region with the least energy for the liquid

25  to settle. FIG. 3A shows an inwardly curved cavity that is empty. FIG. 3B shows an
inwardly curved cavity with a liquid ring formed on the largest perimeter of the cavity, as
shown by the edges of the liquid droplet along the edges of the cavity’s opening, FIG, 3C
shows the liquid ring growing and merging inwards, as shown by the edges of the droplet
converging toward the center and away from the edges of the cavity., FIG. 3D shows a fop

30  view of a concave lens formed at the cavity, as evidenced by the diminished size of the
letters, Likewise, FIG. 3E shows a top view of 2 convex lens formed at the cavity, as

‘evidenced by the magnified size of the letters. As described above, the coneave or convex



In FIG 2B, the liquid starts at the inlet |ocated at the left side
of the cavity, as shown by the . 20 droplet partially covering the
cavity. FIG 2C shows the liquid droplet enlarged fromthe inlet,
FIG 2D shows the liquid droplet enlHrged to fill the entire cavity.
[0073] FIGS. 3A-3E show top views of-a liquid lens cavity with
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liquid |lenses nay be disabled or '"turned off by retracting the
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procedure for retract-lar;;‘tg| the liquid lens is, in certain aspects,

enhaneegrditg tozan extherlimenhof the bvertiano An FIG-Hidd lens epsemblind00 has adens punp
t hat . . ' byl l | S1a%se. the
purmps TpUSiE 28 e A b el 3000 et A Hlfites 216 10ens 5, il i
218. Liquid lens 206 is connected to pump 202 (Pump A) through inlet 204, and liquid lens :
.20 216 is connscted to pump 212 (Pump B) through inlet 214. Lens assembly 200 also includes
inwardly curved cavity 208 which preferably has a hydrophilic coating covering its walls,

Hydrophobic coating 210 covers the top and bottom surfaces of each lens cavity of lens

assembly 200.

[0078] FIG. 4B shows a liquid 222 filling the lens cavity to form lens 206. FIG. 4B
25  shows pump 202 is activated to the “offset” position, in which case the displaced liquid 222

is pumped out to fill the designated cavity for lens 206. Pump 202 stops when the fixed

volume of liquid to form liquid lens 206 is displaced sufficiently to form the lens within the

cavity. Pumps 202 and 212 are also controlled so that magnification, focusing and zooming

are effected. For example, FIG. 4C shows adjustments to the shape (radius of curvature) of
30 lens 206 using punop 202, after pumping a fixed volume of liquid 222 to form lens 206.



15 storing the retracted liquid. [0077] FIGS. 4A-4C show side views
of a lens assenbly holding nmultiple | enses, according to an

enbodi nent of the invention. In FFrG 4A, |ens assenbly 200 has a | ens
housi ng 220 which holds liquid lens 206 (Lens A), liquid |lens 216
(Lens B), and solid lens 218. Liquid lens 206 is connected to punp
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displacing mechanism (not shown) such as a pump coupled with fluid channel 306 then

20  refracts the liquid back until the liquid forms or reforms the lens 300.

[0082] The lens assembly according to this embodiment also includes an air reservoir
314. The air reservoir 314 can be “open” to the atmosphere or “enclosed.” In an enclosed air
reservoir, the air may be trapped and compressed when the liquid fills cavit); 312. FIGS. 5A
and 5C show examples of enclosed air reservoirs, and FIG. 5B shows an example of an open

25  airreservoir, In FIG. 5C, plate 304 is configured with a dome cover 316, which operates as a
wide-angle lens. For éxainple, plate 304 may itself be shaped to form the dome cover, or a
separate dome cover may overlay pla—te 304. |

[0083] Air reservoir 314 is used to guide the liquid into and out of the liquid channels,

and thus facilitates smooth recovery or reformation of the lens, Air is compressed in the air
30  reservoir, and upon reiraction of the liguid the compressed air assists in guiding the excess

liquid back into inner cavity 312, Air reservoir 314 can also be comprised of more than one

charmel], with the channel or channels designed to allow the compression of air.



plates (e.g., glass plates) 302 and 304, a liquid channel 306,

I nwardly curved cavity 312 with preferably hydrophilic walls 308
(e.g., forned of a hydrophilic nmaterial or coated with a 15
hydrophilic material), and a hydroph®dbic top surface of the cavity
(e.g., top surface fornmed of a hydrophobic material or coated with a
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within the circle. The design shown at FIG 6B provides ends that are

enl argggh at th%ﬁlﬁ%i%nselé to allow nore air for conpression. [0085]
Retractlg)n of Liqurd: Recovering the Lens [0086] FIGS. 7A-7E show the

R e e T o

showsseveral liquid lenses and/or solid lenses for focusing and zooming. FIGS. 8A-8E illustrate

20  various possible arrangéments, For example, FIG. 8A shows liquid lens housing 500 that
includes solid lens 502 and cavities to hold several liquid lenses to the left of solid lens 502.
Figure 8B shows a combination including liquid lens 504 and solid lens 502. FIG. 8C shows
a combination including liquid lens 504 and a solid plano convex lens 506, FIG. 8D shows a
combination of two liquid lenses and two solid lenses 506. FIG. SE shows two liquid lenses

25 504 and one solid lens 508 sandwiched in between, It should be appreciated that many other

assembly configurations including various arrangements of solid and/or liquid lenses are

possible based on the teachings herein,

[0089] Actuation Methods

[0090] Various actuation systems and methods are nseful for controlling rugged
30 variable-focus liquid lenses with the above detailed features, according to embodiments of

the invention. FIG. 9 shows a single pump actnation system according to one embodiment.



aliquid lens systemafter it has been disturbed, which has caused
droplets 402 to deposit on 10 the upper glass plate 404. In the step
of FIG 7B, a punp (not shown) pushes nore |iquid out, as shown at
the arrow at 406, to fill inwardly rved cavity 400. The liquid
conpletely fills cavity 400 and is punped outward until it contacts

the glass plate 404. FIG _7C shows the liquid,s bse tl shed
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20  umit 708, The actuator system shown in FIG. 11 also includes engaging chuck 710, linear

translating platform 712, fine thread stud 714, and guide rod 716, :

{0093] When the liquid lens of the system of FIG. 11 is not in use (e.g., during a
phone call, for a mobile phone camera), solenoid 7 04 is in the ‘disengage’ mode. Ifthe hquld
lens is in use, solenoid 704 is activated and pushes the vibrator unit 708 to fit into the

25  engaging chuék 710 at the other end of the assembly. Once the engage is complete, the
rotary motion of electric motor 700 is changed to linear motion for translating platform 712.
The platform pushes or pulls the bellow 718, thus controiling the amount of liquid in the lens

chip 706.

[0094] TIG. 12 shows a more detsiled drawing of the engaging mechanism of FIG.
30  11. In one aspect, the engaging chuck 710 is designed such that the vibrator element 708
(e.g., unbalanced weight) fits within the chuck well and the vibration is thus eliminated or

minimized. Accordingly, the engaging mechanism that eliminates the vibration of the



such as a piezoelectric device or a voice coil. 10091] FIG 10 shows

an actuation system according to anot her enbodi nent of the

invention. An electric motor 604 is coupled with punp 600 to turn

wi th a designated nunber of rounds if order to offset a fixed vol une

of liquid frompunp 600 into the |lens chip caV|ty 10 602. The rotary
notion, o mpt or 604 ver ed . to |i n.lens

t t
ot 1 ofeckigRap WW&%F%OE@’@%% lengis 4 1etmd WOHMB%%W%' ch
dri vegF mrﬁgﬁc}p@mhgﬂeteﬂﬁﬁ]@?rl zontal arrow. In order to

control” the anmount of |qU| d for precise focusing, electric notor
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716. [0093] Wien the liquid lens of the systemof FIG 11 is not in
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vari ous
may be used to actuate two (or more) liguid lenses, as shown in FIG. 14. In this embodiment,

20  an electrical motor is connected to, and turns, multiple gears that actuate different lenses. For
example, in FIG. 14, such a motor (not shown) is connected to gear set 900, which
automatically connects it to gear 910, gear 912 and gear 916, In one aspect, gear set 900 is
designed such that it has limited rotation, or in other words engages either gear 914 or gear
518 at any given time. For example, FIG. 14 shows the moment at which limited rotation

25  gear set 900 is engaged to gear 918. Gear 918 is coupled to pump 902, which injects liquid
into the lens chip 906.  Once the actuation for the liquid lens at 906 is completed, gear set 900
will then engage gear 914 to actuate pump 904 and inject form a liquid lens at the lens chip
908. The limited rotation can be actuated by a solenoid (not shown),

[0098] Zoom/Focus Modules for Liquid Lens Systems
30 [0099] The embodiments below describe various zoom/focus modules for liquid-

based lens systems.- The lens systems include varions combinations of solid and liquid

lenses, depending on the application.



applications such as nobile phone technol ogy. [0095] FIG 13 shows
the bl ock diagramfor a liquid lens control system according to

anot her enbodi nent of the invention, In FIG 13, the user nay sel ect
ei ther manual control or 5 automatig control. The manual control 800
can be provided in various ways. For.exanple, nanual control 800 may

be provided by two buttons for punmping in or out the |iquid
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20  is coupled with actuator or pump 1220,

...

[0103] FIG. 18 shows a side view of a liquid lens system with a variable-focus and
varizble-diameter module according to an embodiment of the invention, Housing 1300,
which has hydrophobic surfaces 1302, holds a solid lens 1304, a first liquid lens 1306 and a
second liquid lens 1312. First liquid lens 1306 fills a first cavity from liquid reservoir 1318,
25  which is coupled with actuator or pump 1320. Second liquid lens 1312 fills second cavity
from liquid reservoir 1322, which is coupled with actuator or pump 1324. Housing 1300 in
this embodiment is stepped so that the diameter of the liquid lens may be increased when '
more liquid is pumped into the cavity. For example, liquid lens 1306 may be increased in
diameter to the enlarged liquid lens shown at 1308, which may be further increased in size to
30  the enlarged liquid lens shown at 1310. Likewise, the second liquid lens 1312 may be

increased in diameter to form the enlarged liquid lens 1314, and further increased to form the

enlarged liquid lens 1316.



based | ens systens. The | ens systens include various conbi nati ons of
solid and liquid I|enses, depending on the application. 15 [0100]
FIG 15 shows a side viewof a liquid |lens systemw th an auto-focus
nodul e according to an enbodi ment of: the invention. Housing 1000
hol ds a variable-focus liquid |ens 1004 between a first solid |ens
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20  piezoelectric tube 1600 operates as an actuator by contracting or expanding when a voltage 1s
applied, which reduces or increases the volume of space inside the tube. Asa result, excess
liquid volume 1604 is pumped out of or into tube 1600 to form a liquid lens at the tube's
outlet. As shown in the figure, the liquid meniscus at 1610 may be curved inward within the -
commecting portion 1606 before any voltage is applied. Afier a voltage is applied, the liquid

25 meniscus may then be pushed out of connecting portion 1606, as shown at 1612,

10107] FIGS. 22A-22B show a piezoglectric disc actuator using a piezoelectric buzzer
diaphragm, according to an embodiment of the invention. FIG. 22A shows a top view of a
piezoelectri ¢ buzzer diaphragm, which includes a metallic diaphragm 1700 and piezoelectric
layer 1702. FIG. 22B shows a cross sectional view of the piezoelectric buzzer diaphragm,

30  including diaphragm 1700 and piezoelectric layer 1702, mounted on housing 1704 of a Iiquid
lens system. The diephragm 1700 opefé.tes to pump liquid 1706 out of channel 1708 to form
a liquid lens. FIG. 22C shows a variation to the embodiment of FIGS. 22A-22B, and



this enbodinment is stepped so that the dianeter of the liquid |ens
maybe i ncreased when nore liquid is punped into the cavity. For
exanple, liquid lens 1306 may be increased in dianeter to the
enlarged liquid | ens shown at 1308, hich may be thither increased in
size to 30 the enlarged liquid | ens shown at 1310. Likew se, the
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1406, [6108hi rd sWhilelthedneentidias beandhsmﬁedmymﬂekdmblemsd s didssi ng

1400 al s ho d a first, var bIe d Je

set on8PEFHIC; B@u@ 1§ tioé’ﬁ r%tﬂg‘{tg s o1 lff‘ tei]déﬂgh %ﬁﬁ?’?sﬂ Il's
a fir %ﬁlb&ﬁﬁ‘lbﬁty 'I‘d ﬂﬂ‘c@ntréri'rﬁ §s thilefidéd do écﬁ@?framms mibdifatiody 204 sinsilg oupl ed
wi th actuator or gg Second liquid lens 1414 fills a seﬁond

cavi t prrangerrenis suvoH pnaamﬁrém e therassilied uthe arty oL FRamaple SEPISPORHYIR

t
ot - itingefbatb U TBne digamiites bR v Rbons pabitPo fihe LGN fersa it P
i nve n'themmbodhmentslase mtﬁmdtﬁtidm the omes c@mﬂ:@d hbtlem vEhereftrecthe seaps of thgui d

e Tk o

funCthﬂﬂﬁkmiﬁgamﬁhﬁﬁﬁiﬁﬁh@mﬁmﬂuld | ens 1504 may be used for
sel ectively focusing objects in close proximty to the camera.

However, when close proximty focusing is not required, liquid |ens
1504 may be conpletely disabled 15 .by retracting all of the liquid
back into its reservoir. Fixed focus nodule 1500 may then enpl oy
only the solid lenses in | ens assenbly 1502 for fixed focusing.
[0106] FIG- 21 shows a piezoelectric tube actuator according to an
enbodi mrent of the invention. The piezoelectric tube 1600 has a

cl osed bottom 1602 and is filled with liquid 1604. The tube 1600
connects via connector 1606 to a liquid Il ens chip 1608. The 20

pi ezoel ectric tube 1600 operates as an actuator by contracting or
expandi ng when a voltage is applied, which reduces or increases the
vol unme of space inside the tube. As a result, excess liquid volune
1604 is punped out of or into tube 1600 to forma liquid I ens at the
tube's



outlet. As shown in the figure, the liquid meniscus at 1610 naybe
“curved inward within the connecting portion 1606 before any voltage -
is applied. After a voltage is applied, the liquid 25 neni scus ‘may

t hen be pushed out of connecting portifon 1606, as shown at 1612.
[0107] FIGS. 22A-22B show a piezoelectric disc actuator using a

pi ezoel ectric buzzer diaphragm according to an enbodi ment of the

i nvent i gaA TG AR=$Raws a top view of a piezoel ectri c buzzer

di aphragm i es a netallic diaphragm 1700 and pi ezoel ectric
| ayer 1702. FIG 1228 hows cross sectional view of the

pi ezoel ectric buzzer ‘Of FHFAETIce SempiEngidi ng di aphr agm 1700 and

pi ezoel ectric | ayesusthé®advin ' a ligquid lens
system :l'{;e Fi a.ph]r agm§1700gg?§rﬁgggﬂ?%pﬁ%pwﬁ%é@é}’agﬁ%%wCﬂ?ﬁrétf
channel®® 17 o¥"¢ginetes ity hasiqgiwardlysweyed PRIB; 22C shows a variation to
the enbodi nent of WIS : 17 . dncl udes a pjezoelectric

. layer 1710 and cu?r\%%%ﬁ%ﬁﬁ%%%&f%gﬁpgﬁgﬁ? T%’?.tﬁiel %éi@gﬂ}';ﬁsbei ng

pl aced on top of2 fifkcontrolonirasisduptpdasithf s fitshtuig Fo @tisp M imhtogﬁd EdtGS-
22A- 228 o,k BR: gé{,pt\{gg Hﬁiﬁg{[ogltegtri c di alphra mis nounted around the

| ens housi ng. 10 1 T &R MeASqERieh WA thewapvardly served wal g tway  of
exanpl eavithd in terns of the 5 specific enbodinents, it is to be
understood that the invention is not |limted to the disclosed

enbodi ments. To the contrary, it is intended to cover various

modi fications and si Wi advicedFtRNNEWRBL tﬁéhﬁ&?{;ﬂg?g&%ﬁ%ﬁé@%%% ag Pose

skilled in.the art. For exanple, various poss

| ens afsg eéﬁ{){nggpq\gﬁlpﬁna‘}g}a?wegng deeshydapriiobic materiel. the |iquid | enses
exi st and the enbodinents are not limted to the ones descri bed
herein. Therefore, the scope of the 10 appended clains should be
accorded t he brdadesthe device of eleim | whersin theswills aenicyangdsiic @lichse fayer

nmodi f i cfaydropialicnateShTol@inea dof! s |ls . WAT IS CLAIMED I S: L.
An-optical device conpri s“igng:"ﬁg‘gﬁ%g@’ﬁ&#?&a/‘r ng a top hydrophobic
surface, a bottomsurface and a first cavity, wherein the cavity has

outwardly curvegl waltg;gei.f i Ll yld .having a ni scus, di_ sposed
within the first cavii‘ltéﬁea'gihg{%;l |ﬂr‘§’ter%18 erhéﬁmﬁjé‘ﬁ%mé’éﬁﬁ?cédm\m@h t he

first "G o Mepe-sigedspilas forged batld sirftee. and out

5. The device of claim I wherein the hydrophobic top surface includes a
micro- or nano-sized ridged topology. ‘

6. The device of claim 1 wherein the control means includes a pump for
adjusting the curvature of the meniscus.

7. The device of claim 1 wherein the control means includes a pump
configured to displace a fixed volume of liquid into the cavity. |

8. The device of claim 1 wherein the control means includes a pump for
retracting the fluid into a reservoir.

9. The devicg of claim I further comprising an electric motor coupled with
the control means. ' |



of ‘the first cavity and the first control means coupled with the .
outwardly curved walls of the cavity. 2. The device of claiml
wherein the hydrophoblc top surface includes a |ayer of hydrophobic
mat eri al covering a non-hydrophobic baterial. 3. The device of claim
| wherein the malls are hydrophilic or include a |ayer of

hydrophilic matefia erin n- hydrophilic material. 4. The
devi ce of cl ai mﬁp gﬁ%%‘*ﬁ"‘:te g ﬁ%gé‘@ﬁ@mt@eﬁﬂbﬁfg@bmawrlahmmﬂm

m cr o- materiz) aelectsd e tipd rb@}f &ngxﬁﬁﬂﬁ T@ﬁor}, I&q;ﬁj:l;r fzﬁ'go furn gxy-[\ﬂ.r g? eryce of

claim| wherejin the hydrophobic top surface :GOVBFSs
nano- sY*FaH%% Plﬂ’é&fﬁ‘t}bﬁh%@ydmﬁhobmatdmls ce of claim1 wherein the
control neans includes a punp for adjusting the curvature of the
meni scus.. 7. The device of claiml|l wherein the control neans

i ncl udes a punpll .conTheylevied of dlaichi mha@m the Rydxpdineahdiim flcddbayi d i nto

th f cla n_the control neans
inol ﬁgﬂtér}/ﬂ Se%"“’d%“g ﬁ\\ée‘n’(ﬂ:‘f@%ﬂ‘%ﬁmﬂﬁégﬁﬁm Jaed sHicg. eerarmischoiphiliconetathe

devi cdwdxfoplulnapdsﬂyﬂnefmaﬁ:hﬂﬁ I kilie i sad 281 EGE . r | ed with
the control neans. 19 10 ?ﬁ‘gﬁd’e}vl (T%sof acfg@rg@faﬁgpgi%ﬁ%ﬁa@s_
hydrophobic material includes a material selected fromthe group

consisting of Teflo 0, ni.tride olyners, .
ceram cs, alloys or ng’ﬁgxg%f%@r@‘&ﬁoﬁ?’é’%"“P%?‘? 4 grpgalgi/eseﬁ"%“ﬂ@w ce
of cl &PHPTSSSHhAF er 825t he hydrophilic material includes a material

sel ected fromthe group consisting of glass, fused silica, ceranic,
hydrophilic netal, hydrophilic polyner naterlals hydr ophi lic’

al | oys, or any Igt herThh}idtncqodﬂf:!alm Invetteesin e Sirst FRid &h@oﬂﬁ%&ﬁa@f orGhiks |
furthgrsconprising an air or gas reservoir wwth conpressed air or

gas. 13. The device of claiml wherein the first fluid can forma
concave or convex |ens. :

14, The device of claim 1 further comprising:

a second cavity;

a second fluid having a meniscus disposed within the second cavity;

a second control means coupled with the second fluid for displacing fluid into the
second cavity, '

I3, The device of claim 14, wherein the first and second control means are
coupled with a single motor.

16.  The device of claim 1 wherein the housing comprises multiple lenses,
including at least one solid plano convex lens.

17. The device of claim 1 wherein the housing comprises multiple lenses,
including at least one solid lens.

18,  Aw optical device comprising:
a housing having a top surface, a bottom surface, and a cavity;
an air reservoir for holding compressed air;

a ﬂuxjd having a meniscus disposed within the cavity;



14." The device of claim| further conprising: a second cavity; a

+ second fluid having a neniscus disposed within the second cavity; a =
second control neans coupled with the second fluid for displacing-
fluid into the second cavity, 15. Th® device of claim 14, wherein

the first and second control neans are coupled with a single notor.
16. The device of claiml wherein the housing conprises nultiple

| enses, i ncl udi AgYSEofilydeopheliematerial goyirmgshetopmefackens. 17. The

device of claim W@;E‘J Lng. CO i se | tiple | enses,

i ncl uding at | eaé%& oneltfPl ,g10§:t§fﬁfg1%§éﬁhll Yerm%i"ﬁlisaqrpﬁéfe‘i??@é 3B npri si ng:
a housi ng havi nga eontpmsaensficaced withboe flaf Brak@stng A ifo AV bdt ¥f the 8N
air re%g‘;i\%{?ir for holding conpressed air; a fluid having a neniscus
di spose ithin the cavity; 20 a |layer of hydrophobic materi al
covering the top surface; a |layer of hydrophilic material covering
the walls of the cavily; and a control neans coupled with the fluid
for displacing fl%id Teidsvighof cim 18fwherssn theaevityhas ifvardip eurdtedivglly, of
claim 18 wherein the cavity has inwardly curved walls. 20. The )
device of claim 18 wherein the control neans includes a punp
configured to pudh fIThedeviguofidtimtiBevhaiein thesardireansadcluded@ i@y ce of

cl ai m & nehel 6l : r neans i.ncludes a punp configured to
retract f%i dc&% I?HSE@glc?%f"é&beegéwfgm"f 22. The device of claim 18

wherein the air reservoir conprises nore than one channel. 23. The

device of claim,]8 \M}ﬁééivnct g, air_reservoir has a circular or non-
circul ar cross Secti ol SRS SHaiR A ogreny the prntiohwsans gnatudes aguopt £ r om
t he cesngured to retract fluid into a fluid reservoir. '

22.  The device of claim 18 wherein the air reservoir comprises more than one
channel,

23. The device of claim 18 wherein the air reservoir has a circular or non-

circular cross section and a plurality of openings spiralling out from the center.

24, The device of claim 18 wherein the air reservoir has a eircular or non-

eircular cross section and a plural.ity of openings with enlarged ends eﬁtending out from a center.

25.  The device of claim 18 wherein the air reservoir is 'open to the
atmosphere.

26, The device of claim 18 wherein the air reservoir is enclosed from the
atmosphere.

27.  The device of claim 18 wherein the top surface includes a dome shaped
portion disposed proximal the cavity. '

28.  The device of claim {8 further comprising a solenoid-configured to
disengage when the device is not in use,



24. The device of claim 18 wherein the air reservoir has a circular
or non- .circular cross section and a plurality of openings with

enl arged ends extending out froma center. 25. The device of .claim
18 wherein the air reservoir is open ilo the atnosphere. 26. The
device of claim 18 wherein the air reservoir is enclosed fromthe

at nosphere. 27. e deyvi of ,.claim 18 wherein the top surface

i ncl udes a done S ‘ape %’PFP@ Mcpmpmmghsmlb!mld‘,awﬁﬁratmgzaema'ﬁe
devi ce mf ag bdaBink3nidur poi d ured to

di sengags whehrhe dé%f"@%‘ﬁi%@*’ﬂ?’rﬁl’?%%ﬂﬂﬁ%ﬁ h 4R erlie et antathe
18 f ur tAEASIRERek whenghadeyddedniwe. a vi brating el ement and an engagi ng
chuck, wherein the solenoid is configured to push the vibrating

el enent into .the engagi ng chuck when the device is in use. 30. The
devi ce of clai mi®B \I\/rTB'feQibﬂcéSIﬁ;[ﬁQ{l r pua
control | abl.e buttons . The deltﬁ‘gﬂéer%t?ﬁgl%g?t%q %g\/\i’é?gaf’% ngaﬁéaily
cont r of® ’ﬁ@gﬁ@egﬁ‘fﬁqnﬁdes a manually adjustable slider, wheel or dial.
.32. The device of claim18 further conprising a sensor that triggers
a recovery npdul e when the optical device is disturbed. 33. The

device of clai m3i8 wibe devicet dfelahartsmicrelBRe soritfdf HASESnGLATE A8 Jllgat
i nduce % éi’ﬂeasr!?ﬁemlh?cﬁ rg,n translate the rotary notion into a F
t

not i on causés o be displaced into the cavity. 34. The
device of claim 18 wherein the control neans includes a
pi ezoel ectric tug tﬁl t ,contracts to reduce the vol.une inside the
tube when a vol i8¢ deyieiof glaim 33 furthercogwvising alsénsor dinriggriber ei n

t he cm@we@m&hﬂsxvhdﬁ&hﬂéﬁﬁﬁaﬁa@ie@%&t&%&&' c layer coupled with a
curved or disc-shaped netallic di aphragm 36. A nethod of formng a

l'iquid lens conprising: providing a fluid. within a housing that
includes a top surfape deRicbF LR 18 wherem the control means includes elements that

induce a rotary motion and translate the rotary motion into a imear motion that causes fluid to be
displaced into the cavity.

34, The dgvice of claim 18 wherein the control means includes a

piezoelectric tube that contracts to reduce the volume inside the tube when a voltagé is applied

35.  ‘The device of claim 18 wherein the contro] means includes a pzezoelectric
layer coupled with a curved or dlsc-shaped metallic diaphragm,

36, A method of forming a liquid lens comprising:

provzdma a fluid within 2 housmg that includes a top surface, a bottom
surface; and a cavity having outwardly curved walls,

wherein the fluid forms 2 meniscus disposed within the cavity, wherem a
hydrophobic coating covers the top surface and

adjusting the curvature of the meniscus,

37. _. The method of claim 36 wherein a hydropﬁiiic coating covers the

- autwardlv curved walls.



surface; and a cavity having outwardly curved walls, wherein the
fluid fornms a nmeniscus disposed within the cavity, wherein a

hydr ophobi ¢ coating covers the top surface; and ' adj usting the
curvature of the neniscus. 37. Thelﬂﬁﬂumlof claim 3d wherein a
hydrophilic coating covers the outmerdly curved walls. 22 38.  The
met hod of claim rein th Iens is-formed as a ring al ong
the walls of the%gaw %‘@d G?HL“ ’&f%l? the lignichiens isdened #5 & g along
|'i qui d theewrdisioSthkesvigd as a ring along the walls of the cavity, and
the ring grows by converging toward the center of the cavity. 40. The
met hod of claim 36 wherein the I|qU|d |l ens first forns as aring

al ong a portiomngof t aVlt i | owest surface
energy. 41. Thergget ho §n¥¥‘a 0Id Q&hi‘??f”n ﬁg QF%%F]& fpRRedasas g Eof
the nénivedsst theclvittemdahehyg @@w@beaéwwglﬁatomﬁx the Hs'ngsr%!" c%{'ﬁ the
nmeni scus forns a concave | ens. 42. The net hod of claim erein

adj usting the curvature of the meni scus i ncl udes appl yi ng pressure to

the fluid such ypat S8

of cl ai m 36- wherein g?§V| H%F&gl#ﬁﬁﬁﬁfrggﬁﬁ%}é@%!egs f%?&foﬁ‘ﬂs & af‘i'gr:%?i’
vol ume? Brtien ofithe F’ﬂ!@ftthreca@ay aying the lowRsesuriathanrgyt ¢l ai m 36 furt her
conprising providing additional fluid wthin the housing after a
shock-rel ated event and retracting the fluid fromthe cavity to -

reform -the |endl. 45Thmmhodnoﬁbrmm Jewhaehizbafstngfthaib@vath@Brend | qui d
| ens ¢ vi din hou5|ng that includes a
t op su‘?ém‘f?{'ss g “ﬁ‘?B ‘“gsRE? %f&é*’ haﬁ@ #uegy}ai e FERISAE TBURSmeancyvedensy ed

wal | s, vvhereln the fluid forns a meni scus ‘di sposed_wi thin the

cavity, wherein dro at ng covers the top surface; and
retracting the ﬁaw 21\( er%%r?%a”cc virergin aﬁﬁfélf#&élﬂwféﬁfe@fﬁmm 45

wher ei mpnacttsydcrlmlm abp [9in@ PAdsburg 1oAY ﬁﬁ% subethat the meniscus forms a.convex lens.

43.  The method of claim 36 wherem providing a fluid mc[udes displacing a
f’ xed volume of fluid into the cavity. '

44, The method of claim 36 further comprising provrdlng additional fluid

within the housing after a shock-related event and retracting the ﬂuxd from the cavity to reform
the lens. ' -

43. - A method of retracting a ﬂu-id from a liquid lens comprising:

prov:dmg a fluid within a housing that includes a top surface, a bottom
surface, and a cavxtv having outwardly curved walls,

wherem the fluid forms a meniscus disposed within the cavity, wherem a
hydrophobic coating covers the top surface; and

retracting the fluid from the cawty.

46,  The method of claim 45 wherein a h}"drophilic coating covers the

outwardly curved walls.

~ 47.  The method of claim 45 wherein retracting the Fuid disables the lens.'



outwardly curved walls. . 47. The nethod of claim45 wherein
retracting the fluid disables the lens. 23 48. The nmethod of claim
45 wherein retracting the fluid resets the lens. 49. The nethod of
claim45 wherein retracting the fluid3re-forns a lens that has been
di sturbed. 50. The nethod of claim45 wherein retracting the fluid
cl ears away dropjget s f n_an inper side of a _cover over the top
surface. 51. Thgﬂ 8.met ﬁé&g’:ﬁ*&%gﬁgﬂmﬂh@ \K)H%’F‘éi“ﬁmﬁft“lﬁﬁ‘%lﬂﬁg Iessts the lansd st ops
after a fixed volunme of fluid is displaced in the cavity. 52. The
met hod of claim éS fl,ﬁlt-her conprising providing additional fluid

°S

within the cavi th hiethed af ¢lpin 46 whareincttrectingahe Bpidseddras e lak tiahe

housi nhs bbef Bst@pe@t racting the fluid. 53. The nethod of claim45
further. conprising providing additional fluid wthin the cavity so
that the fluid contacts an air reservoir, before retracting the

flurd. 54. The t ho Lm. 45 rei.n retracting the fluid occurs
when ajr corrprgg'sed%ér)]lfng{rﬁg(if’&l?lgls%@lﬁr T iR g heidid slsans Ayapdiepiet

t he flfomepdisack inBssidThea cmehadr e (6 @i@r45 Wherein retracting the
fluid occurs after a recovery nodule is triggered. 56. The method of
claim 45 wherein retracting the fluid occurs in response to a

manual control §i.gnathe xﬁf?thodoéfc@é?ﬁ)i@%he%ylaﬁgid%g%ti'hﬁid Qﬂinsy&aftepoé?s;ci:dng

havi n top.surface, a baottom surface an rst cavi €in

t he 38@?‘%@9’?#?3 ‘Batsﬁfé?"d’ﬂyﬂ@wﬁ\’ﬂé}d walls; a first fluid having a

meni scus di sposed within the first cavity, the first fluid formng a
first liquid lens; a first control means coupled with the first fluid
for displacing ¥4 ui dlhemesshosed claim 42 furthef canjeishizpsdvidiny kddticraiddide

first weaRtthOtavipad thab @k RhRToWiald ﬁ}qup Qip0erdly h&uléxrn\é,e i:gefg\l{g lr:e!trsac'r?r}c g tIEehe
fluid. |

33. The'method of claim 45 further comprising providing additional fluid

within the cavity so that the flnid contacts an air reservoir, before retracting the fluid.

54.  The method of claim 45 wherein retracting the fluid occurs when air

compressed in an air reservoir within the housing pushes the fluid back.

55, The method of claim 45 wherein retracting the fiuid occurs after a
recovery module is triggered.

56.  The method of claim 45 wherein retracting the fluid occurs in response to
a manual‘control signal.

37.  Anoptical device comprising:

a housing having a top surface, a bottom surface and a first cavity, wherein the
cavity has outwardly curved walls;

a first fluid having a meniscus disposed within the first cavity, the first fluid
forming a fisst liquid lens;

a first control means coupled with the first fluid for displécing fluid into and out



cavity; and a first non-liquid |lens. 58: The device of claim57
further conprising a second non-liquid lens. 59. The device of claim
58 further conprising a third non-liquid lens. 60. The device of
claim57 further conprising: a second2favity with inwardly curved
wal I s; a second fluid having a neniscus di sposed within the second
cavity, 3 id formng a second |iquid | ens; a second
control Ofrggrﬁi&g@@ Iag{’jh’l\%\ﬁfﬁﬁ c? WE:OIé’gﬁr&?ﬁﬂulfch‘a‘r"HLFfﬁ’ro”&’fﬁﬁﬂb’éblivﬁ@\xﬁﬂmﬁ:th& nt o
and outawd; ade second cavity. 61. The device of claim®60 further
conprising a second non-Jiquid lens. 62. The device of claim®60
further conprisiﬁgﬂgrpﬂﬂﬂﬂ‘ BH-1iquid lens. 63. The device of claim
60 further conprising a fourth non-1iquid Iens. 64. The device of

cl ai m 57 wherein the housing further includes walls having a stepped
profile. 65, Thefevi &be dfvicsiodichinsy7 funberdompriving hiseishnd nbeNiguiangyi des
for focusing or zoom ng functions and the non-liquid | ens
conpensates for negative effects of the fluid lens. 66. The device
of claim57 wheréfn tHhee doikrobtlaifesdfirher GaRtkaY s 8d RnafaRoe,d he
zoom or focus type of the optical device by displacing the flurd into
or out of the cavity.

60.  The device of claim 57 further comprising;

a second cavity with inwardly curved walls;

a second fluid having a meniscus disposed within the second cavity, the second
fluid forming a second liquid lens;

a ;econd control means coupled with the second fluid for displacing fluid into and
out of the second cavity.

61.  The device of claim 60 further comprising a second non-liquid lens.
62.  The device of claim 60 further comprising a third non-liquid lens.

63. - The device of claim 60 further comprising a fourth non-fiquid lens.

64.
a stepped profile.

The device of claim 57 wherein the housing further includes walls having

65. T he device of claim 57 wherein the liquid lens provides for focusing or

zooming functions and the non-liquid lens compensates for negative effects of the fluid lens,

66.  The device of claim 57 wherein the control means is configured to

change the zoom or focus type of the optical device by displacing the fluid into or out of the
cavity. '



