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1. Field of the Invention:

10 This invention relates to variable focus lenses and more
particularly to elastically deformable lenses wherein the
optical power of the lens can be varied by small changes of
its equatorial diameter.

15 2. Brief Descriptién of the Prior Art
Variable focus lenses and lens systems have come to be
extensiﬁely used because they prbvide convenient solutions to
. problems which frequently arise in applied optics. Optical
systems incorporating such lenses can, for example, provide a
20 focuséd'image-of objects at varying distances from the lens
on an image plane without changing the distance between the
lens and the image plane. They can also be'used in optical
systems that provide varying magnification without changing
lenses. ' _
25 - A number of types of variable focus lenses have been
‘devised. However, the design most widely used at present in
'opticél instruménts such as cameras, telescopes, binoculars
' and microscopes is a multi-element lens wherein the focal
length is varied by changing the internal spacing of one or
30 more of the elements along the optical axis. .
o Another class of variable focus lenses relies on changes
. in the refracting power of a single lens elgment effécted by
changes in the curvature of the refracting surfaces or the
. refractive index of the lens material.
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| enses . transparent 1iquid. BEach lens is mounted in a rim which can
be made smaller by tightening a tangent screw to decrease the
circumference of the rim. Such tightening is disclosed to

10 increase the refractive power of the lens.

Another design for a variable focus lens uses a fluid-
filled chamber with flexible walls wherein the curvature of
the walls can be varied by adjusting the amount of fluid
contained in the chamber. Such lenses can involve a simple

" 15 balloon or bladder made of transparent material inflated with
a liquid of an appropriate refractive index. Other
structures having flexible refracting surfaces whose
curvature is adjusted by varying the volume and/or pressure
of a fluid within the lens body have also been devised.

20 Lenses of this type are disclosed, for example, in U.S.
Patent 3,598,479, to Wright, and U.S. Patent 4,913,536, to
Barnea.

Other variable focus lenses use elastically deformable
materials that are deformed by various surrounding structures

25 in order to vary the curvature of the optical surfaces. Such
lenses are disclosed e.g., in U.S. Patent 4,783,155, to
Imataki et al.; U.S. Patent 4,784,479, to Ikemori; U.S.
Patent 4,802,746, to Baba et al.; and U.S. Patent 4,859,041,
to Suda.

30 An elastically deformable lens of variable focal length
is also disclosed in U.S. Patent 4,444,471, to Ford et al.
Ford discloses changing the focal length of an elastomeric
biconvex lens by radially stretching the lens by a
substantial amount so that the curvature of the optical

35 surfaces is reduced and the refracting power of the lens is
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focal length expansion also reduces the positive curvature of refracting
optical surfaces at the ends of the cylinder or induces
15 increased negative curvature. In Baba's variable focus lens
the radial expansion is conducted generally uniformly along
the entire axis of the cylinder. '
Other methods for producing a variable focus lens have
involved controlling the refractive index of the material
20 from which the lens is made. For example, in.-a lens formed
from a liquid crystal, a varying electric current across the
liquid crystal lens can produce a lens of variable power.
Other crystals, whose index of refraction can be continuously
varied by electrical or mechanical means, can also be used in
25 the manufacture of variable focus lenses.

_ These previous methods of constructing a variable focus
lens have certain deficiencies particular to each of the
techniques. For example, moving lens elements within a
multielement lens system requires relatively large, heavy and

30 precisely constructed mechanical lens cells, tracks and
linkages. In lenses made with material having a variable
. refractive index the size has had to be limited in order to
maintain adequate optical clarity. Any hitherto disclosed
. variable focus lenses using a fluid-filled balloon or bladder

35 have required a reservoir and means for moving fluid into and
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is also disclosed in U S. Patent 4,444,471, to Ford et al. Ford
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astigmatic optical power of the lens can be altered without
the need for large mechanical movements, unusual shapes,
changes in the index of refraction of the material, or the

10 use of a balloon lens with a reservoir.

SUMMARY OF THE INVENTION
A variable focus elastically deformable lens has now
been devised wherein the optical power is varied by radial

15 stretching of the lens over a few percent of its diameter.
The lens comprises a transparent elastic body having two
opposed optical refracting surfaces intersecting an optical
axis and a periphery surrounding the optical axis and
extending between the refracting surfaces, and means for

20 expanding the periphery of the elastic body in a plane
generally perpendicular to the optical axis by an amount not
exceeding about 5 % of its relaxed diameter. The invention
also encompasses a method of increasing the optical power of
an elastically deformable lens by expanding the periphery of

25 the lens in a plane generally perpendicular to the optical -
axis of the lens by an amount not exceeding about 5 % of its
relaxed diameter. ' -

Accordingly it is an object of the invention to provide
a variable focus lens. :

30 A further object is to provide a variable focus lens
wherein the optical power of the lens is varied by inducing
small changes in the equatorial diameter of an elastically
deformable lens.
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-3 A further object of the invention is to provide a method
for producing a variable focus lens wherein small changes 'in
the equatorial diameter of the lens are produced by
electrical means.

15 A further object of the invention is to provide a method
for producing a variable focus lens wherein small changes in
the equatorial diameter of the lens are produced by magnetic
means.

A further object of the invention is to provide a method

20 for produc1ng.a variable focus lens wherein small changes in
the equatorial diameter of the lens are produced by
magnetostrictive means.

A further object of the invention is to prdvide a method
for producing a variable focus lens wherein small changes in

25 the equatorial diameter of the lens are produced by thermal
means. _

A further object of the invention is to provide a method
for producing a variable focus lens wherein small changes in
the equatorial diameter of the lens are produced by

30 mechanical means.

A further object of the invention is toc provide a method

. for producing a variable focus lens wherein small changes in
the equatorial diameter of the lens are produced by chemical
. means.
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surrounding the optical axis ef ract i ng
surfaces, and neans for 20 expanding the periphery of the elastic body in

a plane Figure 1 shows an anterior elevation view of an
. experimental variable focus lens of this invention
10 illustrating the principle of its operation.

Figure 2 shows an anterior sectional view of the
variable focus lens of Figure 1 taken along the line 2-2 in
Figure 3.

Figure 3 shows a side view of the wvariable focus lens of

1§ Figure 1.

' Figure 4 shows a side cross-sectional view of the
variable focus lens of Figure 1 taken along the line 4-4 in
Figure 1. i

Figure 5 shows a front elevational view of another

20 embodiment of the variable focus lens of this invention which
incorporates a metal ring heated by an electric heating
element as an actuating device.

Figure 6 shows a lateral sectional view of the variable
focus lens of Figure 5 along the line 6-6.

25 Figure 7 shows a front elevational view of another
embodiment of the variable focus lens of this invention
wherein radial stretching means incofporating adjusting
screws is used to vary the focal length of the lens.

Figure 8 shows a lateral sectional view of the variable

30 focus lens of Figure 7 along the line 8-8.

Figure 9 shows a front elevational view of another
embodiment of the variable focus lens of this invention

. wherein a radially acting electrically actuated solenoids are
used to vary the focal length of the lens.
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PCT/ US96/ 06767 Periphery of an elastomeric lens.

. 5 Figure 11 shows a lateral sectional view of the variable
focus lens of Figure 10 along -the line 11-11.
. Figures 12a, 12b, and 12c show the experimental results

of tests on three balloon lenses according to the invention,
as described in the Example.
10
DETAILED DESCRIPTION OF THE INVENTION
AND PREFERRED EMBODIMENTS
This invention is based on discoveries regarding the

change in curvature of optical surfaces of an elastically

15 deformable optical lens when its periphery is radially
expanded by a small amount in a plane generally perpendicular
to the optical axis. It is natural to assume that radial
stretching of such an elastic lens would result in the center
thickness of the lens being decreased with resulting increase

20 in the radii of curvature of the optical refracting surfaces
which would cause the optical power of the lens to be
reduced. Indeed, a decrease in optical power may be observed
in an elastomeric lens when it is severely stretched as
taught and illustrated in Ford, U.S. Patent 4,444,471.

‘25 However, surprisingly, and contrary to what one might expect
and what is suggested by the disclosures of Ford, when an
elastically deformable lens is subjected to radial stretching
of a few percent of its diameter, the optical power actually
increases, and the increases may be rather substantial. It

30 has now been found that expanding the equatorial diameter of
an elastically deformable lens by a small amount, not

. exceeding about 5 $§ of the relaxed diameter of the lens, in a:
plane generally perpendicular to the optical axis produces a
. flattening of the lens curvature in the peripheral zone of
35 the lens and an increase in curvature in the central éone

SUBSTITUTE SHEET (RULE 26)
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power can be varied by small changes in its equatorial
diameter. Such a lens comprises an elastically deformable
transparent lens body having two optically refracting

15 surfaces intersecting an optical axis and a periphery

- surrounding said optical axis and means for expanding the
periphery of the lens body by an amount not exceeding about
5 % of the relaxed diameter of the periphery.
The invention is applicable to all elastically

20 deformable lenses in conventional lens shapes, i.e.,

- biconvex, biconcave, plano-convex, plano-concave,
concavo-convex, or biplanc lenses, whether the refracting
surfaces are spherical, aspheric, cylindrical, toric or the
like. That is, the invention extends to positive, negative

25 and zero-power lenses of all types and thicknesses, including
those made from homogeneous optical materials, graded index _
optical materials (GRIN lenses), fluid-filled lenses of all
shapes and wall thicknesses, whether of constant ‘or variable
wall thickness, Fresnel lenses, and diffractive optical

30 elements (DOE). _ _

According to the invention the focal length or optical
power of an elastically deformable lens is altered by small
changes in its equatorial diameter. Typically, an
elastically deformable lens is mounted in a cell that

35 initially exerts enough tension to support the lens and
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provi de a net hod for producing a variable focus | ens wherein smal
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5 the optical axis of the lens. Ordinarily the initial

stabilizing tension will be relatively small and will produce
no substantial distortion of the natural shape of the lenms.
In this application the conformation of the lens in this
state of little or no tension will be referred to as the

10 relaxed state of the lens. In order to alter the focal
length or optical power of the lens the radial tension is
increased to a wvalue that causes the equatorial diameter of
the lens to be increased slightly, up to 5 & of its relaxed
diameter, and preferably up to 2-3 % of its relaxed dlameter.

15 As the equatorial diameter undergoes this small increase,
one or both of the optical refracting surfaces of the lens

are changed in a unique way. The refracting surface becomes
flattened near the peribhery with consequent steeper
curvature in the central zone of the lens, i.e., the zone
20 immediately surrounding the optical axis. The result is that
for such small increases in equatorial diameter, the optical
power of the central zone of the lens is increased, not
decreased as might be expected. Correspondingly, the focal
length of central zone of the lens is shortened.
25 The elastically deformable lens of the invention may be
' constructed of any optically suitable material that can
undergo elastic deformation of sufficient magnitude to
exhibit the change in optical power of the lens according to
the invention. The material must be generally transparent to
30 wavelengths that are intended to be focused by the lens.
Thus, lenses intended for use in the visible region of the
spectrum must be generally transparent at visible
wavelengths, while lenses intended for use at infrared
wavelengths must be transparent to infrared radiation, but
35 not necessarily to visible radiation. Evidently, some
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Fi gure 3. Figure 3 shows a side view of the variable focus |ens of
15 Figure 1. Figure 4 shows a side cross-sectional view of the
variable focus lens of Figure 1 taken along the line 4-4 in Figure 1.
Figure 5 shows a front el evational view of another 20 enbodi nent of the

vari abl e focus_lens of this invention which I ncor por at es i Eﬁﬁ a! 5&7”9
heated by an eMR16B5%7heat i ng el enent as an actuating dev

Fi 6 sh f f
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wherein radial  Sidvalved nanrrgeﬂérancawqwéémla%waname as afdrfiarentlagd
to vary the focal shows a | ateral
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sectional Vi ewmsﬁiﬁ’g-%vgﬁ 59%"359{.?%’3% #W%P%Fflﬁﬁ?’éesi along the line
8- 8. 5 Figureane %Ilaw&iaaimrmﬁém:@msvemmmt apsddiein lenses

adi al 1y acti nPRORAG 1P $R8 TRESRELGh, At s MaiE of ol Ffste,
focal |ength cﬁmaﬂarﬂamssformed into the shape of the resting lens’ element.
The solid elastomeric lenses may be made, for example, of
synthetic polymers such as silicone rubbers, polyethylene,
10 polypropylene, modified polystyrenes, transparent
polyurethane elastomers and the like. It will be recognized
by one skilled in the art that the material used should
desirably exhibit high transparency, i.e., low optical
absorbance and low light scattering at the wavelength of
15 interest. The properties of the different elastomeric
optical materials are well known or can be measured.
Consequently, the practitioner will have no difficulty
selecting an appropriate material for a given lens
application. Such lenses may be molded or cast by
20 conventional procedures in the shape of biconvex, plano-
convex, biconcave, plano-concave, plano-plano, or meniscus
lenses and the like. The lenses may also be formed by
machining optical surfaces onto transparent elastomeric
bodies by conventional procedures for machining such
25 materials, e.g., by rigidifying them by chilling and
performing the machining operations in that state of the
material. o .
The lens bodies for use in the invention may also be
fluid- or gel-filled bladders or balloons. A lens of this
30 type may be constructed by forming a balloon or bladder of
transparent material, e.g., of polyethylene terephthalate,
and £illing the balloon with a- fluid material, e.g., liquid
or gas, or a transparent low-scattering deformable gel.
Suitable materials for filling a balloon lens include water,
35 aqueous sclutions of water-soluble inorganic and organic
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Figure 10 shows a front elevational view of another enbodi nent of the
vari abl e focus lens of this invention wherein a thermal |y expandabl e
metal ring-is enbedded in the peri phery of an elastonmeric.lens. 5

Figure 11 sho teral sectional view of the variable of
Figure 10 a|oﬁ%°?ﬂé ne 11-11. ' Fi gures 12a, 12b, anggﬁgguéﬁ@& t he
experinmental r , e t | a@n ' e
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periphery of the lens for exerting radially outwardly
directed tension in a plane passing through the lens body.
When a low level of tension has been exerted, the lems
assumes a stable shape within the mounting means, i.e., is in

15 a stabilized state, defined in this application as the
relaxed state of the lems. Further radial tension on the
periphery of the fluid- or gel-filled lens body that expands
the periphery of the lens body by up to 5 § causes the
optical surfaces to undergo the characteristic change in

20 shape of this invention, whereby the curvature of the central
zone of the lens is increased, thereby increasing the optical
power of the lens.

Any method or procedure that can exert a radial tension
on the periphery or equator of a lens can be used to vary the

25 optical power of an elastically deformable lens according to
this invention. The means for exgrting the tension need not
itself exert tension in a direct radial direction with
respect to the optical axis of the lens. It is sufficient
that the resultant of all tension exerted on the periphery of

30 the lens causes an increase in the diameter of the periphery
of the lens.

. Accordingly, the force applied to the periphery of the
lens to expand its equatorial diameter may be applied by
direct mechanical means such as radially oriented screws,

35 hydraulic or pneumatic cylinders, electric solenoids,
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and what is suggested by the disclosures of Ford, when an el astically
deformable lens is subjected to radial stretching of a few percent of
its dianeter, the optical power actually i ncreases, and the increases
may be rather substantial. It 30 has now been found that expanding the

equat ori-al di %9%5&3 an elastically deformable | ens by ?c?,ﬁg;é{
0 ens

anount, not exceedi ng about 5 % of the rel axed di anet er

a pl ane genﬁ.aa*ﬁ%lesi PE&RY caﬂd’ﬂeaﬁno faﬂsoaefs cﬂcﬁass tﬂBQQUﬁﬁédain iris

flattenlng of t S curvature In erlg era zone of 35t | ens and

an increase in éﬁPPBFﬁgﬂlmﬁF%4ﬂ4§9§nFPQI gniike. The mechan 3n' cin be
- 7 - fast¥BeQ6t350Ke periphery of the lens by conventional means

T PSP 09TE0, gugp BCH) it v NG R Enb RS, S heBRUBEAS) 1 1°
enconpasses & nmetbanbém shouli beacapgbikeobpexextinmforcef in &egenerally
conprising a S LpRRsPE’ SitwarfHiredti¥ndskotAi ke IFlSpRe0Y S2VERE 14fs.
Although the tension on the lens body must be exerted -
" outward in a plane generally perpendicular to the optical
axis, the mechanical device that is the source of the tension
10 may be located elsewhere than in the plane in which the
radial expansion of the lens body takes place. Nevertheless,
the source of the tension is usually located near the lens
and exerts its radially outward force on the lens body either
directly or through mechanical coupling elements that convert
15 the force generated by the actuating element into a radially
outward tension on the lens body. In particular, the
actuating element may operate parallel to the optical axis
and the tension generated by the axial motion of the
tensioner may be converted to a radial outward tension on the
20 lens body by means of tendons and pulleys, cfanks,-or the
like. In a preferred embocdiment the radial tension on the
lens body may be generated by providing a flexible flange
radially extending from the periphery of the lens body, and
drawing the flange in a direction parallel to the optical
25 axis over a circular anvil having a diameter somewhat greater
than that of the periphery of the lens body. The axial
traction on the flexible flange is converted to a radial
tension on the periphery of the lens body which can increase
its diameter and thereby increase the optical power of the
30 lens. '

A preferred variable focus lens according to the
invention comprises an elastically deformable lens body
having an actuating ring of metal or other material bonded to
the periphery of the lens body or embedded in the lens body

35 adjacent to its periphery. The actuating ring is constructed
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refracting surfaces intersecting an optical axis and a peri phery
surroundi ng the optical axis by expanding the peri phery of the |ens
body in a plane generally perpendicul ar to the optical axis by an
anount not -exceedi ng about 5 % of 10 the relaxed dianeter of .the

peri pher.y. | nvention al so includes an el asti cal |l e
o oker priRbTEY

| ens whose opt power can be varied by small changes inits
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electric currents within itself, either by inserting an
15 insulating section in the ring and supplying electric current
to the ends of the conducting portion of the ring through
electrodes, or by generating eddy currents in the metal ring
by electromagnetic induction using an external source of an
alternating electromagnetic field. A metallic actuating ring
20 can also be heated by radiant heat directed onto it from an

external source of radiation, e.g. infrared radiation.
Continuous variation of the temperature of an expandable
metal actuating ring produces a continuous variation in the
optical power of the lens according to the invention. It is
25 also possible to provide for a relatively abrupt change in
opticallpower at a predetermined temperature by making the
actuating ring from a shape memory metal which alters its
diameter at a given temperature when it is heated or cooled.
If the ring is made of a magnetostrictive material, its
30 diameter can be altered by subjecting it to a magnetic field.
The actuating ring may also be made of a piezoeiectric
material that changes its dimensions when an electric fiéld
is imposed on it, for example, a ring of rectangular cross
section made from a piezoelectric ceramic with electrodes



35 initially exerts enough tension to support the | ens and
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nounting --and tension-exerting elenents are ordinarily positioned about

t he peri.phery or of the lens and are disposed to e L,on
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diameter of the lens body either with increasing or
decreasing temperature.
The actuating ring may be comprised of a material which
10 changes its dimensions in response to a change in its
chemical environment, thereby increasing the diameter of the
lens body.
A number of embodiments of the variable focus lens of
the invention are illustrated in the drawings.
15 Figures 1-4 illustrate an experimental apparatus 100
used for evaluating and illustrating the lens and method of
the invention. A biconvex elastically deformable lens 102,
e.g., ‘a lens made of a transparent bladder, having a wall 114
and a surrounding equatorial lip or rim 110, filled with
20 water 112, is mounted within a rigid mounting ring 104.
Figure 1 shows a front elevational view of the apparatus,
while Figure 2 shows a front sectional view taken through the
plane of the periphery or equator 1... of the lens 102.
Figures 3 illustrates a side view of the apparatus 100
25 looking perperidicular to the line 4-4 in Figure 1, while
Figure 4 lllustrates a cross section taken along the line 4-4
in Figure 1. The mountihg ring 104 supports eight
nmicrometers 106, with non-rotating spindles, which are fixed
in mounting ring 104 with setscrews 107 or the like. The
30 spindles of the micrometers 106 are arranged to move. radially
in and out as their thimbles are turned. At the inner end of
each micrometer is a élamp 108 which securely clamps the rim
110 of lens 102. The enti;e apparatus 100 can be mounted on
an optical bench, not shown, by conventional mounting means,
35 not shown, for evaluating the change in focal length produced



one or both of the optical refracting surfaces of the |ens are changed

I n a unique way. The refracting surface becones flattened near the
peri phery mﬁth consequent steeper curvature in the central zone of the
lens, i.e.;"the zone 20 immediately surrounding the optical axis. The

result is that ' such smal |l increases in equatorial dia
' pdﬂ%ﬁm%g%% §E& s@gﬁéﬂ%

opti cal he central zone of the lens is increase

decreased as mig {?tiﬂ E2Phd the ERfub EE‘QHﬂ'aﬂﬁet%#‘%ﬁ%@@ lens haagth Bhce
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to exhibit t e in ti cal power of the |ens .acco t he
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ngcessarlly 10 ¥bnhPtfor al HdaFhred bYCBbh¥enfPO®al means. The micrometers
106 are then adjusted to produce small symmetrical outward

10 displacement of the peripheral rim 110 of the lens 102, and
the focal length is again determined. For an elastically
deformable lens in such an apparatus it has been found that
the optical power of the lens is increased as the eguatorial
diameter is increased up to about 5 %. .

15 Other apparatus for exerting radial tension and
producing small increasés in equatorial diameter may be used
in variable focus lenses according to the invention.

Another variable focus lens 200 the invention is
illustrated in Figures 5 and 6. An elastically deformable

20 lens 202 has an annular electrically resistive heating coil
206 embedded therein within the rim 204 of the lens near the
equator 205 . The coil 206 may be heated by passing an
electric current therethrough, thereby increasing its
diameter which concomitantly increases the equatorial

25 diameter of the lens. Figure 5 is a front elevational. view
showing the lens 202 having a heating coil 206 embedded
thérein as a controllable source of heat. Figure 6 shows a
side cross-sectional view of the lens of Figure 5 along the
line 6-6 in Figure 5.

30 : An embodiment 500 of the variable focus lens of the
invention is illustrated in Figures 10 and 11. This
embodiment of the invention uses a metal ring 506 embedded in
the rim 504 of the lens 502 or bonded thereto. When the
metal ring 506 is heated it expands, thereby increasing the

35 equatorial diameter of the lens 502 and increasing its
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scattering of radiation and optical inperfection can be tolerated in the
lens if it is intended for non-critical use. However, in general the
materi al . shoul d be as transparent as possible in the wavel ength region
of interest The el astically deformable | ens el enent flbti'

| enses acc&?ﬁ‘ﬁ’ﬁ’?o the invention can be made of solid el ﬁﬁ drldla.(’:“
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elastically deformable lens over an anvil is illustrated in
Figures 7 and 8. In this apparatus 300 an elastﬁ'.cally
deformable lens 302 is mounted in a tension cell 304 by a
15 clamping ring 308 actuated by adjusting screws 310. The
adjusting screws 310 may be initially adjusted to provide an
initial stabilizing tension on the lens 302. Then, by
tightening the adjusting screws 310 the periphery 312 of the
lens 302 is drawn over the circular anvil 306 thereby
20 increasing the equatorial radial diameter of the lens 302.

The result is an increase in optical power when the

equatorial diameter is increased by a few percent.
Figure 9 illustrates schematically an embodiment of the
invention 400 wherein an elastically deformable lens 402 is
25 mounted by clamps 408 fastened to solenoids 406. The
solenoids 406. are in turn mounted to any conventional
supporting structure not shown. When the solenoidé 406 are
actuated, the equatorial diameter of the lens 402 is
increased, thereby increasing the optical power of the lens.
30 ' The equatorial ring of an elastically deformable
variable focus lens of this invention may be a piezoelectric
material that expands under the application of an electric
voltage, or a magnetostrictive ring that expands when placed
in a magnetic field. A bimetallic ring may also be used
35 which changes its diameter when heated. The ring may also be
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perform ng the machining operations in that state of the mat eri al .

The | ens bodies for use in the invention nay al so be fluid- or _
gel-filled bl adders or balloons. A lens of this 30 type nay be constructed .
by form ng-a balloon or bl adder of transparent material, e.g., of

pol yet hyl ene t%%ﬁ)g%??‘?l at e, and filling the balloon with g £luldy e
quid or

material, e.g., gas, or a transparent |ow scattéering
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equatorial diameter of the lens. In general, any material,
metal, plastic, composite material or the like can be used
provided that its diameter can be altered by the application

10 of some control input. Thus, rings whose diameter can be
altered by mechanical adjustment are suitable for use in the
variable focus lens of this invention. Preferably such rings
should provide a symmetric tension around the equator of the
lens in order to produce a symmetrical lens. Even rings of

15 material whose diameter is altered by exposure to certain
chemical conditions, e.g., polymers whose mechanical
dimensions are altered by a change in the pH of their
environment, may be used in the variable focus lenses of this
invention.

20 It will be understood by those skilled in the art that
the tension ring which provides the change in equatorial
diameter of a lens of this invention may be embedded within
the lens itself, preferably near the equator of the lens, or
may be external to the lens and fastened to the equator of

25 the lens by any suitable means such as clamping, bonding,
adhesive fastening or the like.

The method of this invention also has utility in the
production of a variable focus astigmatic lens. By inducing
different amounts of small displacement changes in different

30 meridians of the equatorial diameter of the elastically
deformable lens, the optical power of the lens in different
meridians can be controlled.

As indicated in the above discussion, a tension ring
used in the variable focus lens of this invention this

35 invention may be attached, or connected to, or imbedded in,



conpounds such as glycols and pol yet hyl ene gl ycols are useful filling

materi al s. The bal l.oon or bl adder is then nounted in position on
an 10 optical axis and suspended thereon by neans connected to the .
peri phery of- the lens for exerting radially outwardly directed tension
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‘forming, pressure forming, heat molding, compression forming,
stamping and the like.

15

: EXAMPLE
This example illustrates the variation in optical power
of an elastically deformable lens that can be achieved by
making small changes in the équatorial diameter of the lens.

20 An experimental apparatus of the type illustrated in
Figures 1-4 was constructed and used to measure the change in
optical power achievable by making small changes in the
equatorial diameter of an elastically deformable lens tested
in the apparatus.

25 Three transparent plastic, polyvinyl chloride balloons
were constructed of polyvinyl chloride having a Young's
modulus of 2.4-4.1 GPa and an index of refraction of 1.50-
1.55. The balloons were made by heat sealing two webs of the
polyvinyl chloride material, having a thickness of about 0.5

30 mm, together leaving a lip of about 3 mm width extending
radially outward from the equator of the lens all around the
balloon. The balloons were then filled with water and
sealed. The balloons were numbered 1, 2 and 3, and had
dimensions as set forth in Table 1 below. The thickness was
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mechani cal cams and camfoll owers such as those used iniris di aphragm
mechani snms and the |like. The nechani sm can be fastened to the periphery
of the lens-by conventional means such.as cl anping, bonding or the |ike.

The tensi oni ng DCSI’@F ani sm shoul d be capabl e of exerting for%ﬁ%%
general ly P% ! ﬁ@ outward direction around the periphery o ne 7@%5.
Although the ! Gpaisited 1hen! SREDOPIRAIS ABELEIN alofyl ¥ bl

pl ane general |y perpendicular to the optica axi s, the mechani'ca

device that is&%&-source of the tension 10 nmy be | ocated el sewhere than
in.the plane in which the radi al expanspapyieoh the | ens body takes

pl ace. Neverthel ess " the source of the’fensiLon is usually Jacated near
the |ens aﬁﬁ”ﬁ&gF?s its radially offWA®F8tce on the |e ékﬁﬁ?%ﬂther
directly or5through nechani cal coupli n@Pidmatext dmmhat convert (pm) t he force

generated by the actuating element into a radially outward tension on
the 1 ens body. In particular, the actuating el ement nmay operate
parallel to the optical axis and the tension generated by the axial
noti on of the 1 30.4 11.5
2 28.7 12.6
3 27.6 15.0
10

The apparatus was essentially the same as that
illustrated in Figures 1l-4. The lenses were mounted in the
apparatus by clamping the equatorial lip to the spindles of

. eight equally spaced opposing micrometers with non-rotating

15 spindles (L.S. Starrett Co., Athol, MA). The mounting ring
was positioned on a precision optical bench (Model L-360-N,
Gaertner Scientific, Chicago, IL) using a double arc
goniometer to insure that the equatorial plane of the balloocn
lens was perpendicular to the observational axis of the

20 optical bench. Collimated light from a collimator mounted on
the optical bench was directed through a diaphragm with a 9.5
mm opening and then through the test lens. The image was
observed with a microscope positioned on the optical axis.
The initial diameter of the test lens was determined by

25 adjusting the micrometers until a sharp image was observed.
The micrometers were then turned so that the spindles moved -
outwardly, in 0.127 mm increments, * 0.005 mm. The effective
focal length of the test lens was measured for each increment
of equatorial diameter to a precision of % 0.12 diopters, as

30 determined from the position of the nodal point. The '
increase in equatorial diameter was continued until a further
increment produced only about a 1 diopter increase in
effective optical power. The micrometers were then turned
inwardly, in 0.127 mm increments and the effective optical

35 power was measured until the balloon lens returned to its
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tensi oner may be converted to a radial outward tension on the 20 |ens body

by nmeans of tendons and pulleys, cranks, or the like. In a preferred
enbodi ment the radial tension on the | ens body may be generated by
providing a‘flexible flange radially extending fromthe periphery of

the | ens body, yaflssee; drawing the flange in a direction paraL ﬁm&ﬁm%?e
optical 25 axis over a circular anvil having a dianeter sonewhat greater
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of a material that can expand its dianeter-in response to a change in
its physical or chem cal environnment, thereby altering the dianeter of
the Il ens body in the plane of the ring. If a netal actuating ring is
used, the draneter of the 5 ring can be expanded by heating the ring,

t her eby .expandi_n t he periphery of the | ens body and increasjng.t

opti cal poWé’(rg”ﬁfgqhe | ens. The ring can be heated by any %&}usgm"p‘%
conventional heating nethod. For exanple, t,p ri Bg can be heat ed by
conduction of heat froman el ectrical heat i—ué—%fe- el ement positioned

adj acent to or Ians oGhahge tiheEquatibriahg. Mean Optdgeh an arr aStgewdard t he
tenperature of jhe actuap;RgetiB9 (mm) can be gkl 0l I ed by adjpstidid onhe
el ectric current 1n the heating element. Alternatively, the ring could
be heated by electric currents within i{doPters)t her by i ntdkantedFsdn
15 insulatigng section in the ring and supplying electric current to
the ends of the, conducting_portion of the ring,through - el.ect rodes, or
by generating dy currentQ in the nmetal ri -4 by el ectromag wic

i nduct.i on using an exter®alkSdource of an 17al0t ernati ng el ectr@sgagnetic
field. A netallic actuatiyn ing 20 can al e heated by radi heat
directed onto it from anlo'go'éext ernal sour CZL%O.? radi ati on, e. g.&‘ini]frar ed
radi ati on. Cont i nuou®.7&2i ati on of the t2nfFerature of an ex@pehdabl e
metal actuglyging ring proqueggg a continuous vgrigation in the oOoptical
power of the lens according to the invention. It is 25 also possible to
provide for a relativel y1a Gpt change in 22°(9’pti cal power at

predet ermi ned tenperaturg,iggrénaki ng the 2qtuating ring fronga shape.
menory netal which alterg | di aneter at gi ven tenperatu when it
is heated or cool ed. %Htsi 619% 668

0.508 18.2 0.5
15 0.254 15.9 0.7
0 13.4 0.1

2 : 0 13.6 0.2
0.254 16.8 0.1

20 ' 0.508 19.8 0.2
0.762 21.6 0.3

1.016 23.0 0.8

1.524 23.9 0.5

1.016 22.2 0.9

25 0.762 20.5 1.1
0.508 18,1 0.5

0.254 15.7 0.3

0 | 13.8 0.1

30 3 0 : 13.7 ' 0.5
0.254 16.7 0.9

0.508 18.5 0:3

0.762 20.1 0.1

1.016 20.6 0.7

35 1.524 21.1 0.8



If the ring is made of a magnetostrictive material, its 30 dianmeter can be

altered by subjecting it to a magnetic field. The actuating ring may
al so be nade of a piezoelectric mat eri al that changes its di nmensions
when an electric field is inmposed on it, for exanple, a ring of
rectangul ar cross section made from a piezoel ectric cerarg |

el ectrodes WO 96135967 - 13 - . IP&W""’

96/ 35967 _ _ 1'01F . PCI{%@QG/OG?G? apppigd to
or plated on opposite sides of the ring for apgcylng an electric 11eld.
The actuating ring nay al 98782 conprised of bi et Bt2c el enents 0-8

arranged to exert an outwgrgogorce on the periphetg.95 of the | ens bods

when the tenperature is vgrégg. Evi dently, sugg &Ienents can be
arranged to increase the €q ori al di anet er *The | ens body ei?hgr
W th increasisng or decr @asi ng tenperature. 13.7 0.5

The experimental results are presented in graphical
form in Figures 12a, 12b, and 1l2c. In the figures the data
points taken while the lens was being stretched are

10 indicated by circles, and those taken while the lens was
being relaxed are indicated by squares. The results show
. that the change in optical power is significant and
generally linear for small changes in equatorial diameter.

15 .The invention having now been fully described, it
should be understood that it may be embodied in other
specific forms or variations without departing from its
spirit or essential characteristics. Accordingly, the
embodiments described above are to be considered in all -

20 respebts as illustrative and not restrictive, the scope of
the invention being indicated by the appended claims rather
than the foregoing description, and all changes which come
within the meaning and range of equivalency of the claims
are intended to be embraced therein.

25

- 22 -
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The actuating ring may be conprised of a material which 10 changes its

di mensions in response to a change in its chem cal environnent, thereby
i ncreasing the dianeter of the — 7 Tens body: A nunber of :
enbodi ment s* of the variable focu QP fsBenRet hegl nvention are ill ustrat ed
in the drawi n . Figures | n experimnmen

100 used ?@P%@ﬁ%atl ng and il d Iml"fﬂﬁ | ens and net %’@?‘9&’7 the
i nvention. A biconvex elastically s 102, e.g., a lens
made of a transparent bladder, having a wall 114 - and a surroundi ng
equatorial |ipIofLALM: 110, filled with 20 water 112, is nmounted within a
rigird nounting ring 104. Figure 1 shows a front el evational view of the
‘appar at us, while Figure, 2 shows a front sectjopal view taken through

t he pl ane of th&- pBrYaFiARLS) Lfoss, deps 1comp5#s M | ens 102. Fi gur es
3illustrates a su de siyrthetid helastiaailys déEormablé ddris) bouyr pomprdeiaky t o

taken along  hEwP; Aeagsnaréit feng grts¥fetrint aionfie Rl 3ha BEbiils
ei ght . m cr dneanr eldsticallh expandabdie pgriphedy esurndhirding safidxed

0ot 0 1 BB kP S el AP andhop b hery T oW Bilutsy

the m croneter are arfanged
t hi mbl es are tasﬁddcan@trhbeimsm#ihiaﬂ-@ﬂth a §§énsn¢x9nﬁnﬁhﬂid:9ra clanp 108

whi ch secuiglydg&agggbggesglia_medigy)(@hd]ens 102. The entire apparatus 100
can be nounted on tical bench, not shown, gy conyenti qgnal untlng

means, 35 not shomnexPﬁP g meansJ °Fh§“§ﬁ99@§glﬁa¥ RETY thﬁrédg
- 14 - generally perpendicular to said optical axis.

2. The variable focus lens of Claim 1 wherein said
15 webs are comprised of a synthetic polymer.

3.- The variable focus lens of Claim 2 wherein said
synthetic polymer is selected from the group consisting of
" poly(ethylene terephthalate), poly(methyl methacrylate),
20 polyethylene, polypropylene, polyvinyl chloride, .
. poly(tetrafluoroethylene) and silicone'resins;

4, The variable focus lens of Claim 1 wherein said
cavity is filled with a gas.

25 _

5. The variable focus lens of Claim 4 wherein said gas
is selected from the group consisting of air, carbon dioxide,
helium, neon, argon, krypton, xenon and sulfur hexafluoride.

30 6. The variable focus lens of Claim 1 wherein said

cavity is filled with a liquid.

7. The variable focus lens of Claim 6 wherein said
liquid is selected from the group consisting of water,
35 aqueous solutions of water-soluble inorganic and organic

- 23 -
-
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WD 96/ 35967 PCT/ US96/ 06767 by
i ncreasing the equatorial di anmetmis Shéet Hl3BednReplackd?. Once the lens 102

has been cl anped in place central pparatus 100, the
m croneters-106 can be adjusted t ninitial stabi.lizing
t ensi on -on thevﬁﬁékg ral lip or

[ of the lens to t he
initial conditi In evaluating the effect of |ncreaS|n56@thkkﬁg
equat ori al sféllaaet eérgaﬂfcfpfahds%n%l&ta}eé her | paest Mharld s.»alteu.»r-hﬁécible

condition is neasured g convent | onal, neans,. The m croneters are
then adj ust ed CFIBREFULLIRFES |and Fehqens dlfmard 10 dlsplacenent of t he
peri pheral rim 110 of the |ens 102 and t he focal | ength is again

has been found that B THE %%mba%ed?e%l%ﬁ% S8 eddia? F MR eRRORRER D !
equatorial 8 a@manusesolutimnrESﬁsnieqteUOfabnuths gtourb consistingeof _
apparatus for %%EELBHs gﬁ @é%%ﬂbsdﬂﬁl%n‘imr ?ﬂitgocus pRkg hQiBg es 1n

equat orial di ameter In varl a enses “according to
the i nventi on. anlons. Anot her vari-able focus lens 200 the invention is

9. The variable focus lens of Claim 7 wherein said
10 organic liquid is selected from the group consisting of
hydrocarbons, halogen substituted hydrocarbons, glycols and
polyethylene glycols.

10. The variable focus lens of Claim 7 wherein said
15 mixture of water and a water-miscible organic liquid is
selected from the group consisting of mixtures of water with
glycols or polyethylene glycols.

" 11. The variable focus lens of Claim 7 wherein said
20 1liquid is a silicone oil.

12, The variable focus lens of Claim 1 wherein said
expanding means comprises tension means coupled to said
periphery for exerting tension on said periphery in a

25 radially outward direction from said optical axis.

13. The variable focus lens of Claim 12 wherein said
tension means comprises screws oriented radially outward from
said optical axis.

30 ' _

14. The variable focus lens of Claim 12 wherein said
tension means comprises solenoids oriented radially outward
from said optical axis.

- 24 - -
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illustrated in Figures 5 and 6. An elastically deformable 20 |ens 202 has
an annul ar electrically resistive hﬁgghgghgg&hq_lmaQOG enbedded therein

within the rim204 of the | ens near 205 . The coil 206 may
be heated by passing an el ectri through t her eby

I ncreasi-ng its aeter whi ch ¢ creases the | 25
di anet er of thgw?m%gb Figure 5 is a front eIevatlonaI Vi ew ﬁa@ﬁ%&#ﬁéythe
| ens 202 having a hep | “@rrﬁeg'w)aﬁgﬁlef@@é&@dlens 6%‘%1%!1& 2 ¢hetd ﬁoﬁ

source of heat. Figure 6 | de cross- sec |ona VI ew 0
of Figure 5 anF@P gipn means comprises PYGEﬁ ir oyiinders pxienbed Faci
of .t he VarlablEbﬁﬁwagulfﬁﬁh(thﬁhepticalnafﬂéjOn is illustrated in Flgures
10 and 11. This enbodi ment of the invention uses a netal ring 506
enbedded in the rimb504 of the I ens 502 or bonded thereto. Wen the .
metal ring %06 is heké.ed THe wardabie foensblensofdbaim 1RewRéreimusaidi al

di ameter of thetér?&?@s %agggé?%gigég rgnéﬁﬁatic cylinders oriented radially

ens

- 15 -
PCT/ US96/ 06767 outward from said optical axis.

17. The variable focus lens of Claim 12 wherein said
10 tension means comprises at least one cam and cam follower.

18. The variable focus 1éns of Claim 12 wherein said
tension means for exerting tension on said periphery in a
radially outward direction comprises means for exerting
15 tension in a direction other than radially outward
operatively coupled to means for redirecting said tension to
act radially outward on said periphery.

19. The variable focus lens of Claim 18 wherein said
20 means for exerting tension in a direction other than radially
outward is selected from the group consisting of screws,
solenoids, hydraulic cylinders, pneumatic cylinders, and cams
and followers.

25 20. The variable focus lens of Claim 18 wherein said
means for redirecting said tension to act radially outward on
said periphery is selecte& from the group consisting of
tendons working over pulleys, cranks, and a peripheral flange
integral with said lens and an anvil.

30 : )

21. The variable focus lens of Claim 1 wherein said
expanding means comprises an expandable ring coupled to said
periphery.

- 25 = e
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optical power. The netal ring 506 could be heated by an adj acent heating
coil of the type illustrated in Figures 5 and 6. The netal ring could be
heat ed by ot her neans as vel | . ThiOShe@HRSBdeR Redidd&y 1 NG coul d be made of a .

ferromagnetsrc 5 material and thejmﬂmlmﬁﬂﬂ jsurrounded wi.th a coil
carrying an al current whi H the ring by
el ectronmagnet i Sﬁ?%ﬁ&go The rin heat ed by Pm’r"a%?’%fﬁf’

energy. Anot her enmbodi ment of the i nvent | on vvherel n the radial 10
tension that increases the radial_ dianmeter is appl t ensi 0”'15;%
screws that stretch24re Foei JAEigoLe fqmus leng &§t F&ﬁ?‘?‘yz’dé'f}@rrr?&& Saighs

over an anvil isind |4 borded &b saidlﬁmﬁgﬁ_{ and 8. In this apparatus 300
an elastically defornmabl e I ens 302 is nounted in a tension cell 304 by

a 15 clanping ring 308 actuated by adjusting screws 310. The
adj usting serews 31(23my'rhe variablé yforljsiSiens bd Claimd2l aherein satiidal

stabilizing te S lﬂ“‘ ' ' . adj usting
screws 310 ther}p% ery %ﬁ g i&-hf%hesns Zafiéhggég\#é;\%é} he circul ar
anvi | 306 t her @wrizherncr eaS| ng the equatorial radial dianeter of the |lens

302. The result is an increase in optical power when the equatori al

diameter is increased by a few percent. gure Il lustrates
schematical |y an en¥ht nEéhe Fpripble f°q‘¥ﬁ/érﬂfﬁsoﬁf4§ aifcteiwhereim saddcal |y

def or mabl e jpense Y iiss a2 TheRnal ey Sxpaiddhle 4REallaginged to sol enoids 406.
The sol enoi ds 406. are in turn nounted to any conventional

supporting structure not shown. Wen the sol enoids 406 are act uat ed,
t he equatorial- di amfr @het karlisbbe 45tuss lens of Claim 24 additionally

comprising an electric heating element positioned in
thermally conductive association with said thermally
15 expandable metal ring.
26. The variable focus lens of Claim 21 wherein said
expandable ring comprises at least one bimetallic strip.

27. The variable focus lens of Claim 26 additionally
20 comprising an electric heating element positioned in
thermally conductive association with said bimetallic strip.

28. The variable focus lens of Claim 21 wherein said
expandable ring is comprised of a shape memory alloy.

25
29. The variable focus lens of Claim 28 additionally
comprising an electric heating element positioned in
thermally conductive association with said expahdable ring
comprised of a shape memory alloy.
30

~ 30. The variable focus lens of Claim 21 wherein said
expandable ring is discontinuous and is provided with
electrodes for passing an electric current therethrough.

- 26 -
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i ncreased, thereby increasing the optical power of the |ens. 30

The equatorial ring of an elastlcahhgsﬂﬁﬁgggggh vari abl e focus | ens of
this invention may be a plezoelectr hat expands under the .
application-of an electric vol t glu MIIHEN tostrlctlve ring that
expands.when p gé? In a magneti tallic ri ng% a6 be
used 35 which %zf %7its di ameter when heated. The ri ng may also % &

- 16 - 40 96435

PCT/ US96/ 06767 3 otk %%%%b%reer%‘?c“s ens 9f Shadm PO yherein, sald |

at a speC|fetpandﬂh%q|n3ngtéﬁpénath$e5h39ﬁaQﬁrﬁJQQééd not be

continuous around the entire circunference of the |ens, but may be

conprised of two or nore _seg s suffici the ¢ i ne
action of the segmem&s wi&§ f’ﬁ’é&?b%?zg"?‘és Lgen%lqtgrcééim Eﬁ whg§eﬂrg
results in & chegmmdablieaing isquemprisédobﬁraat;ﬁremblébeﬂemteﬂal.

general , any material, netal, plastic, conposite material or the |ike
can be used prOV|ded that its dianeter can be altered by the
application 33. The variable focus lens of Claim 21 wherein said

expandable ring is comprised of a magnetostrictive material.

10 34. A variable focus lens comprising
a synthetic elastically deformable transparent

refracting body having two optical surfaces intersecting an
optical axis and a periphery surrounding said optical axis
and extending between said refracting surfaces, and

i5 expanding means integral with said periphery for
inducing small displacements of said periphery with respect
to said optical axis in a plane generally perpendicular to
said optical axis.

20 35. The variable focus lens of Claim 34 wherein said
expanding means comprises an expandable ring coupled to. said
periphery.

36. The variable focus lens of Claim 35 wherein said
25 ring is bonded to said periphery. '

37. The variable focus lens of Claim 34 wheérein said
ring is embedded in said lens body adjacent to said
periphery.

30
38. The variable focus lens of Claim 35 wherein said
- ring is a thermally expandable metal ring.

39, The variable focus lens of Claim 38 additionally
35 comprising an electric heating element positioned in

/
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10 of sone control input; Thus, rings WhoS€ diameter can be altered

by mechani cal adjustnent are SUitab&ﬁs&%&jﬂ§§%hﬂqhh%; vari abl e focus

| ens of this invention. Preferably 51 shoul d provi de a
symmetric tensi-on around the equat O;na{ mlmﬂﬂ"uul s in order.to produce a
symmetri.cal | egs, E*ﬁg rings of 15 ' iameter is y
exposure to ceﬁ@%ﬂ chem cal conditions, e.g., polyners mﬁéﬁéﬁﬁéﬁ%ﬂﬁ
mechani cal |

(HeBRARN SRUECRL V" £50d01 £t 1BAWIEN BaldCtidhaL e T

environment, nmay be uséd in the yariable focus |Ienses o 'S
invention. 20 e€xpandablg metgl fiR@rstood by those skilled in the art that
the tension ring- which provides the change in equatori al di aneter of a

proferably near the e SPEERE icia ehs of CIgincHy derein, aaig | one

and f ast ene8 t ecxpgendaiplist cingf coBprises ats leasinpneubinetal earstrigoh as

cl anpi ng, bondi ng, adhesi ve fastening or the |ike. The net hod
of this invention also has utility in the production of a.variable
focus astigmatic |erf. ByThiemrg@iagle foqusg flensnofafdaims4®raddidiionally

di spl acenent chagnghs dihgliah! 818BtrH0 HEHHiHA ™ edlent'BosHEAIMEd 3in di anet er

of the el asticall ef ormabl e I ens, the optical power, of the lens . in
di ff er ent Mally condyctivaiaspeciation with said;himetaldds stmie-
above discyggsion, a tension ring used in the variable focus | ens -of

this invention this g5 | penthoRafRY Aindl \AHICYe B1af8 WS hitdis sdia
expandable ring is comprised of a shape memory alloy.

43. The variable focus lens of Claim 42 additionally
15 comprising an electric heating element positioned in
thermally conductive association with said expandable ring
comprised of a shape memory alloy.

44. The variable focus lens of Claim 35 wherein said
20 expandable ring is discontinuous and is provided with
electrodes for passing an electric current therethrough.

45. The variable focus lens of Claim 44 wherein said
expandable ring is in the shape of a coil.

25
46. The variable focus lens of Claim 35 wherein said
expandable ring is comprised of a piezoelectric material.

47. The variable focus lens of Claim 35 wherein said
30 expandable ring is comprised of a magnetostrictive material.

- 28 -
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WD 96/ 35967 - PCT/ US96/ 06767 or
made an integral part of the equatorial di aneter of the bal | oon | ens or
flexible elastically deformble | eﬁEﬁsSFEwHasBeex{iﬁﬂce'aeed only be

sufficientl’'y rigid to exert a force pf tor of the.ens in order
to induce-a anA,&%;ﬁl acenent. 5 | Hmmm ,F are wel | %WW

I ncl ude suitable Tetal s, bi metal Il #lishape nenory netals,

al | oys, ceranics, synthetic resins, vitreous naterials, porcelain,

gl dass fibers, boron fibers, .carbop fibers uning fibers

conposite material s 38r AnBerhRd fqp increasing sgPiBB ical RRWeLRE & t he
i nvention my kRasticaanyf daformdbby bérys apmpaisiagal techni que appropriate

formng, pressure 1 EPRvAgiaHca, STpFRFTLE Sohnnidalil, PsPhdnle B Eenc
and the !iks.:rﬁfracting bogy havipg two_optical ExfrecEing surfacaﬁns
dof o mabl o | encErsect ik bf oBRLLA Bk & pbr iphafl Mrfdiine eala
equat ori al di aRtdicads akhs pedsextending between said refracting surfaces,
said periphery having a relaxed equatorial diameter in an
initial relaxed state and
10 increasing said equatorial diameter of said periphery by
an amount not exceeding 5 % of said relaxed equatorial
diameter in a plane generally perpendicular to said optical

axis.,

is 49. The method of Claim 48 wherein said refracting body
is a fluid-filled bladder.

50. The method of Claim 49 wherein said fluid-filled
bladder is a balloon.
20 ' _
51. The method of Claim 48 wherein said refracting body
is a solid elastomeric material.

52. The method of Claim 48 wherein said refracting body
25 is a lens selected from the group consisting of biconvex,
plano—-convex, biconcave, plano~concave, plano-plano,_and
meniscus lenses.

53. The method of Claim 48 wherein said equatorial
30 diameter is increased by exerting a force radially outward
from said optical axis in said plane generally perpendicular
. to said optical axis.

- 29 =
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20 An experi nent al apparatuE‘BT—FﬁE—fype |Ilustrated I n Fi gures
1-4 was constructed and used to NMeghiySkeetHue BehRa ed n optical power
achi evabl e by naking smal|l changes i torial dlaneter of an
el astically-"deformabl e | ens tested n rat us. . Thr ee
transparent . p'ﬁﬁé s@plyVlnyl chl or bal'lT oons mere con 672
pol yvi nyl chl oridé havi ng a Young's nmodul us of 2.4-4.1 GPa an I ndex

of refraction of 1., Thelmiﬁhoa_h&f taalﬂp@ W%%eﬁﬁd %ﬂy Rixdle 38Al i ng two

i ckness. of about

webs of the ol hl ori de material, havin
0.5 30 mm tofé{)?ﬁgeq é’émsﬁgeyﬂ F?&“Qﬁedaliﬁjtsaé BPﬁrléﬂ%rﬁﬁﬁb

radi al | y outwarskffrsutiveebedyat or of the |lens all around the bal | oon. .
The ball oons were then filled with water and seal ed. The ball oons were
nunbered 1, 2 and 3, and had di nensions as set forth in Table 1 bel ow.

The thickne$s was 55. The meth@y O6f T3 53 wherein said force is
PCT/ US96/ 0672?( exertd® B3589ehfidd Ay Pc%s%%&ho{oeg_{@ﬁ&ﬁl% @a%g the

opti cal
refractlng body.

56. The method of Claim 53 wherein said force is
10 exerted by hydraulic cylinders coupled to said periphery of
said refracting body. '

57. The method of Claim 53 wherein said force is
exerted by pneumatic cylinders coupled to said periphery of
18 said refracting. body.

58. The method of Claim 53 wherein said force is
exerted by an expandable ring fastened to said periphery of
said refractive body.

20 '

59, The method of Claim 58 wherein said expandable ring

is bonded to said périphery of said refractive body.

60. The method of Claim 58 wherein said expandable ring
25 is embedded in said refractive body adjacent to said .
periphery of said refractive body:

61. The method of Claim 58 wherein said expandable ring
is a thermally expandable metal ring.
30
62. The method of Claim 58 wherein said expandable ring
is a comprises at least one bimetallic strip.

63. The method of Claim 58 wherein said expandable ring
35 is comprised of a shape memory alloy.

- 30 -
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Lens No. Equat ori al Thi-ekness 5

D aneter (mm (nm 1 30.4
11.5 2 This Sheet en Replaced 12. 6 3 )
27.6 T 15.0 10 Nﬂ“\ﬁm Hmts was essentially the sane
as that - Il sﬁﬁggﬁs;d I n Figures | 2S wer e nount |

apparatus by clanprng the equatorial |ip to the spindles of sgmgﬁﬁﬁgﬁw

equal | y spaced opposing microneters with non-rotating 15 spindles (L.S.
Starrett Co., Athol, MA). The nounting ri n& was positioned on_a-
preci sion optical bEAeh Npeiarethoss@fnClaim bf yvhersirnsgads: erpandehliesging

IL)- using a doybl Bedatéd by &PNEIUEREAC haatifigr e1émext t he equatorial plane
of the ball oon | ens was perpendicular to the observational axis of the

20 optical -bench. Collimted |ight froma collinmator nounted on t he

optical bergh was débect Bhe thethiegh of dlapr Sgnwhetdim said expanmdabpenring

and then throu h ST . i ) \V _'

m croscope pos?‘? [ %ﬁggégnﬁl' fégs(s)sp]tnyc]a g;?g&@é c%‘é%lﬁ{tﬁeggt%%%?ér of the
test Lens was determined by 25 adjusting the mcroneters until a sharp

i mge was observed. gg, ilgfyﬂgﬁﬁg%gifia‘iﬁf 6ot GRErdiH %%Coldéggbﬁ%ﬁiaif*ﬁg ring

spi ndl es noved, out war mm i ncrenments,
effective ischeatedgey eteqtromagpetisnindugti®sured for each i ncrenent
of equatorigl dianmeter to a precision of 0.12 diopters, as 30 determ ned

fromth ition of_the_n I i n T
omthe positio 067t. e'.l'hg dn?etl%g otf Clagx% 58 wherein said expandable ring

is heated by electromagnetic radiation.

68. The method of Claim 58 wherein said expandable ring
15 is comprised of a magnetostrictive material and said ring is
expanded by exposure to a magnetic field.

69. The method of Claim 58 wherein said expandable ring
is comprised of a piezoelectric material and said ring is
20 expanded by exposure to an electric field.

70. The method of Claim 69 wherein said electric field
is applied by electrodes in contact with said plezoelectric
material.

25
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I ncrease in equatorial dianeter was continued until a further I ncr ement
produced only about a 1 diopter increase in effective optical power.
The m cronmeters were then turned inwardly, in 0.127 mmincrenents and
the effecti've optical 35 power was neasured until the balloon.lens returned

toits - - 06/35967 - 19 - WO 9 7 _
PCT/ US96/ 06767w° Initial equatorial dianmeter. Each |ens-was S@i@g"?ﬂf-’ough

three cycles of stretching and rel axi ng. Theli crease in effective
optical power with small increase in equatorié dianeter (< 2 % was
conpletely reversible and reproducible. 5 The results of the testing
for-the three | enses. are set forth in Table 2 bel ow.
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PCT/ US96/ 06767 Table 2 Lens Change
i n Equatori al Mean Opti cal St andar d No. D anmet er
(mm Power : Devi ati on .

(di opt er-s) | opters) 5 1 0 i
0.3 w°"’36‘.‘“g54 17.0 o."&""’s"""}‘%

FlG. 3 a

FleG. 4
| los—\\d 106

104~ . /IOO
107 2
7108 |
L 108—T=K=110
2 gl ="
14
06—
0
106
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0. 508
20.7
0.3
1.016
19. 8
0.5 15

13.6
0.1 20
0. 762
23.0
0.5

0.762 .

18.1
0.3

16. 7
0.3
1. 016

19.0 0.7

0.2 10
©1.524 22.0

20. 7 0.4

8 .
WO 9639 %54 15. 9

13. 4
0.2
0. 508
21.6

0.8
1.016
20.5
0.5

13. 7
0.9

0.762
20.6

FilG. 6

204

O

7

206

0.762
21.5
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35 1.524 21.1 0.8
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PCT/ US96/ 06767 1.016 19.2

0.2 o 0.762 . 18.2 . 0.6

0.508 - 16.9 0.5 . 254

15.0 WOXBHTs 5 0 ' PLIIURS6N676T

0.5 The experinmental results are gypsented i n graphical form
in'Figures 12a, 12b, and 12c. In the zr?asrsgyhe dat a poi nts taken
while the | ens was being stretched ar *i 4di cated by circles, and those
taken while the | ens was bei ng rel axe@ i ndi ca3f80 by squares. The
results show that the changeég; optical pgower |/ significant and
generally linear for small chang I amet er.

Y .
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302 308
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15 The invention having now been fully described, it shoul d be

understood that it may be enbodi ed in other specific fornms or
variations w thout departing fromits spirit or essenti al
characteristics. Accordingly, the enbodi ments descri bed ahove are to be
considered in ﬁ%&wﬁg respects as illustrative and not restrictive, the
scope of t 2t i on bei ng indi cated by the appended cl BGHUSP6PGTET
than the foregoing description, and all changgs which cone wi thin the

meani ng and range of equival ency of the clai are intended to be

FiG. 10

enbraced therein. 25

FiG. 11

504 500
506 e

902
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- 22 - VE CLAI M 1. A variable focus |l ens conprising
a synthetic elastically deformable | ens body conprising 5 two transparent
webs intersecting an optical axis and nmeeting in an elastically
expandabl e -peri phery surroundi ng said optical axis, said webs and said
peri phery definjng a cavity, said cavity being filled with a

t r anspar ent fldwaaﬁﬁmw def ormabl e solid medium and 10 FCTP6(967¢7
means for expandi ng said periphery.in a plane general |y perpendicul ar
to said optical axis, wherein said expandyhg neans applies radially

outward directed forces ; ' ly to said periphery of said |ens
symmetrically in eafm sai d | ens. 2. The

vari able focus lens of aiml1l mherein]sajEENSI webs are conprised of a
synt heti c pol yner.

ZZDT & B

\

MEAN OPTICAL

BOWER 170
(DIOPTERS) 117

120+
20 0.5 l Lo

CHANGE IN EQUATORIAL DIAMETER

FIG 12b fom)
1 LENS2

220-

HEe-

®
?

- MEAN OPTICAL
POWER

(DIOPTER) 97

|

.c jrivvtgyryrrrprre o v T
. 0 0.5 l Lo
CHANGE IN EQUATORIAL DIAMETER

FIG /2¢ o)
220

LENS 3

MEAN OPTICAL
POWER

(DIOPTERS) |0

S I A
CHANGE IN EOU(ATO;HAL DIAMETER
mm
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3.

Is selected fromthe group#cens+s%+hg—e+——~—-poly(e

pol y( net hyl
chl ori de,

gas.

is selected
neon,
- 23 -

10

15

20

25

30

ar gon,

nmet hacry

pon(tetrafI@
The vari abl e focus | ens of
he vari

¥E LA

krypton,

| at e),

The variable focus lens of Claim2 wherein said 20

pol yet hyl ene

Sl

group consi sti ng of air,

pol ypr
silicone resins.
sai d
of Claim
carbon 30 di oxi de,

hel i um

xenon and sul fur

hexafluoride.

“synt hetic pol ynmer

PUE" L6/i08 767
?PMMZ M“?J

1. A variable focus lens comprising

a synthetic elastically deformable lens body comprising

two transparent webs intersecting an optical axis and

meeting in an elastically expandable periphery surrounding

said optical axis,

cavity,

deformable solid medium,

and

said webs and said periphery defining a

said cavity being filled with a transparent fluid or

expanding means for expanding said periphery in a plane

generally perpendicular to said optical axis, wherein said

expanding means applies radially outward directed forces

immediately to said periphery of said lens symmetrically in

each meridian of said lens.

2.

The variable focus lens of Claim 1 wherein said

webs are comprised of a synthetic polymer.

3.

The variable focus lens of Claim 2 wherein said

synthetic polymer is selected from the group consisting of

poly(ethylene terephthalate), poly(methyl methacrylate),

polyethylene, polypropylene, polyvinyl chloride,

poly(tetrafluoroethylene) and silicone resins.

4,

The variable focus lens of Claim 1

cavity is filled with a gas.

5.

dioxide,

The variable focus lens of Claim 4

helium,

neon, argon,

hexafluoride.

* c L L] S *

 AMENDED SHEET,

krypton,
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'gas is selected from the group consisting of

Xxenon

wherein said

wherein said
air, carbon

and sulfur
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6. The vari abl e focus TL@ as dﬁ\lﬁg},l;ceamgel n said cavity is filled
with aliquid. imlu Hablefocuslens of C|a|m6 wher ei n

d 5| d i | ect t
sal iquidis selecte 3'00?32?,L§ | ly ds Q/ggr‘é?g?

sol uti ons of -wat er- sol ubI

l i qui ds, mixtures of water and vvater- m sci bl e or{

silicone oils. The variable focus | ens Cla|m7 wherein
sai d aqueous (%'ol utihéh Vasrlé@lléctf@&uﬁr oRTE h‘éfgﬁ:%ﬁlﬁ“c:b 9 ify serid |
sol utions of - yaief -spluhhied RARGARI ¢igakls having hal ogen ani ons. 15
9. The variable focus lens of Caim7 wherein said organic liquid is
sel ected fromthe group consisting of hydr ocar bons, hal ogen substituted

hydr ocarbons, gl ygol s varl_??ﬁley?'bgﬁgeﬂ&agl éffotl.‘lsalm & ere] in Yhiqg The

vari abl e focus | ens of aim / wherein sal ture o er and a
wat er - m sci blisywirdyairs cdliegiied ifgom thsegeoupdcém@mtm gJﬁ)upatcemm sting of

m xtures of V%Hégugmsglutlongl%&Owater goixgihylggfﬁéhfgxgnd organic
solids, organic liquids, mixtures of water and water-

miscible organic liquids and silicone oils.

10 - 8. The variable focus lens of Claim 7 wherein said
aqueous solution is selected from the group consisting of
solutions of water-soluble inorganic salts having halogen

anions.

15 9. The variable focus lens of Claim 7 wherein said
organic liguid is selected from the group consisting of
hydrocarbons, halogen substituted hydrocarbons, glycols and

polyethylene glycols.

20 10. The variable focus lens of Claim 7 wherein said
mixture of water and a water-miscible organic liquid is
selected from the group consisting of mixtures of water with

‘glycols or polyethylene glycols.

25 11. The variable focus lens of Claim 7 wherein said

liquid is a silicone oil.

12. The variable focus lens of Claim 1 wherein said
expanding means comprises tension means coupled to said
30 periphery for exerting tension on said periphery in a

radially outward direction from said optical axis.

- 24 -
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11. The varlable focus | ens Claim?7 wherein said. liquidis

+

25

a silicone oil. °é'focus|e 1 lwp | g1
sai d expandi ng neans “Eﬁmqﬂiri E nmeans, coumg Zq{& /SB{E 767
peri phery for exerting tenS|

i ph [ dj.ad | d
direction fromsaid optical axis. pReryan a'PENug 287 JUﬁJiggzl -

13. The variable focus lens of Claim 12 wherein said t ensi on neans
conprises screws bt¥i erfhal wagdiakiliey fogh@alans of fEbmimal 2 Wmtadal sadics. 5

14.  The Varééﬁ%f%gcﬁéghé Qﬂﬁmﬁpiggsaggkéasmgﬁigﬁgeéaf&hially outward

from said optical axis.

5 14. The variable focus lens of Claim 12 wherein said
tension means comprises solenoids oriented radially outward

from said optical axis.

15. The variable focus lens of Claim 12 wherein said
10 tension means comprises hydraulic cylinders oriented

radially outward from said optical axis.

. 16. The variable focus lens of Claim 12 wherein said
tension means comprises pneumatic cylinders oriented

15 radially outward from said optical axis.

17. The variable focus lens of Claim 12 wherein said

tension means comprises at least one cam and cam follower.

20 18. The variable focus lens of Claim 12 wherein said
" tension meaﬁs for exerting tension on said periphery in a
radially outward direction comprises means for exerting
tension in a direction other than radially outward
operatively coupled to means for redirecting said tension to

25 act radially outward on said periphery.

19. The variable focus lens of Claim 18 wherein said
means for exerting.tension in a direction other than
rédially outward is selected from the group consisting of

30 screﬁs, solenoids, hydraulic cylinders, pneuﬁatic cyLindérs,

and cams and followers.

- 25 =
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t'ensi on means conpri ses s ] j@éngi Leg radially gutward fromsaid
optieal axis. i e focus | ensPU1/USi 9 62/vq§26y7
lH c cylinders oriented radi al :

said 10 tension neans conp

outward fromsaid optical 16. The ' f f
Claim12 \r/\,her:i In sa!odI tensi on neans conpri ses pnmﬁmtj\segy'?icigg ig\g7o

oriented 15 radially outward.from said optical_axis. .. 17, The
vari abl e focus Igﬁs oggélgﬁﬁfiéfﬁhg?%?% efigy of C it8n "hELRINCSAPAi ses at

| east one ca@amd reaMrkalikaweling s2fd tensiléh to R tvakidabheyf eaedakans of
Claim12 wherein said | tension neans for exerting tension on said
peri phery i ®fasaid pggigheyyolifwaeteehedckidh Wemanosws crpgasting eferting
tension in IeG! | e Lal | . l.vel y coupl ed
to means fo?eggﬁﬁge???#ghga?ﬁg?gﬁ%?fﬁ?fz)%ﬁéﬂgﬁﬁi%ﬁghﬁaP%3§§§%§é§d on said
~periphery. flange intggraTheithrsabd eléneand ens agfvidl.ai m 18 wherein said

nmeans for exerting tension in a direction other than radially outward is
sel ected fromthe group consisting of

21. The variable focus lens of Claim 1 wherein said

expanding means comprises an expandable ring coupled to said
periphery;
10
22. The variable focus lens of Claim 21 wherein said

ring is bonded to said periphery.

23. The variable focus lehs of Claim 21 wherein said
15 ring is embedded in said lens body adjacent to said

periphery.

24. The variable focus lens of Claim 21 wherein said

ring is a thermally expandable metal ring.

20 -

25. The variable focus lens of Claim 24 additionally
cdmprising an electric heating element_positioned in
thermally conductive association with said thermally
expandable metal ring. |

25

' 26. The variable focus lens of Claim 21 wherein said

expandable ring comprises at least one bimetallic strip.
27. The variable focus lens of Claim 26 additionally

30 comprising an electric heating element positioned in

thermally conductive association with said bimetallic strip.

- 26 -
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30 screws,
cans and foll owers.
20. The vari abl e focus L
redirecting said tensio

sol enoi ds, THVERHL Keefidblafld€r S+ Pneumati ¢ cyI i nders, nd-
Hﬁl"mlﬂ 18 wherein said ll?ﬂs Q‘? ’ﬂg767
|1y outward OIPEWIOEW R}UNyBs]

selected fromthe group consisting of t endons wor ki ng over pulleys,
cranks, and a peripheral 5 flange integral with said |Ilens and an anvil .
21. The variable £ cusTP6n§36¥a @i frausHeans wis&ilgim 2lewparaingsatdns

e T TR T R L S

The vari abl e focus | ens o alm

peri phery.

10

15

20

25

30

ereln sal rin ai d

29. The variable fogus lens of Claim 28 édditionally
comprising an electric heating element positioned in
thermally conductive association with said expandable ring

comprised of a shape memory alloy.

30. The variable focus lens of Claim 21 wherein said

expandéble ring is discontinuous and is provided with

electrodes for passing an electric current therethrough.

31. The variable focus lens of Claim 30 wherein said -

expandable ring is in the shape of a coil.

32. The variable focus lens of Claim 21 wherein said

expandable ring is comprised of a piezoelectric material.

33. The variable focus lens of Claim 21 wherein said

expandable ring is compriséd of a magnetostrictive material.

34. - A variable focus lens comprising

a synthetic elastically deformable transparent
refracting body having two optical surfaces intersecting an
optical axis and a periphery surrounding said optical axis
and extending between said refracting surfaces, and _

ekpandihg means integral with said periphery for
inducing small displacements of said periphery with respect
to said optical axis in a plane generally perpendicular to
said optical axis, wherein said expanding means applies
radially outward directed forces immediately to said
periphery of said lens symmetrically in each meridian of

said lens.

- 27 -
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53. The vari abl e f ocus—tens—of—Catm21 wherein said 15 ring is enbedded
In said | ens body adjacent to said eri phery. 24.

p The
variabl e focus |ens offE Fe °h said rmﬂﬁ& Qf{yrﬁﬁéﬁén?
expandabl e netal ring. m The variable focus lens o ai\mf 24
additional ly conpri [

c heating el enen itiogﬁﬂ i
thermal |y conductive association with said thernall y]PéAﬂﬁpgn'b Bl 198&

ring. 25 - 26. The variable focus lens of Caim2l1 wherein said

expandabl e ring Q@uPriTeRs vakrikhBast £e88sbl&ks abt iC1Sl i34 wherein said/- The
vari abl e focus lens of Claim26 additionally 30 conprising an electric

heating el efR2NSESI% PEREE CATPIiFRE AR PXPIRFRRAR iV hsdPled &0 wRiR sai d
bimetal lic YddiPhery. - 26 -
5 .
36. The variable focus lens of Claim 35 wherein said

ring is bonded to said periphery.

37. The variable fbcus lens of Claim 39 wherein said:
10 ring is embedded in said lens body adjacent to said

periphery.

38. The variable focus lens of Claim 35 wherein said

ring is a thermally expandable metal ring.

15
39. The variable focus lens of Claim 38 additionally
comprising an electric heating element positioned in
thermally conductive association with said thermally
expandable metal ring. |
20

40. The variable focus lens of Claim 35 wherein said

expandable ring comprises at least one bimetallic strip.

41. The variable focus lens of Claim 40 additionally
25 comprising an electric heating element positioned in

thermally conductive association with said bimetallic strip.

42. The variable focus lens of Claim 35 wherein said
expandable ring is comprised of a shape memory alloy.
30
43. The variable focus lens of Claim 42 additionally

comprising an electric heating element positioned in

- 28 -
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28. The variable focus |ens of Clalm 1 re|n salgrtﬁg pan ablerlngls
ace fx/eﬁ(

compri sed of a shape nenoripis as Been a8l q)'fés?léem
f Claim 28 additionally 5\ \“m electrlc heati ng el ene
positioned in thernal |y oci ation W}sq é](Qﬂer @97

ring conpri sed of a shape nenory all oy. varia
focus | ens of Cla

21 wh id 10 dabl g
9" provi ded WHELLY SRRk RoPopaeihe Hhehi ete X%incl%ﬁf RS A

t her et hr oughcomprlsed of a'SJshap'&ﬁlemmyabh.eOi;ocus | ens of O aim 30 wher ein
sai d expandable ring is in the shape of a coil. 15 32. The
vari able focus lens of Claim?21 wherein said expandable ring is

conprised of a piggzoelmd N iMQr fdbus lens of Clafn IDanerdiabls focus
lens of Claim2l1 wherein said 20 expandable ring is conprised of a
magnet ostSr | (RFRANGARYS iwing is discontinuous and is provided with

electrodes for passing an electric current therethrough.

- 45. The variable focus lens of Claim 44 wherein said
expandable ring is in the shape of a coil.
10
46. The variable focus lens of Claim 35 wherein said

expandable ring is comprised of a piezoelectric material.

47. The variable focus lens of Claim 35 wherein said

15 expandable ring is comprised of a magnetostrictive material.

48. A method for increasing the optical power of an
elastically deformable lens comprising
providing a synthetic elastically deformable
20 transparent refracting body having two optical refracting
surfaces intersecting an optical axis and a periphery
surrounding said optical axis and extending between said
refracting surfaces, said periphery having a relaxed
equatorial diameter in an initial relaxed state and
25 increasing said equatorial diameter of said periphery
by an amount not exceeding 5 % of said relaxed equatorial
diameter in a plane generally perpendicular to said optical

axis.

30 49. The method of Claim 48 wherein said refracting
body is a fluid-filled bladder.

- 29 -
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“34. A variable focus:|ens conpri si ng. a synthetic elastically

.\?ﬁiiig‘é‘ﬂ?nérZRSSEfBi.cﬁ'ss'ﬁrmm B e nIpeRIE SR LHE TR

axis and extendi ng bet cting surface nd

expandi ng neans integral with said periphery for |PEi‘U§ HngUrNI]gg7

di spl acenents of_ said perlphe with respect to sajd optijcal axis in a
pl ane general | y 3er peits p d%/@f:s@léamd‘l%p‘t’]i‘%’é?lfhxﬁ%ld vinerie +F idd

expandi ng ”Ffé}ﬁd&pplé es ba&]]ol’ofﬁdl ally outward directed forces imediately to

Fald_ peri phery of sai ens synnetrlcally in each neridian of said
ens - 27 - 35. The

vari abl e focus I [ eXPAD J®|ans, conpri ses

an expandabl e ri ng Courﬁ er%i{no%ﬁo\ﬁh%ﬁ.gﬁﬂ 28 gh%reln didyg- gy CONP

5 body is a solid elastomeric materlal

52. The method of Claim 48 wherein said refracting
body is a lens selected from the group consisting of
biconvex, plano-convex, biconcave, plano-concave, plano-

10 plano, and meniscus lenses.

53. The method of Claim 48 wherein said equatorial
diameter is increased by exerting a force radially outward .
from said optical axis in said plane generally perpendicular

15 to said optical axis.

54. The method of Claim 53 wherein said force is
exerted by screws coupled to said periphery of said

refractive body.

20
55. The method of Claim 53 wherein said force is
exerted by solenoids coupled to said periphery of said
refracting body. |
25 56. The method of Claim 53 wherein said force is

exerted by hydraulic cylinders coupled to said periphery of

said refracting body.

57. The method of Claim 53 wherein said force is
30 exerted by'pneumatic cylinders coupled to said periphery of

said refracting body.

- 30 -
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5 ' 36. The vary. ogus .| ns.bf Claim 35 wherein said ring
i s bonded to said peri p#‘gglegtﬂasgeml{ ey e foqm_'l.e éuy NG 6 ¢
Claim 34 wherein said 13]“"”"”5"'5{ ded in said 1ens body adjacent” to
sai d peri phery. vari abl e focgqa&a#a f '

wherein said ring is a thermally expandabl e netal™ri zl%gﬁmgg] 39.
The vari abl é foc | ens of aim 38 additionally , . conprising an electric
heating el enent g%sitF e@e%hOd ° tﬁg?ﬁ%1$§ éhﬁgkﬁﬁi§ﬂ§d5§§6€ﬁaﬂﬁon with

sai d thermaldierted yPandakbandBbdb Fifg fZdcened to sAG peHipnyaii abl e
focus lens of Cl aim35 wherein said expandabl e ring conprises at | east

one bi net al ISdd&efgactive body. 41, The variable focus |lens of Caim 40
additionally 25 conprising an electric heating el enent positioned in
thermal |y conductive association with said binmetallic strip. 42.
The vari &bl e foc®9.l efbeofneChatinep5Cvhm bt wednein sadishedpandabileg i s

conpri sed OEi%gﬁqu%ogﬁgHr¥oag£9¥'periphery of said refractive body.

60. The method of Claim 58 wherein said expandable
ring is embedded in said refractive body adjacent to said

10 periphery of said refractive body.

61. The method of Claim 58 wherein said expandable

ring is a thérmally expandable metal ring.

15 ' 62. The method of Claim 58 wherein said expandable

ring is a comprises at least one bimetallic strip.

63. The method of Claim 58 wherein said expandable
ring is comprised of a shape memory alloy.
20 -
64. The method of Claim 58 wherein said expandable

ring is heated by an electric heating element.

65. The method of Claim 58 wherein said expandable

25 ring is heated by passing an electric current therethrough.

66. The method of Claim 58 wherein said expandable

ring is heated by electromagnetic induction.

30 67. The method of Claim 58 wherein said expandable

ring is heated by electromagnetic radiation.

A



‘30 43. The vari QiaisShJeaw:Bednm aed Cl ai m 42 add| tionally

cogprLstng an e e"t['hérﬂéf Mm miiéé'cf’;l?f’oa S, ?MXQ 6767
y al

ring conprised of a sh oy PEALS 44, The r:-ﬁﬁf
focus lens of Claim35 wherein said 5 expandabl e r qﬂjl s and.

Is provided with _ C r C t

t her et hr ough. 68. 2he ﬁé?gﬁeggacrlﬁg‘l? gk?&@lr}sr%llglntss o? %#é 8 E11\97\/nerei n
said expangabls'ecoinpglssdi@ftdnenaﬁmem:srﬁrla:tdmd matérial and sd46d The
vari abl e focus | ens_of a@gggge ring is

: -
conprised of* 3 pﬁ‘ngEP%B???cb%a?’é?? ‘frl.en £e'a magne%)i%

5 69. The method of Claim 58 wherein :said expandable
ring is comprised of a piezoelectric material and said ring

is expanded by exposure to an electric field.

70. The method of Claim 69 wherein said electric field
10 1is applled by electrodes in contact with said piezoelectric

material.

-
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A7. -The variable focus | ens of C aim 35 wherei REE%GE%NT%I%M &G i ng'

i s conpri'sed of a magnetostrictive material| O Description : page g

i ncreasing the optical power of an elasilﬂéﬁhyn@bforﬁﬁﬁﬂ U@myge -----
conpri sing providing a synthetic elaBtPraingskicpagetabite paged.....
transparent Qj‘nﬁ‘ ting body having two opti ¢all Abstragtt i npaged ....slarpageds. .-

I ntersecti 5 tical axis and a perphery surroundi ng Sq%ﬂkl tical

axi s and extendi ng between said refract if ng At tﬁ:c@c];gpfr _________ hery
havi ng a rel axed equatqQri al di aneter inam—rnrtTat—Tretaxed—stare and 25

i ncreasi ng sai dt eqBaV8riaPle £P6US oS FRBELI NG, v by an anount not
exceeding 5 % of ¢l ri.Al e

per pendi cul ar to sghgh i@xﬁﬁa§%@@ﬂlﬁgide ?fﬁg z£¥néTﬂad2egﬁﬁggq%86ﬁg
48 mheﬁaltunuttam%parbnngwebsbamﬁezsatﬁﬂngchﬂ|dpuit&ladﬂEs.and

- 29 - meeting in an elastically expandable periphery surrounding

said optical axis, said webks and said periphery cefining a
cavity, said cavity being filled with a transparent fluid or
deformable solid medium, and
10 expanding means for expanding said periphery in a plane
¢ generally perpendicular tc said cptical axis, wherein said
. expanding means applies radially outward directed forces
immediately to said peripherv of said leans symme=rically in
each meridian of said lens.
15
| 2. The variable focus lens of Claim 1 whezein said

weps are comprised of a synthetic polymer.

3. The variable fccus lens of Claim 2 wherein said
20 synthetic polymer is selected f£rom the group consisting cf
poly(ethylene-terephthalate), poly(methyl methacrvlate),
polvethylene, polypropylene, polyvinyl chloride,

poly(tetrafluorcethylene) and silicone resins.

25 4. The variable focus lens of Claim 1 whersin said

cavity is filled with a gas.

5. The variable focus lens of Claim 4 wherein said
gas is selected from the group consisting of air, carbon
30 dioxide, helium, neon, argen, krypton, xenon and sulfux

e

hexafluoride.
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50. The nethoq of daim49 wherein said fluid-filled bl adder is a

bal | oon. 51. The nethod'of Claim48 wherein said refracting 5
body is a solid elastoneric material. 52. The nethod of C ai m 48
wherein said refracting body is a lens selected fromthe group

consi sting of bi convex, pl ano-convex, biconcave, plano-concave, plano-

10 pl ano, and néni scBhe cfazkable focus lens ofTRdaim Howhsrinmisaid
wherein saj atQrial ' efslSshncreased by exerting a force
t v@gg 49 qilled ﬁ%ﬁﬁﬁ%i%éﬁéia.

radi al |y outwar rrom sal axls in said plane generally
perpendi cular 15 to said optical axis. 54. The nethod of C aim

53 wherein said_force. is erted b crews coupled to said periphery of
sai d refracfive ggﬂthg;égie f%cug fens of c!gim 8 whe:eig)safh Y

5 liquid is selected from the group consisting of water,
aqueous solutions of water-soluble inorganic and organic
solids, crganic liquids, mixtures of.water and waczer-

miscible organic liquids and silicone oils.

10 8. The variable focus lens of Claim 7 wherein said
aguecus solution is selected from the group consisting of
solutions of water-soluble inorganic salts having halogen

anions.

Is 9. The wvariable fccus lens ¢of Claim 7 whezein said
organic liquid is selected from the group consisting of
hydrocarbons, halogen subs:tituted hydrocarbons, ¢lycols and

polyethylene glycols.

20 10. The wvariable fccus lens of Claim 7 whersin said
mixture of water and a water-miscible organic liquid is
selected from the group ccnsisting of mixtures of water with

glycols or polyethylene glycols.

25 11. The variable focus lens c¢f Claim 7 wherein said

. liquid is a silicone oil.

12. The variable focus lens of Claim 1 wherein said
expanding means comprises tension means coupled to said
30 periphery ZIor exerting tension on said pezxiphery in a

radially outward direction “rem said optical axis.
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55. The nethod of C aim 53 wherein said force is exerted by sol enoi ds

coupl ed to said periphery of said refracting body. 25 56. :The
nmet hod of Cl aim53 wherein said force is exerted by hydraulic cylinders
coupl ed to said periphery of said refracting body. 57. The
met hod of d ai ?363 V‘fl’i‘é%ﬂ:ﬁ&bﬂef %easl 3ead %@ﬁlﬁg.nphf'ﬁ%’?éi& §yiynders
coupl ed to said periphery of said refractin

- 30 - tension means cosprigas scrhvs Qtlen&ﬁﬂ!iadﬁaikyrnutwakdorce is

exerted b*z%gt%éﬂgpq§g£§c£ingx£g§tened to said periphery of

5 14. The variable focus lens of Claim 12 wherein said
tension means comprises solenoids oriented radially outward

from said optical axis.

15. The variable focus lens of Claim 12 whersin said
10 tension means comprises hydraulic cylinders ocriented

radially ocutward from said optical axis.

_ 16. The variable fccus lens of Claim 12 wherzsin said
tension means comprises pneumatic cylinders orientad

15 radially ocutward £from said cptical axis.

17. The variabla focus lens of Claim 12 wherain said

tension means comprises at least one cam and cam Ssllowex.

20 18. The variable focus lens of Claim i2 wherein said
tension means for exerting tension on said periphery in a
radially outward direction comprises means for exerting
tension in a direction other than radially outward =
operatively coupled to means for redirecting said tensicn to

25 act radially outward on said periphery.

19. The variable focus lens of Claim 18 wherein said
means for exerting tension in a direction other than
radially outward is selected from the group consiszing cf

30 screws, solenoids, hydraulic cylinders, pneumatic cylinders,

and cams and followers. ‘'

/ Thi .
- T his is the replacement sheet

A O : e 9B

(1]
n



said refractive body. 5 59. The nmethod of C aim58 wherein said
expandabl e " ring is bonded to said periphery of said refractive body.
60. The nethod of C aim 58 wherein said exnandabl e ring is enbedded in
said refractive body adjacent to said 10 periphery of said refractive

lrjlogé Is a ther ma% >1/ e'g%gnggglegg]ﬁg g&ﬁgmléﬁs"‘%? %ﬂﬁ‘gi}% %ﬁ%%@?lr}gﬁlgf

C ai m 58 wneasisn £t dredpaedobhg saidr tagsu.sra oot Yadicdllpanicwaed
bimetallic str net. hqd of Cl aim 58 wherein said

expandabl e©n sﬁﬁqm??ELEBﬁﬁYlé%dSSEeﬁtgﬁa &fe e IXOUR) conpsisting ofgy,
Th t hod i ' b
e nmet hod g@hddn¥ mé@wﬁer%@rSﬁhmegeaneE-Qh%s, 1)%9 S%fm y an

el ectric heating el ene netho erein
sai d expanfiiange2integual swhbht eaidylenassand an ansdtl.i c current

t her et hr ough.

21. The wvariable focus lens of Claim 1 wherein said
expanding means comprises an expandable ring coupled to said
periphery. |

10
' 22. The variable focus lens of Claim 21 wherein said

ring is bonded to said periphery.

23. The variable fccus lens of Claim 21 wherein said
15 ring is smbedded in said ilaans bedy adjacent to said

_periphery.

24. The variable focus lens of Claim 21 whersin said

ring is a thermally expandable metal ring.

20
25. The variable focus lens of Claim 24 additionally
comprising an electric heating element positioned in
thermally conductive asscciation with said thermally
expandable metal ring.
25

26. The variable focus lens of Claim 21 whesein said

expandable ring comprises at least one bimetallic strip.

27. The variable focus lens of Claim 26 additionally
30 comprising an electric heating element positioned in

thermally conductive asscciaticn with sazd bimetallic stzip.
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- 66. The method of O aim58 wherein said expandabl e ring is heated by
el ectromagnetic i nduction. 30 : 67. The nethod of C aim58 wherein

sai d expandabl e ring is heated by el ectromagnetic radiati on.

-31-

10

15

20

30

28. The variable focus lens of Claim 21 wherein said

expandable ring is comprised of a shape memory alloy.

29. The variable focus lens of Claim 28 additionally
comprising an electric heating element positioned in
thermally conductive asscciation with said exzpandable ring

comprised of a shape memczy alloy.

30. The variable focus lens of Claim 21 wherein said
expandable ring is discontinuous and is provided with

electrodes <or passing an slectric current therathrouch.
°1

31, The variable fccus lens of Claim 30 wherein said

expandable ring is in the shape of a coil.

32. The variable focus lens of Claim 21 wherein said

expandable ring is comprised of a piezoelectric material.

33. The variable focus lens of Claim 21 wherein said

expandable ring is comprised of a magnetostrictive material.

34. A variable focus lens comprising

a synthetic elastically deformable transparent
refracting body having twc optical surfaces intersecting an
optical axis and a periphery surrounding said optical axis
and extending between said refracting suffaces, and

expanding means integral with said periphery for
inducing small displacements of said periphery with respect
to said optical axis in a plane generally perpendicular to
said optical axis, wherein said expanding means applies
radially outward directed forces immediately to said
periphery of said lens symmetrically ia each meridian of
said lens.

- 27 - This is the replacement sheet
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68. The nethod of claim58 wherein said expandable ring is conprised of a

magnetostrictive material and-said ring i s expanded by exposure to a
magnetic field. 69. The nmethod of claim58 wherein said expandabl e

ring is conprised of a piezoelectric material and said ring is expanded
by exposure to a electric field. . 70. The nethod of C aim 69 wherein

said electric fieldis applied by electrodes in contact with said
pi ezoel ectric ndderi &Ahe variabke focyarlensecofofleimedd oiremeisi rgpid

?ﬁ‘;?;g?bl € LEBSndiY It SnPEL oLy 3:‘&'{:583%5.2grgggoloctoiu%ileda AS said
' periphery. '

36. The variable focus lens of Claim 35 wherein said

ring is bonded to said periphery.

37. The wvariable focus lens of Claim 34 wherein said
10 ring is embedded in said lens body adjacent to said

- periphery.

38. The variable focus lens of Claim 35 whe-ein said

ring is a thezmally expandable metal ring.

15
39. The variable fccus lens of Claim 38 additiocnally
comprising an electric heating element positioned in
thermally concuctive asscciation with said thermally
expandable metal ring.
20

40. The variable fccus lens of Claim 35 wherein said

expandable ring comprises at least one bimetallic strip.

41. The variable focus lens of Claim 40 additionally
25 comprising an electric heating element positioned in

thermally conductive association with said bimetallic strip.

42. The variablé focus lens of Claim 35 wherein said

expandable ring is comprised of a shape memory alloy.

43. The variable focus lens of Claim 42 adéitionally

comprising an electric heating element positicned in

- 28 - .
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and means for expanding sai‘d peraphery in a plane oriented  generally

per pendi cul ar ‘'to the optlcal axis to increase the optical pomer of said

| ens body. 72.: The variable focus lens set forth in Caim71
wherein said deformable |ens body has two opposed surfaces. 32

thermally conductive association with said expandable ring

comprised of a shape memozry alloy.

44. The variable focus lens of Claim 35 wherein said
5 expandable ring is discontinucus and is provided with
electrodes for passing an electric current therezarough.

45. The variable focus lens of Claim 44 wherein said
expandable ring is in the shape of a coil.

10
‘ 46. The wvariable focus lens of Claim 35 wherein said

expandable ring is comprised of a piezoelectric =aterial.

47. The variable fccus lens of Claim 35 wherain sai

15 expandable ring is comprised of a2 magnetostrictivs material.

48. A method for increasing the optical powar of an
elastically deformable lens comprising
providing a synthetic slastically deformable

20 transparent refracting body having two optical refracting

surrounding said optical axis and extendxng between said
refracting surfaces, said periphery having a relaxed
equatorial diameter in an initial relaxed state and

25 increasing said equatorial diaﬁeter of said periphery
by an amount not exceeding S % of said relaxed eguatorial
diameter in a plane generally perpendicular to said optical

axis.

30 49. The method of Claim 48 wherein said reZfracting

body is a fluid-filled bladder. '

- 29 - This is the replacement sheet
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73. The.variable focus Iens set ‘forth in Claim72 wherein said tw opposed

surfaces and said periphery define a cavity. 74. The variabl e focus
|l ens set forth in Cdaim73 wherein said cavity is filled with at | east one
of a solid, a liquid, and a gas. 75. The variable focus | ens set

synthet o pol yrerd-  1e Atk BBEXAa B A9CHeRhEncSHRH gt et 71

wher ei n bladder is a balléon.

S1. The method of Claim 48 wherein said refracting

S5 body is a soclid elastomeric material.

52. The method of Claim 48 wherein said refracting
body is a lens selected from the group consisting of
biconvex, plano-convex, biconcave, plano-concave, plano-

10 plano, and meniscus lenses.

53. The wmethod of Claim 48 wherein said eguatorial
diameter is increased by sxerting a fcrce radially outward
£rom said cptical axis in said 3lane generally perpendicular

-
-

1S to said cptical axis.

54. The method of Claim 53 wherein said force is
exerted by scraws coupled to said perighery of said
refractive body.

20

55. The method of Claim 53 wherein said force is
exerted by solsnoids coupled to said periphery of said
refracting body.

25 56. The method of Claim 53 wherein said forzce is

exerted by hydraulic cylinders coupled to said periphery. of

said refracting body.

57. The method of Claim 53 wherein said force is
30 exerted by pneumatic cylinders coupled to said periphery of

said refracting body. : re
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sai d expandi ng nmeans. appli€s radially outward directed forces immediately
to said periphery of said | ens body. 77. The variable focus |ens set
forth in Claim76 wherein said expandi ng neans applies radially outward
directed forces symretrically in each neridian of said | ens body.

78. The variable focus lens set forth in Caim7l wherein said expanding
means is coupl et o TBRIMEERPEHELY CArdmc S whareinisaidsfosme &8 tension

means and gie 4R EEPhR ekBdridable ring fastened to said periphery of

- said refractive body.

s 59. The method of Claim 58 wherein said expandable
ring is bonded to said periphery of said refractive body.

60. The method of Claim 58 wherein said expandable
ring is embedded in said refractive body adjacen: to said

10 periphery of said refractive body.

61. The method of Claim 58 wherein said expandable

ring is a thermally expancdazle metal ring.

15 62. The method of Claim 58 wherein said expandabple

ring is a comprises at least one bimetallic strip.

63. The method of Claim S8 wherein said szxpandable
ring is comprised of a shape memecry alloy.

. 20
64. The method of Claim 58 wherein said expandable

ring is heated by an electric heating element.

65. The method of Claim 58 wherein said expandable

25 ring is heated by passing an electric current therethrough.

66. The method of Claim 58 wherein said expandable

ring is heated by electromagnetic induction.

30 67. The method of Claim 58 wherein said expandable

ring is heated by electromagnetic radiatish.
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33
wher ei n

.79. The variable focus lens set forth in Claim78

- sal d expandi ng neans conprises at | east one of screws, solenoids,

hydraulic cylinders, pneumatic cylinders, at |east one cam and cam

f ol | ower,
radially

and neans for exerting tension in a direction other than

outward operatively coupled to neans for redirecting said tension

to act radially outward on said periphery.

68. The method of claim 58 wherein said
exppndable ring is comprised of a magnetostrictiye
material and said ring i$ expanded by exposure to a

magnetic field.

9. The method of claim 58 wherein said expandable ring
is’cohpri?ed of a piezoelectric material and said ring is

expanded by exposure to a electric field.

70. The method of Claim 69 wherein said eiectric field is
applied by electrodes in contact with sald piezoelectric

matefial;

"71. A variable focus lens comprising a de%ormable lens
body having a periphery surrounding an optical %xis thereof,
and ﬁeans for expanding said periphery in a pléne oriented
gene?ally perpendicular to the optical axis to increase the

optiéal power of said lens body.

' 72.: The variable focus lens set forth in Claim 71 wherein

said deformable lens body has two opposed surfaces.

I '!ll"c, mllLl IIIJI "llsl " I!II This is the replacement sheet
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80. The variabl.e focus |ens set forth in Claim79 wherein; 'said neans for
exerti-ng tension in a direction other than radially outward is sel ected
fromthe group consisting of screws, solenoids, hydraulic cylinders,
pneumatic cylinders, and cans and followers. 81. The variable
focus lens set forth in Caim79 wherein said neans for redirecting said
tension to act radially outward on said periphery is selected fromthe
group consi sting of © tehdons working on pulleys, cranks, and a peri pheral
flange integral with said lens and an anvil. 82. The variabl e
focus lens set forth in Clai-m 78 wherein

73. The variable focus lens set forth in Claim 72 wherein

$aid two 6pposed surfaces and said periphery define a cavity.

74. The variable focus lens set forth in Claim 73 wherein
sald cavity is filled with at least one of a solid, a liguid,

75. The variable focus lens set forth in Claim 72 wherein

two dpposed surfaces are comprised of a synthetic polymer.

76. The variable focus lens set forth in Claim 71 wherein
égid expanding means applies radially outward directed forces

immediately to said periphery of said lens body.

77. The variable focus lens set forth in Claim 76 wherein
said expanding means applies radially outward directed forxces

sgmmétriéally in each meridian of said lens body.

78. The variable focus lens set forth in Claim 71 wherein
said expanding means is coupled to said periphery and comprises

at least one of tension means and an expandable ring.

M mmmm Thia is the replacement sheet
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sdi d expandable ring is one of Bonded to said periphery and enbedded in
said | ens body’ adj acent to said periphery. 34 83.
The variable focus lens set forth in Caim78 wherein said expandable ring
is a thermal ly expandabl e netal ring.

79. The variable chus.lens set forth in Claim 78 wherein
said expanding means comprises at least dne of sErews,
SOlenozds, hydraulic cylinders, pneumatlc cyllnd%rs, at least
bnel cam and cam follower. and means for exertlng tension in a
ﬁlnectiongother than rad;ally outward operatively coupled to
meéns torgredirecting said tension to act radia;ly cutward on
paﬁd ?eriénery.

80. :The variable focus lens set forth in Cléim 79 wherein .
said means for exerting tension in a direction other than
.ra&ially outward is selected from the group consisting of
scfews, sblenoids, hydraﬁlic cylinders, pneumatic cylinders,

andl dams and followers.

81. The variable focus lens set forth in Claim 79 wherein
safid mea#s for redirecténg said tension to act radially outward
on s?id ﬁeriphery is seiected from the group consisting of
téhdéns working on pulléys, cranks, and a peripheral flange
inteéralgwith said lens and an anvil. |

82. The variable focus lens set forth in Claim 78 wherein

sadid expandable ring is one of bonded to said periphery and

enjbedded in said lens b§dy adjacent to éaid periphery.
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84. The variable focus |ers set.forth in Caim78 wherein said expandable
ring conpfises a shape nenory all oy. 85. The variable focus | ens set
forth in Claim78 wherein said expandable ring is discontinuous.

35

53. The varliable focus lens set forth in Claim 78 wherein

said expandable ring is a thermally expandable metal ring.

B4. The variable focus lens set forth in Claim 78 wherein

aaﬂd expandable ring comérises a shape memory alloy.

85. The wvariable fécus lens set forth in qlaim 78 wherein

saild expandable ring is discontinuous.
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{54) Title: VARIABLE FOCUS LENS BY SMALL CHANGES OF THE EQUATORIAL LENS DIAMETER

(57) Abstract

A variable focus lens is constructed by mak-
ing small changes in the equatorial diameter of an
elastically deformable lens (102, 202, 302, 402,
502). The lens (102, 202, 302, 402, 502) may be
deformed by radial tension exerted in a plane gen-
erally perpendicular to the optical axis. The radial
tension may be exerted by radially acting mechani-
cal apparatus (106) or by means of rings (206, 306,
406, 506) embedded or attached at the equator of
the lens, whose diameter can be altered by heating,
or by imposition of electrical or magnetic fields.




