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(57) Abstract: A mechanism allows for changing the optical strength of a liquid-filled lens having a cavity filled with fluid. A
reservolr contains additional fluid and 1s in fluid communication with the cavity, and the mechanism draws fluid from the reser-
voir 1nto the cavity or pulls fluid from the cavity back into the reservoir, whereby a change m the amount of tluid within the lens
cavity changes the lens's optical strength. A membrane seals the reservoir, and a plunger impinges upon the membrane. A move-
ment device, such as a barrel screw or lever, moves the plunger in a controlled manner toward the membrane to increase pressure
within the reservoir and thereby force fluid out of the reservoir into the lens cavity, and away from the membrane to decrease pres -
sure within the reservoir and thereby withdraw fluid from the lens cavity and into the reservoir.
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VARIABLE FOCUS LIQUID FILLED LENS MECHANISM

FIELD OF THE INVENTION

[0002] The present invention relates to the field of variable focus lenses, and more particularly

to consumer ophthalmic lenses that are at least in part fluid- or liquid-filled.
BACKGROUND OF THE INVENTION

[0003] It is known that the ability of the human eye to accommodate, i.e., to alter the focal
length of the natural lens in the eye, is gradually diminished with increased age.
Accommodation in human beings is reduced to 3D (diopters) or less at an age range of 35-45
years. At that point, reading glasses or some other form of near vision correction becomes
necessary for the human eye to be able to bring near objects (such as lines of text in a book or a
magazine) to focus. With further aging, accommodation drops below 2D, and at that point visual
correction when working on a computer or when performing some visual task at intermediate

distances is needed.

[0004] For best results and for best visual comfort, it is necessary to bring each eye to focus on
the same viewing target, e.g., a computer screen. A large segment of population requires a
different visual correction for each eye. These people, known as anisometropes, require different
visual correction for each eye in order to achieve maximum visual comfort while reading or
working on a computer. It is known that, if each of the two eyes of anisometropes is not brought
to focus at the same viewing plane, the resulting anisometropic image blur causes a loss of
stereopsis (depth perception). Loss of stereopsis is one of the best indications of loss of
binocular function. Loss of binocularity at the reading plane may cause a drop in reading speed
and rate of comprehension, and may hasten the onset of fatigue upon sustained reading or
working on a computer. Reading glasses fitted with individually adjustable liquid lenses are

therefore uniquely suited for the visual need of individuals with loss of binocular function.

[0005] Variable focus lenses can take the form of a volume of liquid enclosed between flexible,

transparent sheets. Typically, two such sheets, one forming the lens front surface and one

1
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forming the lens back surface, are attached to one another at their edges, either directly or to a
carrier between the sheets, to form a sealed chamber containing the fluid. Both sheets can be
tlexible, or one can be flexible and one rigid. Fluid can be introduced into or removed from the
chamber to vary its volume, and, as the volume of liquid changes, so does the curvature of the
sheet(s), and thus the power of the lens. Liquid lenses are, therefore, especially well suited for

use in reading glasses, that is, eye glasses used by presbyopes for reading.

[0006] Variable focus liquid lenses have been known at least since 1958 (see, e.g., U.S. Patent
No. 2,836,101, to de Swart). More recent examples may be found in Tang et al, “Dynamically
Reconfigurable Liquid Core Liquid Cladding Lens in a Microfluidic Channel”, LAB ON A
CHIP, Vol. 8; No. 3, pp. 395-401 (2008), and in International Patent Application Publication No.
WO 2008/063442, entitled “Liquid Lenses with Polycyclic Alkanes”. These liquid lenses are

typically directed towards photonics, digital phone and camera technology, and microelectronics.

[0007] Liquid lenses have also been proposed for consumer ophthalmic applications. See for
example, U.S. Patents No. 5,684,637 and No. 6,715,876 to Floyd, and U.S. Patent No. 7,085,063,

to Silver. These references teach pumping of liquid in or out the lens chamber to change the

curvature of an elastic membrane surface, thus tuning the focus of the liquid lens. For example,
U.S. Patent No. 7,085,065, entitled “Variable Focus Optical Apparatus”, teaches a variable focus
lens formed from a fluid envelope comprising two sheets, at least one of which is flexible. The
tlexible sheet is retained in place between two rings, which are directly secured together, such as
by adhesive, ultrasonic welding or any similar process, and the other, rigid sheet may be directly
secured to one of the rings. A hole is drilled through the assembled lens to allow the cavity

between the flexible membrane and the rigid sheet to be filled with transparent fluid.

[0008] Liquid lenses have many advantages, including a wide dynamic range, the ability to
provide adaptive correction, robustness and low cost. However, in all cases, the advantages of
liquid lenses must be balanced against its disadvantages, such as limitations in aperture size,
possibility of leakage and inconsistency in performance. In particular, Silver has disclosed
several improvements and embodiments directed towards effective containment of the fluid in
the liquid lens to be used in ophthalmic applications, although not limited to them (e.g., U.S.
Patent No. 6,618,208 to Silver, and references therein). Power adjustment in liquid lenses has

been effected by injecting additional fluid into a lens cavity, by electrowetting, by application of
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ultrasonic impulse and by utilizing swelling forces in a cross linked polymer upon introduction

of a swelling agent such as water.

[0009] Commercialization of liquid lenses is expected to occur in the near future, provided that
some of the limitations noted above can be remedied. Even so, the structure of prior art liquid
lenses 1s bulky and not aesthetically suitable for consumers, who desire spectacles having thinner
lenses and spectacles without bulky frames. For the lenses that operate by injection or pumping
of liquid into the body of the lens, a complicated control system is usually needed, making such

lenses bulky, expensive and sensitive to vibration.

10010} In addition, to date, none of the prior art liquid lenses provides the consumer with the
ability to introduce the liquid into or remove it from the lens chamber so as to himself change its
volume 1n order to vary the power of the lens. In addition, none of the prior art liquid lenses
provides a mechanism to allow the consumer to introduce the liquid into or remove it from the

lens chamber so as to himself change its volume in order to vary the power of the lens.
SUMMARY OF THE INVENTION

[0011] In accordance with the objects of the invention, a mechanism for changing the optical
sirength of a vanable focus, liquid-filled lens is provided. The lens has a fluid-filled sealed
cavity defined between a rigid front optic and a transparent, distensible membrane attached to a
periphery of the rigid optic, and a change in the amount of fluid within the lens cavity changes
the optical strength of the lens. A reservoir containing additional fluid and in fluid
communication with the cavity via a fluid communication channel is operable to provide
injection of fluid into the cavity or withdrawal of fluid out of the cavity by way of a mechanism

as described herein.

[0012] In certain embodiments, the mechanism comprises a membrane or diaphragm sealing
the reservoir and an actuator configured to cause movement of the membrane relative to the
reservolr in response to a force or an impulse on the actuator so as to increase or decrease
pressure within the reservoir. The increased pressure within the reservoir forces fluid out of the
reservolr and 1nto the lens cavity, and decreased pressure within the reservoir withdraws fluid out

of the lens cavity and into the reservoir
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[0013] In certain embodiments, the actuator has a plunger that impinges against the membrane
and that 1s movable in opposing directions substantially transverse to the diaphragm. Movement
of the plunger in a direction towards the membrane increases pressure within the reservoir, and
movement of the plunger in a direction away from the membrane decreases pressure within the

reservoir.

[0014] The communication channel providing fluid communication between the reservoir and
the cavity can be within a ring, within which the membrane and the periphery of the rigid optical

component are at least in part to provide attachment thereto.

[0015] In other embodiments, the invention could provide a set of eyeglasses for ophthalmic
applications having comprising a frame, at least one variable focus lens comprising a cavity
filled with a variable amount of fluid, a reservoir containing additional fluid and being in fluid
communication with the cavity, and the mechanism as described above for changing the optical
strength of the variable focus lens. In certain embodiments of the eyeglasses, the reservoir could
be situated in the frame and be operable by the actuator to adjust the optical power of at least one

of the lenses.

[0016] In certain embodiments, the actuator comprises a movement device to provide
movement to the plunger in directions toward and away from the membrane. This could be a
barrel screw positioned along the frame, such that tuming the barrel screw in a first direction
moves the plunger towards the membrane, and turning the barrel screw in a second direction
moves the plunger away from the membrane. The barrel screw moves coaxially along the frame,

and the reservoir 1s situated adjacent to the frame.

[0017] In certain embodiments of the eyeglasses, at least a portion of the communication
channel could be situated within the frame to provide fluid communication between the reservoir
and the cavity. In further embodiments, at least a portion of the communication channel within
the frame comprises a series of apertures for passage of fluid between the communication

channel and the lens cavity.

[0018] The present invention will be better understood by reference to the following detailed
discussion of specific embodiments and the attached figures, which illustrate and exemplify such

embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Embodiments of the invention will be understood and appreciated more fully from the
following detailed description in conjunction with the figures, which are not to scale, in which

like reference numerals indicate corresponding, analogous or similar elements, and in which:

[0020] FIG. 1A is a schematic cross-sectional view of a first embodiment of a liquid filled lens

for use in spectacles or the like;

[0021] FIG. 1B is a schematic cross-sectional view of a second embodiment of a liquid filled

lens for use in spectacles or the like;

[0022] FIG. 2 is an exploded schematic cross-sectional view of an embodiment of the

spectacles apparatus utilizing the liquid filled lens;

[0023] FIGS. 3A and 3B show back and front perspective views of one half of an embodiment

of the spectacles apparatus utilizing the liquid filled lens;

[0024] FIG. 4A is an exploded perspective view of the components of an embodiment of the
spectacles apparatus utilizing the variable focus lens mechanism before introduction of fluid into

the mechanism:

[0025] FIG. 4B is an exploded cross-sectional view of the components of an embodiment of
the spectacles apparatus utilizing the variable focus lens mechanism before introduction of fluid

1nto the mechanism:

[6026] FIG. 5A is a cross-sectional view of an embodiment of the variable focus lens

mechanism within the spectacles apparatus before introduction of fluid into the mechanism;

(0027} FIG. 5B is a cross-sectional view of an embodiment of the variable focus lens

mechanism within the spectacles apparatus after introduction of fluid into the mechanism;

[0028] FIGS. 6A and 6B are graphical software analyses of the performance of the liquid filled

lens: and

[0029] FIGS. 7A and 7B are graphical software analyses of the performance of the liquid filled

lens.
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DETAILED DESCRIPTION OF THE INVENTION

[0030] The following preferred embodiments as exemplified by the drawings are illustrative of
the 1nvention and are not intended to limit the invention as encompassed by the claims of this

application.

[0031] Figure 1A shows a cross-sectional view of a first preferred embodiment of the optical
apparatus, in the form of a variable focus lens 10, through which a wearer peers in the direction
of arrow A. Lens 10 1s a composite of two optic components, an anterior (i.e., front, with respect
to the wearer) optic 11 that is substantially rigid and a posterior (i.e., back, with respect to the

wearer) optic 135 that is a liquid.

[0032] Anterior optic 11 is a substantially rigid lens preferably made of a rigid, transparent
substrate, such as a clear plastic or poly carbonate, glass plate, transparent crystal plate, or a
transparent rngid polymer, for example, Polycarbonate of Bisphenol A or CR-39 (Diethylene
glycol bisallyl carbonate). Anterior optic 11 may be made of an impact resistant polymer and

may have a scratch resistant coating or an antireflective coating.

[0033] In a preferred embodiment, anterior optic 11 has a meniscus shape, i.e., convex at its
front side and concave at its back side. Thus, both the front and the back surfaces of anterior
optic 11 are curved 1n the same direction. However, as in all lenses that correct presbyopia
(inability to accommodate), anterior optic 11 is thicker in the center and thinner at the edge, i.e.,
the radius of curvature of the front surface of anterior optic 11 is smaller than the radius of
curvature of the back surface of anterior optic 11, such that the respective radii of curvature of
the front and the back surfaces of anterior optic 11, and hence the front and the back surfaces
themselves, intersect. The intersection of the front and the back surfaces of anterior optic 11 is

the circumferential edge 16 of anterior optic 11.

[0034] In certain embodiments, the front surface of anterior optic 11 is spherical, meaning it
has the same curve across its entire surface, as in conventional eyeglasses lenses. In a preferred
embodiment, anterior optic 11 is aspheric and has a more complex front surface curvature that
gradually changes from the center of the lens out to the edge, so as to provide a slimmer profile
and a desired power profile as a function of the gaze angle, the gaze angle being defined herein

as the angle formed between the actual line of sight and the principal axis of the lens.
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[0035] Posterior optic 15 1s a liquid lens composed of a fluid 14. Fluid 14 1s confined within a
cavity formed between the back surface of the anterior optic 11 and a membrane 13 that is
attached to the edges of anterior optic 11. Membrane 13 is preferably made of a flexible,
transparent, water 1impermeable material, such as clear and elastic polyolefins,
polycycloaliphatics, polyethers, polyesters, polyimides and polyurethanes, for example,
polyvinylidene chloride films, including commercially available films, such as those
manufactured as Mylar® or Saran®. It ‘has been found that a proprietary clear transparent film

made of Polyethylene terephthalate 1s one preferred choice for the membrane.

[0036] The cavity between the -back surface of the anterior optic 11 and-a membrane 13 in
Figure 1A is formed by sealing membrane 13 to the periphery or circumferential edge 16 of the
anterior optic 11. Membrane 13 may be sealed to anterior optic 11 by any known method, such
as heat sealing, adhesive sealing or laser welding. Membrane 13 can be is at least in part bonded
to a support element that 1s in turn bonded to the periphery of anterior optic 11. Membrane 13 is
preferably flat when sealed but may be thermoformed to a specific curvature or spherical

geometry.

[0037] Fluid 14 encapsulated between membrane 13 and the back surface of the anterior optic
11 1s preterably colorless. However, fluid 14 can be tinted, depending on the application, such as
if the intended application 1s for sunglasses. Fluid 14 having an appropriate index of refraction
and viscosity suitable for use in fluid filled lenses, such as, for example, degassed water, mineral
oil, glycerin and silicone products, among others that are commonly known or used for fluid
filled lenses. One preferred fluid 14 is manufactured by Dow Corning”® under the name 704

diffusion pump oil, also generally referred to as silicone oil.

[0038] In certain embodiments, membrane 13 by itself has no constraints in its optical
properties. In other embodiments, membrane 13 has constraints in its optical properties, €.g., an

index of refraction, that match the optical properties of fluid 14.

[0039] In use, at least one lens 10 is fit within a set of eyeglass or spectacle frames for use by a
wearer. As shown 1n Figure 1A, in profile, lens 10 allows the user to see through both anterior
optic 11 and posterior optic 15, which together provide a thicker profile at the center of lens 10,
and stronger presbyopic visual correction, than just anterior optic 11, The wearer is provided

with the ability to adjust the amount of tluid 14 within posterior optic 15 and thereby adjust the
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refractive power of lens 10. In certain embodiments, as will be discussed below, the frame is
equipped with a reservoir of excess fluid 14 and a fluid line communicating the reservoir to the
posterior optic 15 of lens 10. The spectacles frame also preferably has an adjustment mechanism
to allow the wearer to personally adjust the amount of fluid 14 within posterior optic 15 so that
fluid 14 that can be moved into or expelled from the reservoir into the posterior optic 15 to

thereby adjust the refractive power of lens 10 as needed.

[0040] Figure 1B shows a cross-sectional view of a second preferred embodiment of the optical
apparatus, 1n the form of a variable focus lens 20, through which a wearer gazes in the direction
of arrow A. As opposed to lens 10 in Figure 1A, which is a composite of two optic components,
lens 20 1n Figure 1B 1s a composite of three optic components, namely, an anterior optic 21 that
1s substantially rigid, an intermediate optic 25 that is a liquid and a posterior optic 35 that is a

liquid.

[0041] Anterior optic 21 1s a substantially rigid lens, similar in structure and design to that of
anterior optic 11 of the embodiment shown in Figure 1A. As in anterior optic 11 of Figure 1A,
anterior optic 21 also has a meniscus shape, i.e., both the front and the back surfaces of anterior
optic 11 are curved in the same direction, and the radius of curvature of the front surface of
anterior optic 21 1s smaller than the radius of curvature of the back surface of anterior optic 21,
such that the intersection of the front and the back surfaces of anterior optic 21 is the
circumferential edge 26 of anterior optic 21. However, the radius of curvature of the back
surface of anterior optic 21 is larger than the radius of curvature of the back surface of anterior
optic 11 of Figure 1A. Similarly, as compared to anterior optic 11 of Figure 1A, anterior optic '
2] may be somewhat thinner than antérior optic 11 of Figure 1A, so as to maintain the same

general overall thickness of lens 20 as compared to lens 10 of Figure 1A.

[0042] Intermediate optic 25 is a liquid lens composed of a fluid 24, similar to fluid 13 as
described with respect to Figure 1A, that is confined within a cavity formed between the back
surface of the anterior optic 21 and a membrane 23 that is attached to the edges 26 of anterior

optic 21 and 1s similar in structure and design to that of membrane 13 of the embodiment shown

in Figure 1A. Fluid 24 has a selected refractive index (nj3).

[0043] It 1s preferred that intermediate optic 25 also have a meniscus shape, such that both its

front and back surfaces are curved in the same direction. Naturally, the back surface of rigid



CA 02752531 2011-08-12
WO 2010/093754 PCT/US2010/023835

anter1or optic 21 may be formed with a curvature during manufacture. However, the concave
curvature of membrane 23 may be accomplished by thermoforming it to a specific curvature or
spherical geometry when it 1s being sealed to the edges 26 of anterior optic 21. This may be
accomplished by a reducing the pressure within the sealed cavity formed between membrane 23
and the back surface of anterior optic 21. Thus, the radius of curvature of the back surface of
anterior optic 21 is smaller than the radius of curvature of the membrane 23, and the intersection
of the back surface of anterior optic 21 and membrane 23 is the circumferential edge 26 of

anterior optic 21.

[0044] Posterior optic 35 1s a liquid lens composed of a fluid 34, similaf to fluid 13 as
described with respect to Figure 1A, that is confined within a cavity formed between membrane

23 and a membrane 33. Fluid 34 has a selected refractive index (134).

[0045] Membrane 33 has similar in structure and design to that of membrane 13 described
regarding the embodiment shown in Figure 1A. Membrane 33 may also be attached to the edges
26 of anterior optic 21 but posterior to, or over the edges of, the attached membrane 23.
Alternatively, one or more rings, or half-rings, may be used to provide a seat for sealing

membrane 23 and membrane 33.

[0046] Membrane 33 is preferably flat when sealed but may be thermoformed to a specific
curvature or spherical geometry. In preferred embodiments, the positive pressure within
intermediate optic 25 1s lower than the positive pressure within posterior optic 35. The greater
positive pressure within posterior optic 35 controls the shape of membrane 23 and the respective
refractive powers of intermediate optic 25 within the cavity between the back surface of anterior
optic 21 and membrane 23 and of posterior optic 35 within the cavity between membrane 23 and

membrane 33.

[0047] In use, at least one lens 20 is fit within a set of eyeglass or spectacle frames designed for
ophthalmic applications for use by a wearer. As shown in Figure 1B, in profile, lens 20 allows
the user to see through all of anterior optic 21, intermediate optic 25 and posterior optic 35,
which together provide a thicker profile at the center of lens 20, and stronger presbyopic visual
correction, than just anterior optic 21. In certain embodiments, the wearer is provided with the
ability to adjust the amount of fluid 24 within intermediate optic 25 or the amount of fluid 34

within posterior optic 35, or within both, and thereby adjust the refractive power of lens 20. In
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certain embodiments, as will be discussed below, the frame is equipped with a reservoir of fluid
24 or a reservoilr of fluid 34, or both, and a fluid line connecting the respective reservoir to the
intermediate optic 25 or the posterior optic 35 of lens 20. The spectacles frame also preferably
has one or more actuators or adjustment mechanisms to allow the wearer to personally adjust the
amount of fluid 24 and fluid 34 within intermediate optic 25 and posterior optic 35, respectively,
so that fluid 24 and fluid 34 that can be moved into or expelled from the respective reservoir into |
the intermediate optic 25 and the posterior optic 35, and thereby adjust the refractive power of

lens 20 as needed.

[0048] Other embodiments of the optical apparatus having even more optical components are
also possible. In addition to lens 10 in Figure 1A, which is a composite of one rigid 6ptic and
one liquid optic, and lens 20 1n Figure 1B, which is a composite of one rigid optic and two liquid
optics, the optical apparatus can also be a composite of one rigid optic and more than two liquid
optics. Such embodiments, which are not shown here, may provide advantages to the user and
may allow more refined and sophisticated ophthalmic adjustment than the embodiments

described 1n Figures 1A and 1B.

[0049] Accordingly, in preferred embodiments, lens 10 or 20 may be used for applications in
eyeglasses. Preferably, the lenses 10 or 20 for the left and the right eye are designed
independently and are capable of adjustment of each eyeglass lens separately by the wearer. In
such a case, 1t is preferred that a separate liquid reservoir be in fluid communication with each
lens, 1.e., connected to it by its own liquid line. In its most preferred embodiment, the liquid lens
assembly, comprising the liquid lens, the reservoir and said liquid together constitute a sealed
system, thus minimizing incursion of water or evaporation of leakage of the hiquid. The fluid is
driven by some force generated by a user when an adjustment in power is desired, and is thus be
moved 1nto or expelled from the respective reservoir into the fluid optic. The mechanism of
adjustment of power of the liquid lens is by means of liquid transfer between the cavity and a

reservolr.

[0050] Figure 2 shows an exploded schematic cross-sectional view of an embodiment of
eyeglasses or spectacles 1 utilizing the liquid filled lens. Spectacles 1 has a frame or lens support
5, within which the variable focus lens is seated. For simplicity, Figure 2 shows only one (the

left) side of a set of spectacles having two eyeglasses, i.e., one for each eye. In addition, Figure

10
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2 shows a variable focus lens having only one fluid optic, e.g., as in lens 10 of Figure 1A. For
simplicity, various embodiments of the spectacles are described herein with respect to the
embodiment of lens 10 having one fluid optic. Anterior optic 1 and membrane 13 are seen in the
exploded view of Figure 2, and one reservoir 6, which in fluid communication with the cavity

formed between anterior optic I and membrane 13, is shown.

[0051] Similarly, Figures 3A and 3B show back and front perspective views of the left eyeglass
portion of an embodiment of the spectacles apparatus 1 design for ophthalmic application
utilizing the liquid filled lens. The eyeglass portion in Figures 3A and 3B consists of a frame 5
for supporting lens 10 and a temple piece 4. If the right eyeglass of the user also requires
ophthalmic adjustment, then the right eyeglass would be substantially a mirror image of the left
side. The lenses 10 or 20 for the left and the right eye are designed independently, since the

point of attachment of the liquid lenses to the reservoir(s) may be mirror images to each other.

[00S2] Anterior optic 11 and membrane 13 are seen in the exploded view of Figure 2, and one
reservolr 6, which in fluid communication with the cavity formed between anterior optic 1 and
membrane 13, 1s shown, As shown in greater detail in Figures 3A, 3B, 4A and 4B, the
components of liquid filled lens 10, namely anterior optic 11 and membrane 13, as well as ring 8
in which they are mounted, are shown. Reservoir 6, situated in some embodiments attached to or
1n frame 35, has a hollow cavity containing extra fluid 14 that can be injected into lens 10 through
the fluid communication channel. The extra fluid 14 within reservoir 6 preferably does not
completely fill reservoir 6 so as to allow additional fluid 14 from lens 10 to be drawn into

reservoir 6.

[0053] As shown in Figures 3A and 3B, reservoir 6 has a mechanism or actuator 7 to inject
fluid 14 into or draw fluid 14 out of the liquid lens optic 15. In one embodiment, reservoir 6 is
made of a rigid material, and 1s fitted with a piston that is mechanically coupled to an adjustment
mechanism or actuator 7, such as a thumb wheel, a barrel, a clamp or a lever, that may be
attached to the lens holder frame 5 or to the eyeglasses temple piece 4. In the embodiment
whereln actuator 7 1s a barrel that is situated coaxially with the temple piece 4, as shown in
Figures 4A and 4B, fluid may be forced out of reservoir 6, through the fluid channel and into

lens 10 by turning the barrel actuator 7. In certain embodiments, once the optical power of lens
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10 1s adjusted by the actuator 7, the actnator 7 may be altered or disabled to prevent further

adjustment of the optical properties of lens 10 by the wearer.

[0054] Figures 4A and 4B are exploded perspective and cross-sectional views that show in
greater detail the components of the left eyeglass and frame of an embodiment of the spectacles
assembly utilizing the variable focus lens mechanism, before introduction of fluid into the
mechanism. Lens 10 is formed, as shown in Figure 1A, by anterior optic 11 and membrane 13,
and posterior optic 15 of lens 10 1s in fluid communication with reservoir 6, which is shown as a

hollow well that can retain fluid 14.

[00535] Reservoir 6 is in fluid communication with the cavity of lens 10, i.e., posterior optic 15,
and injects fluid 14 into posterior optic 15 through a fluid channel 31, which may be any tube or
passageway that connects reservoir 6 to the cavity of lens 10. Such a fluid channel 31 may be a
short tube that extends the shortest possible distance from reservoir 6 to posterior optic 15.
However, due to the viscosity of fluid 14, a fluid channel having only one entry point into
posterior optic 15 1s likely to restrict the flow of fluid 14 from reservoir 6 to posterior optic 15
and thus the time to effect the desired ophthalmic change. Even if such a fluid channel 31 were
sufficiently wide such that fluid 14 flows sufficiently quickly, having one only entry point into
posterior optic 15 might not enable fluid 14 to be evenly distributed within posterior optic 15
sufficiently quickly so as to effect the desired ophthalmic change with the desired speed.

[0056] In one preferred embodiment, fluid channel 31 has more than one point of injection of
fluid 14 into posterior optic 15. In one embodiment, the fluid channel 31 that provides the fluid
communication between reservoir 6 and posterior optic 15 may be in the form of a hollow ring 8,
as previously described. The ring 8 may define a fluid channel, in the form of a hollow space
inside ring 8. In one embodiment, ring 8, which may be set within the lens support or frame 5, as
shown 1in Figure 4B, may be provided with a series of radial holes or openings arranged along the
inside surtace of ring 8 and through which the liquid is injected into posterior lens 15. The radial
holes are preterably spaced at regular intervals, or more preferably at the most optimal distances
from one another so as to deliver fluid 15 at a controlled rate. In certain embodiments, ring 8
does not extend completely around lens 10, but only, for example, around the top portion of lens

10. This may be done for stylistic reasons, e€.g., so as not to require the user to wear a heavy-
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looking frame. In such an embodiment, the radial holes are arranged along the inside surface of

that portion of ring 8 so as to inject fluid 14 into lens 10 from its top edge only.

[0057] As shown in Figure 4B, ring 8 may be in fluid communication with reservoir 6 by
means of a short liquid communication channel 31. In some embodiments, wherein spectacles 1
have more than one liquid optic, such as in lens 20 of Figure 1B, each liquid lens cavity could be
provided with a unique reservoir 6, each in fluid communication with a respective cavity of lens
20. Each liquid lens cavity could also be provided with a unique ring 8, so that the liquid

channels remain separate for each cavity.

{0058] In addition to providing a fluid communication to posterior optic 15, ring 8, as the seat
of the sealed flexible membrane, performs the additional function of providing a platform of
defined width and tilt to which membrane 13 is bonded. In one embodiment, the surface of ring
8 is ellipsoidal in order to provide a stable planar seat for sealing onto anterior ‘optic 11 on one
side and flexible membrane 13 on the other. In such an embodiment, in order to avoid leakage
of fluid 14 from lens 10, ring & must be sealed to anterior optic 11 and to flexible membrane 13.
The process of sealing ring 8 to antertor optic 11 and to flexible membrane 13 may involve use
of an adhesive such as an epoxy adhesive or may involve a welding process, including a laser
welding process. One preferred method of laser welding sealing involves utilizing a laser
absorbing dye solution that is applied to the interface to effect preferential absorption of laser
energy at the intertace. The preferred width of laser welding is between 0.5 and 2.0 mm, more

preferably 1.0 mm.

[0059] In one embodiment of spectacles 1, the diameter of lens 10 is about 39 mm. However,
because the edge of lens 10 may bé utilized to form a bond between anterior optic 11 and
membrane 13 or between the lens assembly 10 and frame 5, the optically clear area will
generally be somewhat less, e.g., about 35 mm. The ring 8 is 2.0 mm in outer diameter, and 1.0
mm in inner diameter. The inner surface of the ring 8, i.e., facing the cavity, is provided with

openings, e.g., 1 mm in diameter, disposed radially.

[0060] As shown in Figure 4B, reservoir 6 is preferably covered and sealed with a flexible
thermoplastic membrane 27. Membrane 27 may be made of Mylar®, a polyimide or a

thermoplastic elastomer (TPE), preferably TPE. Membrane 27 may be the same material as
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membrane 13. However, in certain embodiments, membrane 27 is preferably not the same

material as membrane 13, as membrane 27 need not be transparent.

[0061] In one embodiment, membrane 27 may be injection molded or thermoformed to fill the
space mside reservoir 6. Membrane 27 may be joined or bonded to the inner surface of reservoir
6, such that membrane 27 bulges out over the top of reservoir 6, like a cushion or a balloon, in
the manner of a diaphragm. The details of this subassembly are more clearly shown in Figures
5A and 5B. In another embodiment, membrane 27 may be joined or bonded or form-fitted over

the outer edges of reservoir 6.

[0062] Membrane 27 forms an air-tight and fluid-tight seal on reservoir 6. In certain
embodiments, membrane 27 projects upwards to form a bubble over the top of reservoir 6.
Typically, the total internal volume of all of reservoir 6, liquid communication channel 31, ring 8
and posterior optic 15 of lens 10 together forms a single sealed space, substantially filled with
fluid at all times. As the outward-bulging portion of membrane 27 is pushed inward into
reservoir 6, the volume within reservoir 6 is decreased, such that membrane 27 creates positive
pressure 1n reservoir 6, pushing fluid 14 out of reservoir 6, through liquid communication
channel 31 and ring 8, and into posterior optic 15 of lens 10. Similarly, as the outward-bulging
portion of membrane 27 1s pulled outward from reservoir 6, the volume within reservoir 6 is
Increased, such that membrane 27 creates negative pressure in reservoir 6, pulling fluid 14 into

reservoir 6, through liquid communication channel 31 and ring 8, from posterior optic 15 of lens

10.

[0063] Membrane 27 can be pushed downwards into reservoir 6 or pulled upwards away from
reservolr 6 by any known means using an actuator 7. By such motion of membrane 27, fluid 14
1s thereby expelled from reservoir 6 or pulled into reservoir 6. Since change of the amount of
flud within reservoir 6 will also change the amount of fluid 14 within lens 10, the optical

properties of lens 10 can be changed.

[0064] In the embodiment shown in Figures 4A and 4B, actuator 7 has a plunger 28 situated
immediately outside, and impinging against, membrane 27 and a movement device that provides
movement to plunger 28. Movement of plunger 28 in a direction towards membrane 27
increases pressure onto membrane 27 and within reservoir 6, and movement of plunger 28 in a

direction away from membrane 27 decreases pressure on membrane 27 and within reservoir 6.
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Plunger 28 is movable in opposing directions substantially transverse to membrane 27, and
plunger 28 exerts pressure onto reservoir 6 by motion relative to membrane 27 due to a force or
impulse exerted on a movement device. The movement device can be any device, such as a
screw, lever, slide mechanism, etc., that provides controlled, adjustable and incremental

movement to plunger 28.

[0065] In the embodiment shown in Figure 4B, the movement device of actuator 7 is in the
form of a barrel screw 29, which is threaded coaxially with temple piece 4 on frame 5 and
coaxially with plunger 28 so as to provide movement to plunger 28 in directions toward and
away from membrane 27. The actuation of the movement device of actuator 7, namely the
rotation of barrel screw 29 along its threads, in a first direction, moves plunger 28 inwards
towards membrane 27, pushing membrane 27 inwards into reservoir 6 and creating positive
pressure inside reservoir 6. This positive pressure in reservoir 6 squeezes liquid 14 out of
reservoir 6, through liquid communication channel 31 and ring 8, and into lens 10. In certain
embodiments, plunger 28 forces membrane 27 so far back inside reservoir 6 such that membrane

2’7 nearly touches the bottom of reservoir 6.

[0066] Conversely, the actuation of the movement device of actuator 7, namely the rotation ot
barrel screw 29 along its threads, in a direction opposite to the first direction, moves plunger 28
away from membrane 27, allowing membrane 27 to move outwards from reservoir 6 and
creating negative pressure inside reservoilr 6. This negative pressure 1n reservoir 6 pulls liqud 14
into reservoir 6, through liquid communication channel 31 and ring &, from lens 10. By rotation
of barrel screw 29 in a first direction or in a direction opposite to the first direction, fluid 14 can
be expelled from reservoir 6 into lens 10 or can be sucked into reservoir 6 from lens 10, to

thereby change the optical properties of lens 10.

[0067] Liquid transfer between reservoir 6 and the fluid filled cavity, 1.e., posterior optic 15 of
lens 10, occurs through application of a force by means of the actuator 7. There 1s no universal
need to prevent backflow of the fluid 14 from the cavity to the reservoir 6 since the whole fluid
compartment comprising the cavity 135, the reservoir 6 and the channel 31/ring 8 1s sealed and in
communication with one another equalizing the pressure within. However, there may be a need
to apply a unidirectional power correction for certain optical or visual needs. In such as case,

actuator 7 may be made unidirectional, i.e., 1t only functions to move plunger 28 in one direction,
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either to force liquid 14 into lens 10 or to pull liquid 14 out of lens 10. In such an embodiment,
gears (not shown) may be employed to prevent actuator 7 from reversing its action. Actuator 7 is
typically adjusted manually as the wearer’s need for additional ophthalmic power emerges.
Alternatively, actuator 7 may be automatically adjusted by application of an electrical, magnetic,
acoustic or thermal force, triggered in response to signal from a sensor that recognizes the need

for additional power and sends a signal to that effect.

[0068] The sealed internal volume of the single sealed space consisting of reservoir 6, liquid
communication channel 31, ring 8 and posterior optic 15 of lens 10 must be filled prior to
operation of spectacles 1. In one embodiment, the internal volume is initially filled before
sealing of spectacles 1 by injecting fluid 14 at an elevated temperature (preferred range 45-90° C,
preferably 65-80° C). Filling of the internal volume may be done through one or more inlets,
such as inlet 30A below reservoir 6 or inlet 30B at the remote edge of ring 8, or both, as shown
in Figures 4B and SA. Filling of the internal volume 1s preferably done under vacuum, using
freshly de-aerated fluid, so that a minimum of air 1s included within the sealed internal volume.
In fact, it is preferred that no air, i.e., a vacuum, be within the sealed internal volume such that
operation of actuator 7 will move only fluid 14 into and out of lens 10. Once the spectacles
assembly 1 is sealed, inlets 30A and 30B may be sealed off or removed, leaving no outlet for
fluid 14 or air at the locations of inlets 30A and 30B. Figure 5A shows the spectacles assembly
before introduction of fluid into the mechanism, with inlets 30A and 30B intact, and Figure 5B

shows spectacles assembly after filling with fluid and sealing, with inlets 30A and 30B sealed
off.

[0069] The optical and mechanical design of the liquid lens enables its main function, namely
to provide capability to adjust optical power over as broad a range as possible without
significantly 1mpacting cosmetic appearance, durability or optical performance. A goal of the
design 1s to minumize the volume of the liquid lens 10, preferably by reducing its thickness. The
thickness of the liquid lens depends on the curve of the back surface of the anterior optic 11 and
the diameter of the lens system. The dimensions of the liquid lens was designed using an Finite
Element Model (FEM) that accepts as input the surface geometry of the back surface of the
anterior optic 11, the required adjustable power range, and the thickness of the fluid 14 layer

when the membrane 13 1s flat.
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[0070] For example, in one embodiment, a liquid lens system covering the range of powers
from 1.25D to 3.25D consists of the anterior optic 11 that is of zero spherical power. The
preferred range of the radius of curvature of the anterior optic 11 is between 100 to 700 mm
depending on the refractive index of the material used to fabricate anterior optic 11, more
prefcrébly between 500 and 600 mm. The preferred range of thickness of anterior optic 11 is 0.7
to 2.5 mm, more preferably between 1.0 and 1.5 mm, and most preferably about 1.3 mm. It is
well known that spherical aberration that affects the effective power provided by an optic away
from its center, depends on the angle of gaze and the power at the center. For an optic of 30-40
mm 1n diameter (that controls the maximum gaze angle) and for a paraxial power range of 1.0D

to 5.0D, the off axis deviation in power is expected to be about 0.25-0.50D.

[0071) The preferred embodiment of lens 10 (anterior optic 11 and posterior optic 15) has a
power equal to 1.21D at the center, the liquid layer of posterior optic 15 having a thickness of
ranging from 0.7 to 1.5 mm at the center, preferably 1.3 mm. The diameter of lens 10 is 35 mm,
while the radius of curvature of membrane 13 is infinity, since membrane 13 is bonded flat. The
total volume of fluid in the liquid lens is approximately 1.35 mL, while an additional volume of

0.350 mL resides in the reservoir.

[0072] The power of lens 10 increases when the pressure of liquid 14 in posterior optic 15 is
increased by injecting more liquid 14 into the cavity from reservoir 6. The radius of curvature of
membrane 13 is 274 mm when the lens power reaches 3.25D. 300 microliters (0.30 mL) of fluid
14 18 required to reach the level of positive pressure required to cause the required level of

deformation (bulging) of membrane 13.

(0073] A mechanical finite element model (FEM) model was developed to predict the pressure
required to 1ncrease the power of the whole lens and the resulting displacement of membrane 13.
The model was created for two thicknesses of membrane 13, 23 and 46 microns (1 and 2 mil),
and for three different values of tensile modulus of the membrane 13, namely 2.0 GPa, 3.0 GPa
and 4.0 GPa. Figures 6A and 6B show output from the FEM model showing pressure build up as

a result of fluid injection into the liquid lens of the three preferred configurations.

[0074] Figures 6A and 6B show that membrane 13 undergoes elastic deformation leading to

displacement of its center outwards as fluid is pumped in and pressure increases. It is clear that

2.0D of power enhancement can be achieved well within the elastic range of deformation of this
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material. In fact, since the increase in power 1s approximately linear with the displacement of the
center of the membrane at this range, the FEM model predicts that less than 1 mm of center
displacement will lead to a 4D of power increase in the 38 mm optic, while the elastic limit is
reached only when the displacement reaches 3 mm. Moreover, the shape of the deformed

membrane remains reasonably spherical over the whole of the elastic range.

[0075] A well known deficiency of liquid lenses or compound lenses incorporating a liquid
lens component 1s that the fluid volume required for a particular increase in power increases
dramatically with optic diameter. This phenomenon has limited the application of liquid lenses
to optics of sméll apertures only, thus preventing its Widespread use 1n ophthalmic lens
applications. This 1s borne out by the prediction made by the FEM model (Figure 7A), showing
that there 1s a doubling of the volume of fluid required to increase optical power by 2.0D of a
baseline power of 1.21D if the optic diameter increases from 32 mm to 38 mm. However, the
volume 1s reduced by a factor of 2 as the radius of the front optic is increased from 260 mm to
500 mm. We have used the FEM model to obtain the optimum curvature of the front curve of

the rngid optic for the optic diameter required for a particular frame.

[0076] It is also necessary for membrane 13 to be under a minimum positive pressure in order
to ensure a stable optical performance of a liquid lens. This positive pressure prevents
development of wrinkles and prevents gravity-induced pooling of liquid 14 at the bottom of the
cavity to affect the optical power. An FEM model was used to estimate the minimum amount of
positive pressure needed for stable operation even when optical power is not enhanced through
injection of additional fluid from the reservoir. Figures 7A and 7B show the results of the FEM
model, showing the increase in fluid volume required in order to achieve a particular increase in

power: dependence on optic diameter and front curve radius in the preferred embodiment.

[0077] We determined through tests that the minimum pressure required to prevent wrinkles is
about 3 millibar (mbar) for a 38 mm optic covered with a 23 micron thick Mylar membrane with
a modulus of 3 GPa. Modeling of the gravitationally induced pooling effects showed that about
2 mbar of positive pressure will counteract the gravitational force. In addition, temperature
variations will also alter the positive pressure built into the liquid lens, and will affect the optical
performance of the liquid lens. Based on these considerations, including model predictions and

test results, 1t was decided that a positive pressure of 10 mbar will be sufficient to ensure the
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membrane to remain stretched over all use conditions. This amount of positive pressure can be
induced by reducing the baseline power below the required range of power variations, or also by
changing the thickness of the membrane. It was determined that a membrane of thickness 200
microns and modulus 3 GPa will require a positive pressure of approximately 10 mbar for an
optic diameter of 38 mm in order to maintain a power increase of 0.25D. The enhanced
thickness of the flexible membrane enhances its durability and robustness, without adding

significantly to the overall lens thickness.

[0078] Thus, a mechanism for operating a liquid filled lens has been provided. One skilled in
the art will appreciate that the présent invention can be practiced by other than the described
embodiments, which are presented for purposes of illustration and not limitation, and that the

invention is limited only by the claims that follow.
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We claim:
1. A mechanism for changing the optical strength of a variable focus optical apparatus, said

variable focus optical apparatus comprising an optical component comprising a cavity filled with
a variable amount of fluid and a reservoir containing additional fluid and being in fluid
comnmunication with said optical component cavity, said mechanism comprising:

a diaphragm sealing said reservoir,

an actuator contfigured to cause movement of said diaphragm relative to said reservoir in
response to a force or an impulse-on said actuator so as to increase or decrease pressure within
sald reservoir,

whereby increased pressure within said reservoir forces fluid out of said reservoir and
into said optical component cavity, and decreased pressure within said reservoir withdraws fluid
out of said optical component cavity and into said reservoir,

whereby a change in the amount of fluid within said optical component cavity changes

the optical strength of said optical apparatus.

2. The mechanism of claim 1 wherein said actuator comprises a plunger Impinging against
sald diaphragm and movable in opposing directions substantially transverse io said diaphragm,
whereby movement of said plunger in a direction towards said diaphragm increases pressure
within said reservoir, and movement of said plunger in a direction away from said diaphragm

decreases pressure within said reservoir.

3. The mechanism of claim 2 wherein said actuator further comprises a movement device to

provide movement to said plunger in directions toward and away from said diaphragm.

4, The mechanism of claim 3 wherein said movement device moves coaxially along a frame

of said variable focus optical apparatus, said reservoir being situated adjacent to frame.

S. The mechanism of claim 4 wherein said movement device is positioned along said frame,
such that turning said movement device in a first direction moves said plunger in a direction
towards said diaphragm, and turning said movement device in a second direction moves said

plunger in a direction away from said diaphragm.
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6. The mechanism of claim 1 wherein actuator may be disabled to prevent further
movement of said diaphragm once the optical strength of said optical apparatus has reached a

desired amount.

7. The mechanism of claim 1 wherein said diaphragm comprises a distensible membrane

fitted over the outside edge of said reservoir, thereby providing a seal.

3. The mechanism of claim 1 wherein said diaphragm comprises a distensible membrane

fitted bonded to the inside surface of said reservoir, thereby providing a seal.
9. A set of eyeglasses designed for ophthalmic applications comprising:
a frame;

at least one variable focus optical apparatus comprising an optical component comprising

a cavity filled with a variable amount of fluid;

a reservoir containing additional fluid, said reservoir being in fluid communication with

said optical component cavity; and

a mechanism for changing the optical strength of said variable focus optical apparatus

according to claim 1.

10. The set of eyeglasses of claim 9 wherein said vaniable focus optical apparatus further
comprises a communication channel providing fluid communication between said reservoir and

said optical component cavity.

11.  The set of eyeglasses of claim 10 wherein at least a portion of said communication

channel is situated within said frame.

12.  The set of eyeglasses of claim 11 wherein said portion of communication channel within
said frame comprises a series of apertures for passage of said fluid between said communication

channel and said optical component cavity.

13.  The set of eyeglasses of claim 9 wherein said reservoir is situated within said frame or

within said temple portion.

14.  The set of eyeglasses of claim 9 wherein said at least one variable focus optical apparatus

further comprises a rigid optical component, and wherein said optical component cavity is
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defined by at least one transparent distensible membrane attached to a periphery of said ngid

optical component.

15.  The set of eyeglasses of claim 9 comprising two variable focus optical apparatuses and

~ two mechanisms, wherein each mechanism is separately adjustable by the wearer.

16.  The set of eyeglasses of claim 9 wherein said actuator comprises a plunger 1mpinging
against said diaphragm and movable in opposing directions substantially transverse to said
diaphragm, whereby movement of said plunger in a direction towards said diaphragm increases
pressure within said reservoir, and movement of said plunger in a direction away from said

diaphragm decreases pressure within said reservoir.

17.  The set of eyeglasses of claim 16 wherein said actuator further comprises a movement

device to provide movement to said plunger in directions toward and away from said diaphragm.

18.  The set of eyeglasses of claim 17 wherein said movement device moves coaxially along

said frame, said reservoir being situated adjacent to said frame.

19.  The set of eyeglasses of claim 17 wherein said movement device 1s positioned along said
frame, such that turning said movement device in a first direction moves said plunger in a
direction towards said diaphragm, and turning said movement device in a second direction

moves said plunger in a direction away from said diaphragm.

20. The set of eyeglasses of claim 9 wherein actuator may be disabled to prevent further
movement of said diaphragm once the optical strength of said optical apparatus has reached a

desired amount.

21.  The set of eyeglasses of claim 9 wherein said diaphragm comprises a distensible

membrane fitted over the outside edge of said reservoir, thereby providing a seal.

22. - The set of eyeglasses of claim 9 wherein said diaphragm comprises a distensible

membrane fitted bonded to the inside surface of said reservoir, thereby providing a seal.
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Flat film deformation
23um thick - E 3.0GPa
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Flat film deformation
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