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(57) Abstract: An IOP control device for implantation in an eye of a patient is disclosed. The device includes a housing and a mul -
tilayer membrane. The housing is sized for implantation into the eye and includes an entrance port and an exit port. The membrane is

o anchored within the housing to form a flow control chamber on a first side and a fluid flow passageway on a second opposing side of
the membrane. The chamber is arranged to contain a gas creating a chamber pressure, and the membrane is configured to affect flow
through the passageway from the entrance port to the exit port by deflecting in response to changes in the chamber pressure. The

o membrane comprises a first layer having a higher permeability and a higher flexibility than the second layer, which is disposed adj a
cent the first layer and restricts the diffusion of gas in the chamber through the membrane.



MULTILAYER MEMBRANE ACTUATORS

BACKGROUND

[0001] The present disclosure relates generally to valves and associated systems

and methods for use in ophthalmic treatments. In some instances, embodiments of the

present disclosure are configured to be part of an IOP control system.

[0002] Glaucoma, a group of eye diseases affecting the retina and optic nerve, is

one of the leading causes of blindness worldwide. Most forms of glaucoma result when

the intraocular pressure (IOP) increases to pressures above normal for prolonged periods

of time. IOP can increase due to high resistance to the drainage of the aqueous humor

relative to its production. Left untreated, an elevated IOP causes irreversible damage to

the optic nerve and retinal fibers resulting in a progressive, permanent loss of vision.

[0003] Figure 1 is a diagram of the front portion of an eye that helps to explain

the processes of glaucoma. In Figure 1, representations of the lens 110, cornea 120, iris

130, ciliary body 140, trabecular meshwork 150, and Schlemm's canal 160 are pictured.

Anatomically, the anterior segment of the eye includes the structures that cause elevated

IOP which may lead to glaucoma. Aqueous humor fluid is produced by the ciliary body

140 that lies beneath the iris 130 and adjacent to the lens 110 in the anterior segment of

the eye. This aqueous humor washes over the lens 110 and iris 130 and flows to the

drainage system located in the angle of the anterior chamber. The angle of the anterior

chamber, which extends circumferentially around the eye, contains structures that allow

the aqueous humor to drain. The trabecular meshwork 150 is commonly implicated in

glaucoma. The trabecular meshwork 150 extends circumferentially around the anterior

chamber. The trabecular meshwork 150 seems to act as a filter, limiting the outflow of

aqueous humor and providing a back pressure that directly relates to IOP. Schlemm's

canal 160 is located beyond the trabecular meshwork 150. Schlemm's canal 160 is

fluidically coupled to collector channels (not shown) allowing aqueous humor to flow out

of the anterior chamber. The two arrows in the anterior segment of Figure 1 show the

flow of aqueous humor from the ciliary bodies 140, over the lens 110, over the iris 130,

through the trabecular meshwork 150, and into Schlemm's canal 160 and its collector

channels.



[0004] One method of treating glaucoma includes implanting a drainage device in

a patient's eye. The drainage device allows fluid to flow from the interior chamber of the

eye to a drainage site, relieving pressure in the eye and thus lowering IOP. In order to

provide consistency and accuracy in fluid flow through the drainage device, it may be

important to limit changes and degradation that may occur in the drainage device over

time.

[0005] The system and methods disclosed herein overcome one or more of the

deficiencies of the prior art.



SUMMARY

[0006] In one exemplary aspect, this disclosure is directed to an IOP control

system or implant that protects against under-drainage while simultaneously guarding

against over-drainage, and consequently minimizes bleb formation and subsequent

fibrotic changes. For example, IOP control systems or implants that utilize electrolysis-

based membrane valves can provide flow control through the drainage device. Such

membrane valves utilize deflection of the membrane in response to pressure differentials

across the membrane to regulate the flow through the drainage device. These pressure

differentials may be obtained using phase-change processes that convert liquid to gas.

However, gas molecules in membrane valves may diffuse through the membrane. As gas

is lost through the membrane, a gas imbalance arises due to the unequal diffusion rates of

various gases (e.g., hydrogen and oxygen). Such valves require a constant supply of

power to continuously generate enough gas by electrolysis to overcome the loss of gas

through the membrane in order to maintain a desired state (e.g., a state in which a

particular gas level is required to sustain desired membrane deflection).

[0007] Accordingly, the present disclosure describes a membrane that may slow

or prevent the escape of gas through the membrane. In particular, this disclosure

describes a membrane actuator capable of slowing or preventing the escape of gas in an

electrolysis-based ocular device.

[0008] In one exemplary aspect, the present disclosure is directed to an IOP

control device for implantation in an eye of a patient. The IOP control device includes a

housing and a multilayer membrane. The housing is sized for implantation into the eye

of the patient and includes an entrance port and an exit port. The multilayer membrane is

anchored within the housing in a manner forming a flow control chamber on a first side

of the multilayer membrane and a fluid flow passageway on a second opposing side of

the membrane. The flow control chamber is arranged to contain a gas creating a flow

control chamber pressure, and the multilayer membrane is configured to affect flow

through the fluid flow passageway from the entrance port to the exit port by deflecting in

response to changes in the flow control chamber pressure. The multilayer membrane

comprises a first layer having a higher permeability and a higher flexibility, and a second

layer having a lower permeability and a lower flexibility. The second layer is disposed

adjacent the first layer and restricts the diffusion of gas in the chamber through the

multilayer membrane.



[0009] In another exemplary aspect, the present disclosure is directed to an IOP

control system for implantation in an eye of a patient. The IOP control system includes a

drainage tube configured to convey aqueous humor from an anterior chamber of the eye

and an electrolysis-based implantable device in fluid communication with the drainage

tube. The electrolysis-based implantable device includes a multilayer membrane that is

anchored within the implantable device to form a flow control chamber on a first side of

the multilayer membrane. The implantable device is actuatable in response to a flow

control chamber pressure, and the membrane is configured to control flow rates of the

aqueous humor along the drainage tube by deflecting in response to the flow control

chamber pressure.

[0010] In another exemplary embodiment, the present disclosure is directed to a

method of regulating drainage from an anterior chamber of an eye with an implantable

device. The methods includes directing fluid through a fluid flow passageway formed in

part by a flexible, multilayer membrane that comprises at least one base layer and at least

one regulating layer shaped and configured to reduce gas permeability through the

membrane. The method further includes modifying the amount of drainage through the

implantable device in response to a flow control pressure acting on the multilayer

membrane by deflecting the membrane to increase or decrease the size of the fluid flow

passageway in the membrane valve.

[0011] It is to be understood that both the foregoing general description and the

following detailed description are exemplary and explanatory in nature and are intended

to provide an understanding of the present disclosure without limiting the scope of the

present disclosure. In that regard, additional aspects, features, and advantages of the

present disclosure will be apparent to one skilled in the art from the following detailed

description.



BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings illustrate embodiments of the devices and

methods disclosed herein and together with the description, serve to explain the

principles of the present disclosure.

[0013] Fig. 1 is a diagram of the front portion of an eye.

[0014] Fig. 2 is a block diagram of an exemplary IOP control system according to

the principles of the present disclosure.

[0015] Fig. 3 is a schematic diagram of an exemplary IOP control system

according to the principles of the present disclosure.

[0016] Fig. 4 is an illustration of a cross-sectional view of an exemplary IOP

control system according to one embodiment consistent with the principles of the present

disclosure.

[0017] Fig. 5 is an illustration of a cross-sectional view of an exemplary

membrane in accordance with one embodiment of the present disclosure.



DETAILED DESCRIPTION

[0018] For the purposes of promoting an understanding of the principles of the

present disclosure, reference will now be made to the embodiments illustrated in the

drawings, and specific language will be used to describe the same. It will nevertheless be

understood that no limitation of the scope of the disclosure is intended. Any alterations

and further modifications to the described devices, instruments, methods, and any further

application of the principles of the present disclosure are fully contemplated as would

normally occur to one skilled in the art to which the disclosure relates. In particular, it is

fully contemplated that the features, components, and/or steps described with respect to

one embodiment may be combined with the features, components, and/or steps described

with respect to other embodiments of the present disclosure. For simplicity, in some

instances the same reference numbers are used throughout the drawings to refer to the

same or like parts.

[0019] The present disclosure relates generally to multilayer membrane actuators

used in the operation of electrolysis-based membrane valves. In some instances,

embodiments of the present disclosure are configured to be part of an IOP control system.

Those of skill in the art will realize that the multilayer membrane actuators disclosed

herein may be utilized in similar applications requiring minimal or selective gas diffusion

through a membrane.

[0020] The membrane actuators disclosed herein are formed of multiple layers

and are configured to regulate the passage of gas across the membrane by preventing or

slowing the inadvertent escape of gas through the membrane. Thus, by preventing

inadvertent gas losses across the membrane (and subsequent gas recombination), the

multilayer membrane actuators disclosed herein work to reduce or avoid the gas

imbalance that may arise in IOP control systems utilizing electrolysis-based valves with

single-layer membrane actuators. The incorporation of an impermeable or selectively

permeable layer in the membrane actuator allows for selective gas permeability, thereby

increasing the longevity and reliability of valve actuation by allowing the gas molecular

ratio within the electrolysis chamber to stay in balance. Thus, the multilayer membrane

actuators disclosed herein may improve or optimize the performance of electrolysis-based

valves utilizing membrane actuators within an IOP control system.



[0021] Fig. 2 is a block diagram of an exemplary IOP control system 200

implantable in an eye of a patient for the treatment of glaucoma or other conditions. The

IOP control system 200 is configured in a manner that provides IOP pressure control, but

also regulates and controls bleb pressures, reducing complications arising from surgical

implant glaucoma treatments. In Fig. 2, the IOP control system 200 includes a power

source 205, an IOP sensor system 210, a processor 215, a memory 220, a data

transmission module 225, and a valve system 230.

[0022] The power source 205, which provides power to the system 200, is

typically a rechargeable battery, such as a lithium ion or lithium polymer battery,

although other types of batteries may be employed. The power source can be recharged

via inductive coupling such as an RFID link or other type of magnetic coupling.

[0023] The processor 215 is typically an integrated circuit with power, input, and

output pins capable of performing logic functions. In various embodiments, the

processor 215 may be a targeted device controller or a microprocessor configured to

control more than one component of the device.

[0024] The memory 220, which is typically a semiconductor memory such as

RAM, FRAM, or flash memory, interfaces with the processor 215. As such, the

processor 215 can write to and read from the memory 220, and perform other common

functions associated with managing semiconductor memory. In this manner, a series of

IOP readings can be stored in the memory 220.

[0025] The data transmission module 225 may employ any of a number of

different types of data transmission. For example, in various embodiments, the data

transmission module 225 may be an active device such as a radio or a passive device with

an antenna on an RFID tag. Alternatively, the data transmission module 225 may be

activated to communicate an elevated IOP condition to a secondary device such as a

PDA, cell phone, computer, wrist watch, custom device exclusively for this purpose,

remote accessible data storage site (e.g. an internet server, email server, text message

server), or other electronic device or service.

[0026] The IOP sensor system 210 is described below with reference to Fig. 3,

and the valve system 230 is described below with reference to Figs. 4 and 5.



[0027] Fig. 3 is a diagram of the exemplary IOP sensor system 210, a drainage

tube 330, the valve system 230, and a divider 340. In Fig. 3, the exemplary IOP sensor

system 210 includes four pressure sensors, PI, P2, P3, and P4. The pressure sensor P I is

located in or is in fluidic communication with an anterior chamber identified by the

reference number 350, the pressure sensor P2 is located to measure intermediate

pressures found within the valve system 230, the pressure sensor P3 is located remotely

from PI and P2 in manner to measure atmospheric pressure, and the pressure sensor P4 is

located at a drainage site 360 in the subconjunctival space and is arranged to measure

bleb pressure.

[0028] In some embodiments, the pressure sensor P I is located in a lumen or tube

that is in fluid communication with the anterior chamber. The pressure sensor P4 may be

located in a pocket, such as a bleb, that generally contains aqueous humor or in

communication with such a pocket, via a tube for example, and is in the wet site 360.

The drainage site 360 may be, by way of non-limiting example, in a subconjunctival

space, a suprachoroidal space, a subscleral space, a supraciliary space, Schlemm's canal,

a collector channel, an episcleral vein, and a uveo-scleral pathway, among other locations

in the eye.

[0029] The drainage tube 330 drains aqueous humor from the anterior chamber

350 of the eye. The valve system 230 controls the flow of aqueous humor through the

tube 330. In the embodiment shown, the pressure sensor P I measures the pressure in the

tube 330 upstream from the valve system 230 and downstream from the anterior chamber

350. In this manner, pressure sensor P I measures the pressure in the anterior chamber

350. The expected measurement discrepancy between the true anterior chamber pressure

and that measured by PI when located in a tube downstream of the anterior chamber

(even when located between the sclera and the conjunctiva) is very minimal. For

example, Poiseuille's law for pipe flow predicts a pressure drop of 0.01 mmHg across a

5-millimeter long tube with a 0.300 millimeter inner diameter for a flow rate of 3

microliters per minute of water.

[0030] In some embodiments, the system includes barriers that separate the

sensors PI, P2, P3, and P4. These barriers may be elements of the system itself. For

example, in Fig. 3, the pressure sensor P3 is physically separated from the pressure

sensor P4 by the divider 340. The divider 340 is a physical structure that separates the

wet site 360 of P4 from the dry site 365 of P3. In one example, the barrier separating the



anterior chamber pressure sensor P1 and the drainage site pressure sensor P4 is the valve

system 230.

[0031] Generally, IOP is a gauge pressure reading - the difference between the

absolute pressure in the eye (as measured by PI) and atmospheric pressure (as measured

by P3). In one embodiment of the present disclosure, pressure readings are taken by the

pressure sensors P1 and P3 simultaneously or nearly simultaneously over time so that the

actual IOP can be calculated (as P1-P3 or Pl-f(P3), where f(P3) indicates a function of

P3). The pressure readings of PI and P3 can be stored in memory 220 by the processor

215. They can later be read from memory so that actual IOP over time can be interpreted

by a physician.

[0032] The pressure sensors PI, P2, P3, and P4 can be any type of pressure

sensors suitable for implantation in the eye. They each may be the same type of pressure

sensor, or they may be different types of pressure sensors.

[0033] Since the pressure sensor P I measures the pressure in the anterior chamber

350 and pressure sensor P4 measures pressure at the drainage site 360, the difference

between the readings taken by these two pressure sensors (P1-P4) provides an indication

of the pressure differential between the anterior chamber 350 and the drainage site 360.

In one embodiment, this pressure differential dictates the rate of aqueous humor flow

from the anterior chamber 350 to the drainage site 360.

[0034] Readings from the pressure sensors PI, P2, P3, and P4 can be used to

control the flow rate through the tube 330 by controlling the valve system 230. For

example, the valve system 230 may be controlled based on the pressure readings from

pressure sensors PI, P2, P3, and P4. The valve system 230 may be controlled by

microprocessor 215 based on input data received from the sensors. A desired pressure

differential (that corresponds to a desired flow rate) can be maintained by controlling the

operation of the valve system 230. Likewise, various intraocular pressure parameters,

such as, by way of non- limiting example, the desired IOP, the IOP change rate, and/or the

bleb pressure may be controlled by controlling the operation of valve system 230. Note

that the physician would be able to set the high/low IOP thresholds wirelessly to meet

each patient's specific requirements.



[0035] Fig. 4 shows an exemplary embodiment of a membrane valve 500 that

may form a part of the valve system 230. The valve system 230 is disposed along, and

may form a part of, the drainage tube 330 between the tube end in the anterior chamber

350 and the drainage site 360, as shown in Fig. 3.

[0036] The valve system 230 is configured to control the flow of drainage fluid

through the drainage tube 330, and thereby control pressure in the eye, including the IOP.

For example, when IOP is high, the valve system 230 may operate to permit increased

flow through the drainage tube, and when IOP is low, the valve system 230 may operate

to decrease the flow through the drainage tube. In addition, the valve system 230 is

configured to monitor and control the flow of drainage fluid to the bleb, and thereby

control the bleb pressure to maintain a desired fluid flow to the bleb. This may decrease

fibrosis and increase absorption efficiency. To accomplish this, the valve system 230 is

responsive to signals sent as instructions from the processor 215, shown in Fig. 2 . The

processor 215 is responsive to pressure measurements taken by the pressure sensors PI,

P2, P3, and P4, and/or the IOP as determined by detected pressures, as explained above.

[0037] In the example shown in Fig. 4, the membrane valve 500 includes a

multilayer membrane actuator 510. Fluid flows from the drainage tube 330 into and

through the membrane valve 500 and any other structures 512, such as, by way of non-

limiting example, valves, pumps, and/or check valves, and then exits the valve system

230 to enter the drainage site 360. The structures 512 may include a multilayer

membrane actuator similar to the membrane 510. Various embodiments of the valve

system 230 may include any number of structures 512. Some embodiments lack any

structures 512.

[0038] As shown in Fig. 4, the membrane valve 500 includes a housing 516 with

an entrance port 518 and an exit port 520, a flow control system 522 in the housing 516,

and a fluid flow passageway 524 extending between the entrance port 518 and the exit

port 520. The entrance port 518 connects to the drainage tube 330 and is configured to

receive aqueous humor flowing from the drainage tube 330 into the valve system 230.

The exit port 520 permits fluid to exit the housing 516 for further regulation within the

other structures 512 or for release at the drainage site 360.

[0039] In addition, the membrane valve 500 includes a flow control chamber 530,

actuator fluid 532 in the flow control chamber 530, electrodes 534 arranged to cooperate



with the actuator fluid 532, a diffusion barrier 536 in the flow control chamber 530, and

the multilayer membrane actuator 510 anchored to the housing 516. In the example

shown, the flow control chamber 530 is formed in the housing 516 with rigid structure on

three sides. The chamber 530 is sealed closed and separated from the fluid flow

passageway 524 by the multilayer membrane actuator 510. Accordingly, as pressure

increases within the chamber 530, the membrane 510 displaces in the direction of the

fluid flow passageway 524.

[0040] In other embodiments, the flow control chamber 530 may be formed of

less rigid materials, and expansion may occur in more than one direction. In accordance

with this, in some examples the fluid flow passageway 524 includes flexible membrane

material that may displace to affect fluid flow through the passageway 524 from more

than one direction. For example, in some examples, the multilayer membrane 510 is

disposed on two sides of the passageway. In some of these examples the sides are on

opposing sides of the passageway. Some of these embodiments may have two or more

separate membranes that cooperate to limit the cross-sectional area of the fluid flow

passageway 524.

[0041] The actuator fluid 532 is contained in the flow control chamber 530 and

includes, in some embodiments, water. Some embodiments include a saline such as

sodium chloride in solution or other salts.

[0042] The electrodes 534 are disposed within the actuator fluid 532 in a manner

permitting at least a portion of the ions and electrolytes in the actuator fluid 532 to phase

change from liquid to gas, forming gas-filled bubbles through electrolysis. As the

bubbles form, the pressure in the chamber 530 increases, thereby increasing the overall

pressure. This increased pressure acts on the multilayer membrane 510 to cause its

displacement. The electrodes 534 are in electrical communication with the power source

205, which is controlled by the processor 215. Through the electrolysis, water in the

actuator fluid 532 may result in hydrogen and oxygen molecules. In the exemplary

embodiment shown, the electrodes 534 are interdigitated for efficient and effective

electrolysis.

[0043] The diffusion barrier 536 within the chamber 530 includes a plurality of

small passageways that permit the passage of fluid, but trap or capture gas molecules.

This capture process slows the recombination of these molecules, once the molecules are



phase-changed from liquid to gas. Accordingly, at least a portion of the actuator fluid

532 may be held in a gaseous state for a sufficient length of time to provide regulatory

control of the drainage fluid through the passageway in the valve without a continuous

application of energy to the system, thereby reducing the amount of energy required.

Some embodiments lack a diffusion barrier.

[0044] The multilayer membrane actuator 510 comprises a flexible, deflectable,

multilayer membrane. In the example shown, the multilayer membrane 510 is secured to

the housing 516 at its edges. Although shown in cross section, the flow control chamber

530 may be disposed to form a circular or cylindrical chamber, with the multilayer

membrane 510 being secured along the diameter. Accordingly, the multilayer membrane

510 may be shaped and configured as a generally circular structure that is secured at its

periphery to the housing 516. As such, as the volume or pressure increases within the

chamber 530, a central portion of the multilayer membrane 510 provides the highest level

of displacement or deflection. In other embodiments, the housing and membrane may be

formed so that the membrane has a non-circular shape, including oval, substantially

rectangular, or square, for example. Other shapes are also contemplated.

[0045] As shown in Fig. 5, the multilayer, laminate membrane 510 is composed

of a composite of layered materials, at least one of which is shaped and configured to

regulate the passage of gas through the membrane. In the pictured embodiment, the

multilayer membrane 510 includes four composite layers: a first base layer 540, an

adherent layer 542, a regulating layer 544, and a second base layer 546, wherein the

adherent layer 542 and the regulating layer 544 are sandwiched between the first base

layer 540 and the second base layer 546. In the pictured embodiment, the multilayer

membrane 510 is positioned within the housing 516 (shown in Fig. 4) such that the first

base layer 540 is adjacent the interior of the flow control chamber 530 (i.e., in contact

with the actuator fluid 532), and the second base layer 546 is adjacent the fluid flow

passageway 524 (i.e., in contact with the intraocular fluid passing through the valve

500). In other embodiments, the multilayer membrane 510 may include any number and

arrangement of composite layers. For example, some embodiments may lack any of the

first external, adhesive, and second base layers, and other embodiments may include

additional layers.



[0046] The first base layer 540 and the second base layer 546 may be formed of a

biocompatible elastomeric material such as, by way of non-limiting example, Parylene,

silicone, silicone nitride, silicone elastomeric, and polyimide.

[0047] The regulating layer 544, which is positioned against the elastomeric

second base layer 546, comprises the layer regulating gas permeability and may be

formed of a material that is less gas permeable (to a particular gas or gases) than the

elastomeric materials forming the first external and second base layers 540, 546,

respectively. The regulating layer 544 may be impermeable or semipermeable to a

particular gas or particular gases. The material for this impermeable or semipermeable

layer may be chosen based on the desired gas or gases that should not escape from the

flow control chamber 530. For example, suitable materials for the regulating layer 544

that reduce the escape of hydrogen gas include materials such as, by way of non- limiting

example, gold, silver, aluminum, and platinum. In some embodiments, the regulating

layer 544 is deposited onto the second base layer 546 by vapor deposition.

[0048] The optional adherent layer 542 may be formed of a material that provides

or enhances adherence between the regulating layer 544 and the first base layer 540.

Suitable materials for the adherent layer 542 include materials having adherent properties

such as, by way of non-limiting example, titanium and chromium. In some embodiments,

the adherent layer 542 is deposited into the membrane actuator 510 by vapor deposition.

[0049] The gas permeability of the multilayer membrane is determined by a host

of parameters, including without limitation the material composition of the composite

layers, especially the regulating layer 544. Certain materials possess greater or less

permeability to certain gases over other gases, for example on the basis of molecular size.

The particular material chosen for the regulating layer 544 depends upon the particular

application of the membrane valve 500. For example, in some electrolysis-based valves

utilizing a single chamber with a homogenous, single-layer membrane, hydrogen and

oxygen gases are formed in the flow control chamber. Because of the different diffusion

rates of hydrogen gas and oxygen gas (due to their vastly different sizes), a gas imbalance

can result. In order to account for this gas imbalance, these valves often require a

continuous supply of energy to generate sufficient gas through electrolysis to maintain a

desired membrane deflection behavior. The embodiments of the present disclosure

provide a multilayer membrane actuator that can stop or slow the escape of hydrogen gas



through the membrane, thereby reducing or preventing the eventual gas imbalance and

reducing the need for constant power.

[0050] In particular, the regulating layer 544, which may be either impermeable

or semipermeable to hydrogen gas, of the multilayer membrane actuator 510 prevents the

inadvertent escape of hydrogen gas through the membrane. For example, in the

embodiment pictured in Fig. 5, the regulating layer 544 comprises a thin film layer of

gold sandwiched between first base and second base layers 540, 546, respectively,

formed of Parylene, and the adherent layer 542 comprises a very thin deposit of titanium

to provide adherence between the regulating layer 544 and the first base layer 540. Note

that the composition and arrangement of the composite layers may be changed to achieve

a desired level of gas permeation.

[0051] The gas permeability of the multilayer membrane may also be determined

by the thickness of each individual layer and the thickness of the multilayer membrane

510. In Fig. 5, the composite layers 540, 542, 544, and 546 are depicted as being of

substantially the same thickness for merely illustrative purposes. In various

embodiments, the individual layers may have substantially similar thicknesses, or may

have varying thicknesses. In particular, the thickness of the regulating layer 544 is

ideally thin enough not to overly inhibit the expansion of the membrane, while being

thick enough to inhibit the diffusion of gas through the membrane. For example, the

thickness of the first base layer 540 may range from 1 to 10 µη , and may be

approximately 3 µη . The thickness of the adherent layer 542 may range from 100 to

1000 A, and may be approximately 500 A . The thickness of the regulating layer 544 may

ranee from 500 to 10,000 A, and may be approximately 2,000 A . The thickness of the

second base layer 546 may range from 1 to 10 µη , and may be approximately 3 µη . In

some embodiments, the thickness of the entire multilayer membrane ranges from 2 to 30

µη .

[0052] The gas permeability of the multilayer membrane may also be determined

by the pattern of deposition or configuration of the individual layers, and in particular the

regulating layer 544. For example, in some embodiments, the regulating layer 544

comprises a non-continuous layer instead of a continuous layer. For example, in some

embodiments the regulating layer may be shaped as a grid-like layer or concentric rings



[0053] In some embodiments, the multilayer membrane 510 (and the composite

layers) includes corrugation features (such as ridges and valleys) whose depths affect the

deflection profile of the membrane in response to various pressures.

[0054] In use, the IOP control system 200 is implanted in an eye in a

conventional manner. The pressure sensors are disposed about the control system 200 in

the manner described above. Particularly, the sensor PI is disposed and configured to

measure pressure in the interior eye, sensor P2 is disposed and configured to measure

pressure within the valve system, sensor P3 is disposed and configured to measure

atmospheric pressure, and sensor P4 is disposed and configured to measure bleb pressure.

[0055] The IOP control system is configured to adjust the flow through the valve

system 230 based on measured pressure values or derivatives from the pressure sensors.

If the pressures are not within desired ranges, the IOP control system 200 may adjust the

valve system 230 to increase or decrease drainage flow through the drainage tube 330 to

effect a pressure change to the desired pressure. To do this, the processer 215 operates

the valve system 230 with the power source 205 to activate or deactivate the electrodes in

the membrane valve 500 and/or the other structures 512. The electrodes act within the

actuator fluid to change at least a portion of the fluid to a gaseous state, increasing the

pressure within the flow control chamber. Over time these molecules recombine to

change into a fluid state, decreasing the pressure and likewise the volume. To slow the

state change, the diffusion barrier 536 may capture gaseous molecules within its

passageways.

[0056] In operation, as the electrodes 534 generate bubbles in the actuator fluid

532 through electrolysis, the pressure increases within the chamber of the flow control

chamber 530. As the liquid state partially changes to a gas state, the increasing pressure

in the flow control chamber 530 acts against the flexible multilayer membrane 510 to

displace it and increase the overall volume of the chamber. Thus, as the pressure

increases, the multilayer membrane 510 expands into the fluid flow passageway 524,

decreasing the cross-sectional area of the fluid flow passageway 524, and thereby

restricting some fluid flow from the drainage tube 330. In a similar, but opposite manner,

as the solution in the flow control chamber 530 returns to its more liquid state, the

volume in the flow control chamber 530 decreases, permitting the multilayer membrane

actuator 510 to move further out of the fluid flow passageway 524, thereby permitting an

increased level of fluid flow from the drainage tube 330 through the passageway 524.



[0057] The regulating layer 544 of the membrane 510 slows or prevents the

inadvertent loss of gas from the flow control chamber 530, thereby increasing the

longevity and reliability of valve actuation by aiding the gas molecular ratio to stay in

balance (e.g., one oxygen per two hydrogens). By aiding the gas molecular ratio to stay

in balance within the flow control chamber 530, the regulating layer 544 reduces the

overall amount of energy required to power the valve 500.

[0058] Moreover, in embodiments including the optional diffusion barrier 536, at

least a portion of the gas interacts with the diffusion barrier 536 to prolong the state

change back to liquid. This helps maintain pressure in the valve flow control systems for

longer periods of time. Further, due to the state changes, the membrane 510 flexes or

deflects to increase or decrease the cross-sectional area of the fluid flow passageway 524

to affect flow resistance, and ultimately control flow.

[0059] It is worth noting that for biocompatibility, the devices disclosed herein

may be coated or encapsulated in a material such as polypropylene, silicon, parylene, or

other materials.

[0060] The systems and methods described herein achieve IOP control with very

low power and with a very small device. The electrolysis-based system accomplishes

this using electrolysis and a multilayer membrane actuator to affect drainage flow. The

system also may take into account bleb pressure and gas permeability in regulating

drainage flow. The multilayer membrane allows for the reduction in gas permeability

within the valve, thereby increasing the longevity and reliability of valve actuation by

aiding the gas molecular ratio to stay in balance.

[0061] Persons of ordinary skill in the art will appreciate that the embodiments

encompassed by the present disclosure are not limited to the particular exemplary

embodiments described above. In that regard, although illustrative embodiments have

been shown and described, a wide range of modification, change, and substitution is

contemplated in the foregoing disclosure. It is understood that such variations may be

made to the foregoing without departing from the scope of the present disclosure.

Accordingly, it is appropriate that the appended claims be construed broadly and in a

manner consistent with the present disclosure



We claim:

1. An IOP control device for implantation in an eye of a patient, comprising:

a housing sized for implantation into the eye of the patient and including an

entrance port and an exit port; and

a multilayer membrane anchored within the housing in a manner forming a flow

control chamber on a first side of the multilayer membrane and a fluid flow passageway

on a second opposing side of the membrane, the flow control chamber being arranged to

contain a gas creating a flow control chamber pressure, the multilayer membrane

configured to affect flow through the fluid flow passageway from the entrance port to the

exit port by deflecting in response to changes in the flow control chamber pressure, the

multilayer membrane comprising:

a first layer having a higher permeability and a higher flexibility, and

a second layer having a lower permeability and a lower flexibility

disposed adjacent the first layer, the second layer restricting diffusion of gas in the

chamber through the multilayer membrane.

2 . The IOP control device of claim 1, wherein the multilayer membrane comprises at

least one base layer and at least one regulating layer shaped and configured to reduce the

gas permeability of the membrane to at least one type of gas.

3 . The IOP control device of claim 2, wherein the regulating layer is shaped and

configured to reduce the gas permeability of the membrane to hydrogen.

4 . The IOP control device of claim 3, wherein the at least one regulating layer

includes gold.

5 . The IOP control device of claim 2, wherein the regulating layer comprises a

continuous layer in contact with the at least one base layer.



6 . The IOP control device of claim 2, wherein the regulating layer comprises a non-

continuous layer in contact with the at least one base layer.

7 . The IOP control device of claim 2, wherein the multilayer membrane further

comprises at least one adherent layer shaped and configured to aid the adherence between

the at least one regulating layer and the at least one base layer.

8. The IOP control device of claim 7, wherein the at least one adherent layer

includes titanium.

9. The IOP control device of claim 1, wherein the multilayer membrane is shaped

and configured as a flexible, corrugated membrane.

10. The IOP control device of claim 1, wherein the flow control chamber includes an

actuator fluid and an electrolysis system configured to affect the flow control chamber

pressure by generating bubbles by converting at least a portion of the actuator fluid to the

gas.

11. The IOP control device of claim 10, wherein the flow control chamber comprises

a diffusion barrier disposed adjacent the actuator fluid, the diffusion barrier being sized to

reduce the rate of state change from gas molecules to liquid molecules.

12. An IOP control system for implantation in an eye of a patient, comprising:

a drainage tube configured to convey aqueous humor from an anterior chamber of

the eye; and

an electrolysis-based implantable device in fluid communication with the

drainage tube and including a multilayer membrane, the multilayer membrane anchored

within the implantable device to form a flow control chamber on a first side of the

multilayer membrane, the implantable device being actuatable in response to a flow

control chamber pressure and the membrane being configured to control flow rates of the



aqueous humor along the drainage tube by deflecting in response to the flow control

chamber pressure.

13. The IOP control system of claim 12, wherein the membrane comprises at least

one base layer and at least one regulating layer shaped and configured to reduce the gas

permeability of the membrane to at least one type of gas.

14. The IOP control system of claim 13, wherein the regulating layer is shaped and

configured to reduce the gas permeability of the membrane to hydrogen.

15. The IOP control system of claim 14, wherein the at least one regulating layer

includes gold.

16. The IOP control system of claim 13, wherein the regulating layer comprises a

continuous layer in contact with the at least one base layer.

17. The IOP control system of claim 13, wherein the regulating layer comprises a

non-continuous layer in contact with the at least one base layer.

18. The IOP control system of claim 13, wherein the multilayer membrane further

comprises at least one adherent layer shaped and configured to aid the adherence between

the at least one regulating layer and the at least one base layer.

19. The IOP control system of claim 18, wherein the at least one adherent layer

includes titanium.

20. The IOP control system of claim 12, wherein the multilayer membrane is shaped

and configured as a flexible, corrugated membrane.

21. A method of regulating drainage from an anterior chamber of an eye with an

implantable device, comprising:



directing fluid through a fluid flow passageway formed in part by a flexible,

multilayer membrane comprising at least one base layer and at least one regulating layer

shaped and configured to reduce gas permeability through the membrane; and

modifying the amount of drainage through the implantable device in response to a

flow control pressure acting on the multilayer membrane by deflecting the membrane to

increase or decrease the size of the fluid flow passageway in the membrane valve.

22. The method of claim 21, wherein an electrolysis process affects the flow control

pressure acting on the multilayer membrane.

23. The method of claim 22, wherein the at least one regulating layer is shaped and

configured to reduce the gas permeability of the membrane to hydrogen.
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