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MEMBRANE-BASED FLUID CONTROL IN MICROFLUIDIC DEVICES

Cross-Reference to Related Applications

[0001] This application claims priority to and the benefit of U.S. provisional patent
Application Nos. 60/898,821 and 60/898,822, both of which were filed on January 31, 2007, the

disclosures of which are hereby incorporated herein by reference in their entirety.

Technical Field

[0002] In various embodiments, the present invention relates to devices and methods for

controlling fluid flow in microfluidic devices.

Background
[0003] Existing drug-delivery technology is typicaily not appropriate for iong-iterm
programmable infusion into certain body parts, such as, for example, the inner ear. Known drug-
delivery devices include external and implanted infusers, osmotic pumps, and erodible polymer-
drug systems. These systems range from passive devices, which have a low level of
predictability in their dispensing rates, to electronically-controlled rate dispensers, and finally to
fully programmable infusers.
[0004] Device volumes range from approximately “pill” sized to over ten cubic inches,
generally depending on their maximum dispensing volume and the sophistication of their control
systems. Though small in volume, erodible polymer and porous membrane systems must
typically be utilized to deliver a specific compound or, at best, a set of compounds with similar
chemistry and transport properties. These devices are generally short to medium term delivery
devices (i.e., less than approximately six weeks) with unalterable, non-constant delivery profiles.
Existing osmotic pump-based delivery systems are similar in terms of device size and lifetime,

and they too are typically only capable of fixed rate delivery. Other available devices may offer
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more sophisticated control, and may be effective for the treatment of disorders such as chronic
pain, but these systems generally use macro-scale, conventionally fabricated pumps that are
relatively large. As a result, they are generally only practical when implanted in subcutaneous
tissue in the torso.

[0005] In some macro-scale systems (for example, pressure-regulation systems), bellows are
used with fast valves to damp out rapid changes in pressure. Miniaturized bellows have been
fabricated, but reliability and cost make them inappropriate for some applications. Other
systems have used compliant tubing as a capacitive element. In such systems, as pressure
increases, the tubing volume generally expands by an amount dependent on the tubing material
and its dimensions. However, achieving appreciably large capacitance values using standard
quires a relatively large total tubing volume. Moreover, the tubing typically cannot
have sufficiently thin walls to offer the values of capacitance desired within a small volume.
Thus, relatively long and thick tubing sections are required, thereby increasing the total system
volume of the injection system.

[0006] Small size is often important for many applications, particularly in implantable drug-
delivery systems where both the trauma from the surgical implantation and foreign body
response are reduced when the implant size is reduced. In addition, large tubing surface areas
allow for significant vapor or gas permeation, which is detrimental to a system with low fluid
volumes, particularly if they are not refilled. Integration of tubing as a capacitive element in a
microfluidic system also requires connectors from the tubing to the other elements (e.g., pumps,
valves, etc.). These connectors add to system volume and are a source of both leakage and dead
volume. Yet another disadvantage in known microfluidic systems is their sensitivity to the

tubing dimensions and mechanical properties, which may change over time.



10

15

20

WO 2008/094672 PCT/US2008/001324

-3-

[0007] In addition, a MEMS-based drug-delivery device may require a valve system for fluid
control within the device. Exemplary valve systems known in the art are depicted in FIGS. 1A-
2B. For example, FIGS. 1A and 1B depict a valve system 100 that includes a pair of four-way
stopcock valves 120, 140. In this exemplary system 100, during filling of a fluidic manifold or
loop 110, as depicted in FIG. 1A, one valve 120 typically connects a load reservoir (not shown)
to the manifold 110 through a load reservoir connector 130, while another valve 140 vents the
other end of the manifold 110 though a venting connector 150. As depicted in FIG. 1B, during
manifold circulation in the direction indicated by the arrows 160, the two stopcock valves 120,
140 are rotated to join the input and output sections of the manifold or loop 110.

[0008] FIGS. 2A and 2B depict an exemplary rotary-type valve system 200. During loading,
as depicted in FIG. 2A, a load reservoir connector 130 and an inlet 210 of the manifold 110 are
connected through a valve 230, and an outlet 220 of the manifold 110 is vented through a
venting connector 150. During circulation, as depicted in FIG. 2B, the manifold inlet 210 and
outlet 220 may be connected to valve chambers within the rotary valve 230 and to a connector
240, external to the valve 230, which joins those valve chambers.

[0009] Unfortunately, the size of both the stopcock valves 120, 140 and rotary valves 230 is
large (typically greater than one inch for the stopcock valves 120, 140 and greater than two
inches in the maximum dimension for the rotary valves 230) relative to the overall desired
system size. In particular, their size is large for typical implantable drug-delivery systems, and
also for drug-delivery systems mounted on small lab animals typically used for preliminary
animal studies. In addition to these large physical dimensions, stopcock valves have relatively
large internal fluid volumes (e.g., 100 microliters or greater, including fitting volumes), which is
generally undesirable when the total fluid volume of the system is desired to be small. Typical

Luer fittings for stopcock valves are designed to mate to similarly sized (i.e., not microscale)
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fluidic components, and thus also add considerably to system size and internal fluid volume.
[0010] As a result, there is a need for both a capacitive element and/or a valve system that is
small enough to fit within a microfluidic system, such as an implantable drug-delivery system,
while still being capable of performing fluid control functions with sufficient reliability and

efficiency.

Summary of the Invention

[0011] In various embodiments, the present invention features compliant membrane-based
microfluidic structures that are capable of providing capacitive fluidic control and/or valve
control functions for microfluidic systems. The present invention may, for example, be used in
drug-delivery systems, including those used for the controlled delivery of drugs to the cochlea or
another appropriate target.
Rather, the compliant membrane-based capacitive elements and/or valve elements described
herein may be used in any flow system, such as, for example, in systems where positive-
displacement pumping is to be converted to reciprocating flow. Examples of other contexts in
which the compliant membrane-based capacitive elements and/or valve elements may be used
include mixing devices, chemical or biological reactors, diagnostic devices, and hydraulic
acﬁators.

[0012] In the drug-delivery context, the present invention may be employed when it is
beneficial to apply drugs to a specific bodily fluid. An example is in drug delivery to the inner
ear, where drugs are administered directly to the perilymph without having to penetrate
surrounding tissue. Additional exemplary applications include those where flow and pressure

regulation may be required in microfluidic systems. In particular, systems that use oscillatory

pumps having both alternating and constant components to their outputs may be improved by the
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addition of the compliant membrane-based capacitive elements described herein, which reduce
the undesired alternating component of the pump output.

[0013] In addition, the structures described herein may have application in drug-delivery
developments that use externally mounted components on lab animals, in particular because the
size and simplicity of the structures described herein minimize the stress on the animal
undergoing tests. Additional exemplary applications include those where sample loading,
venting, pressure relief, and sample routing are used in microfluidic systems.

[0014] In general, in one aspect, the invention features a capacitive element for a
microfluidic device. The capacitive element includes a substrate defining a flow-control cavity
and a compliant membrane, surrounding at least a portion of the flow-control cavity, for
capacitively regulating fluid flow through the flow-control cavity. The capacitive element also
includes a bypass structure for allowing the fluid to flow through the flow-control cavity when
the compliant membrane is in a collapsed position.

[0015] In various embodiments, the substrate includes a plurality of layers, one of which
may include a laminated plastic. For its part, the compliant membrane may be a single-layered
structure, a multi-layered structure, and/or a composite stmctﬁre. The compliant membrane may
include a polymer and may also include a layer exhibiting a low vapor and/or gas permeability.
The capacitive element may also include an external fluid connection element, which may itself
include fine-bore tubing.

[0016] In one embodiment, the capacitive element includes a displacement element, which
may be manually actuable. The displacement element may limit the outward displacement of the
compliant membrane away from the flow-control cavity. In one embodiment, the displacement
element is a threaded element. In such a case, the substrate may include a plate with a threaded

hole formed therethrough, and the displacement element may be positioned in the threaded hole.
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[0017] In general, in another aspect, the invention features a microfluidic device that
includes a discharge line, a pump for discharging and retracting fluid through the discharge line,
and a capacitive element for modifying fluid flow through the discharge line. The capacitive
element may include a compliant membrane that surrounds at least a portion of a cavity formed
in the capacitive element.

[0018] In various embodiments, the capacitive element also includes a bypass structure for
allowing fluid to flow through the capacitive element when the compliant membrane is in a
collapsed position. The capacitive element may also include a displacement-limiting element for
limiting a displacement of the compliant membrane. In various embodiments, the microfluidic
device, which may be a reciprocating drug delivery device for regulating a drug dosage del’ivered
to a patient, includes a valve manifold.

[0019] In general, in yet another aspect, the invention features a microfluidic valve system.
The microfluidic valve system includes a substrate having first and second channels embedded
therein, a valve seat in fluid communication with the first and second channels, a compliant
membrane, and a mechanically actuable displacement element. The displacement element may
apply a mechanical force to the compliant membrane to bring the compliant membrane into
sealable contact with the valve seat, thereby closing the valve system.

[0020] In various embodiments, the substrate includes a plate with a threaded hole formed
therethrough, and the displacement element is positioned in the threaded hole. The displacement
element may be manually actuable, and may be a threaded element or a bistable spring-loaded
element. The microfluidic valve system may also include an external fluid connection element

having fine-bore tubing.
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[0021] In general, in still another aspect, the invention features a method of controlling fluid
flow within a microfluidic device. The method includes passing fluid through a microfluidic
device comprising a compliant membrane and a bypass channel, and capacitively displacing at
least a portion of the compliant membrane to control a rate of fluid flow through the microfluidic
device. The method may also include limiting an outward displacement of the compliant
membrane away from the flow-control cavity.

[0022] These and other objects, along with advantages and features of the present invention
herein disclosed, will become apparent through reference to the following description, the
accompanying drawings, and the claims. Furthermore, it is to be understood that the features of
the various embodiments described herein are not mutually exclusive and can exist in various

combinations and permutations.

Brief Description of the Drawings

[0023] The foregoing and other objects, aspects, features, and advantages of the invention
will become more apparent and may be better understood by referring to the following
description taken in conjunction with the accompanying drawings, in which:

[0024] FIG. 1A is a schematic view of prior art stopcock valves set in a manifold loading
position;

[0025] FIG. 1B is a schematic view of the stopcock valves of FIG. 1A set for loop
circulation;

[0026] FIG. 2A is a schematic view of a prior art rotary valve set in a manifold loading
position;

[0027] FIG. 2B is a schematic view of the rotary valve of FIG. 2A set for loop circulation;
[0028] FIG. 3A is a schematic view of a microfluidic system with valves set for loop filling,

in accordance with one embodiment of the invention;



10

15

20

WO 2008/094672 PCT/US2008/001324

-8-

[0029] FIG. 3B is a schematic circuit representation of the microfluidic system of FIG. 3A;
[0030] FIG. 4A is a schematic top view of a compliant membrane-based capacitive element,
in accordance with one embodiment of the invention;

[0031] FIG. 4B is a cross-sectional view of the compliant membrane-based capacitive
element of FIG. 4A along the line A-A, when the capacitive element is in a closed configuration;
[0032] FIG. 4C is a cross-sectional view of the compliant membrane-based capacitive
element of FIG. 4A along the line A-A, when the capacitive element is in an open configuration;
[0033] FIG. 4D is a cross-sectional view of the compliant membrane-based capacitive
element of FIG. 4A along the line A-A, when the capacitive element is in a collapsed position;
[0034] FIG. 5 is a cross-sectional view of a compliant membrane-based capacitive elemgnt
and displacement element, in accordance with one embodiment of the invention;

[0035] FIG. 6A is a schematic top view of a five-valve manifold with an integrated channel
network, in accordance with one embodiment of the invention;

[0036] FIG. 6B is a schematic perspective view of the five-valve manifold of FIG. 6A;
[0037] FIG. 7A is a schematic plan view of a compliant membrane-based valve structure, in
accordance with one embodiment of the invention,;

[0038] FIG. 7B is a cross-sectional side view of the compliant membrane-based valve
structure of FIG. 7A along the line B-B, when the valve structure is in an open configuration;
and

[0039] FIG. 7C is a cross-sectional side view of the compliant membrane-based valve

structure of FIG. 7A along the line B-B, when the valve structure is in a closed configuration.
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Description

[0040] In various embodiments, the present invention features compliant membrane-based
microfluidic structures that are capable of providing capacitive fluidic control and/or valve
control functions in microfluidic systems. These capacitive fluidic control and/or valve control
structures may be used, for example, in conjunction with the microfluidic devices, systems, and
methods described in United States Serial Nos. 11/046,540, 11/169,211, and 11/503,450, the
disclosures of which are hereby incorporated herein by reference in their entireties.

[0041] In one embodiment, the present invention uses a compliant membrane-based
structure, rather than tubing, as a fluidic capacitive element. FIG. 3A depicts an exemplary
microfluidic system 300, which serves to allow transient pulsed flow through a discharge line
350, while FIG. 3B depicts an equivalent circuit representation 305 for the microfluidic system
300.

[0042] More particularly, as depicted in FIG. 3A, the microfluidic system 300 may include a
valve manifold 310 connected to injection lines 320. The valve manifold 310 may include a
compliant membrane-based valve structure, for example as described herein with reference to
FIGS. 7A-7C. In one embodiment, the valve manifold 310 is connected through rigid tubing 330
to a discharge manifold 340, which is connected to a discharge line 350 for delivering fluid to,
and possibly receiving fluid from, a target area of a body, such as a cochlea. The discharge
manifold 340 may also be connected to a second rigid tubing section 360, which may itself be
connected to a vent valve 370. In an alternative embodiment, the vent valve 370 is absent from
the microfluidic system 300. When present, the vent valve 370 may be connected to a compliant
membrane-based capacitive element 380, such as, for example, the capacitive elements described
herein with reference to FIGS. 4A-4C and 5. The compliant membrane-based capacitive element

380 may provide the required capacitive fluidic control to the system 300, as described herein.
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In one embodiment, the capacitive element 380 is attached to a pump 390, which is then attached
through a length of tubing 395 to the valve manifold 310, thereby completing the fluid loop. In
alternative embodiments, the configuration of elements in the fluid loop may be differently
arranged. In addition, the fluid loop may include further elements, or exclude some of the
elements depicted in FIG. 3A, as appropriate.

[0043] The capacitance of the capacitive element 380 is typically an important factor in
setting the behavior of the flow characteristics, i.e., how rapidly fluid is discharged and retracted
through the discharge line 350. For example, if the capacitance is increased, the discharge rate
slows down, and vice-versa. In addition, in one embodiment, if the direction of pulsed flow'is
that indicated by arrow 315 in FIG. 3A, fluid will be first discharged rapidly through the
discharge line 350 and then slowly retracted (i.e., pulled back into the loop). Alternatively, if the
direction of pulsed flow is that indicated by arrow 325 in FIG. 3A, fluid will be first drawn
rapidly into the system 300 and then slowly discharged. These characteristics may be
advantageous in delivering a drug to a target area, and/or in mixing the drug with a body fluid
drawn into the fluidic system 300 through the discharge line 350.

[0044] Using a compliant membrane-based structure, rather than tubing, as the fluidic
capacitive element 380 in the microfluidic system 300 provides several advantages. For
example, the compliant membrane-based capacitive element 380 may be easily integrated onto a
single substrate with other microfluidic elements, thus reducing the size of the system 300 and
easing the manufacture of the system 300. In addition, in one embodiment, connecting the
compliant membrane-based capacitive element 380 to the other microfluidic elements does not
require the use of macro-scale connectors. Thus, leakage through, and dead volume in, these
elements are avoided. Moreover, by using thin, compliant layers for the membrane of the

capacitive element 380, large capacitance values may be achieved while the total element
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volume remains small. As previously described, this is typically not the case when tubing is
used.

[0045] In addition, because the compliant membrane-based capacitive element 380 may be
manufactured to have a small surface area, and because a variety of materials having low
intrinsic gas and/or vapor permeabilities are available to be used as membranes, the compliant
membrane-based capacitive element 380 may have an extremely low permeability to gas and/or
vapor. In another embodiment, by using a displacement-limiting element, for example a screw,
the capacitance of the compliant membrane-based capacitive element 380 may be altered or
adjusted to any desired value within a range of values.

[0046] In greater detail, as described below with reference to FIGS. 4A-4D and 5, one

-embodiment of the invention features a microfabricated membrane that forms at least one wall,

or partial wall, of a cavity. In one embodiment, the membrane has sufficient compliance such
that when fluid pressure in the cavity is changed, the cavity volume changes due to the
displacement of at least a portion of the membrane. The membrane may be directly integrated
with other microfluidic structures such as channels, pumps, and valves in the same base
substrate. No tubing or bellows structure is required. In addition, in one embodiment, the
compliant membrane-based capacitive element 380 of the present invention has a capacitance
value that may be altered during in-use operation, as desired. For example, in one embodiment,
a screw or other displacement/blocking element may be positioned above the membrane, with its
distance relative to the relaxed position of the membrane capable of being altered to limit the
maximum displacement of the membrane as the capacitive cavity is pressurized.

[0047] FIG. 4A depicts a top view of a compliant membrane-based capacitive element 400
embedded within a substrate 410 in accordance with one embodiment of the invention. The

capacitive element 400 includes a fluid-control cavity 420 with a first channel 430 and a second
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channel 440 entering the cavity 420 at opposite ends. Alternatively, the first channel 430 and
second channel 440 may connect to the cavity 420 at a suitable angle to one another, depending
on the application. In addition, more than two channels may be connected to the cavity 420.
The cavity may be substantially cylindrical (as depicted in FIGS. 4A-4D), or be of another
appropriate shape, such as an oval, a spherical-shape, a cubic-shape, or other appropriate
geometry.

[0048] In one embodiment, the upper surface of the cavity 420 is bounded by a compliant
membrane 450 that is clamped around its outer edge 455 so that it forms a sealed wall of the
cavity 420 while being free to expand into or out of the cavity 420 at a central portion 460. As

illustrated in FIG. 4B, an expansion hole 465 may be formed within the substrate 410 directly

.above the membrane 450 to provide an open area for the central portion 460 of the membrane

450 to expand into as it extends outwardly from the cavity 420. In an alternative embodiment,
the membrane 450 may be located at the outer layer of the substrate 410, thus allowing it to
extend outwardly into the surrounding area without the need for the expansion hole 465.

[0049] In one embodiment, by creating a pressure differential between the pressure within
the cavity 420 and the pressure within the expansion hole 465, the compliant membrane 450 may
move into or out of the cavity 420, thus increasing or decreasing the volume of the cavity 420.
For example, if the pressure within the cavity 420 is less than that in the expansion hole 465, the
central portion 460 of the membrane 450 will be forced down into the cavity 420, thus reducing
the volume of the cavity 420 and thereby restricting the fluid flow therethrough, as depicted in
FIG. 4B.

[0050] Alternatively, if the pressure within the cavity 420 is greater than that in the

expansion hole 465, the central portion 460 of the membrane 450 will be forced outwardly into
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the expansion hole 465, thus increasing the volume of the cavity 420 and thereby reducing the
restriction to fluid flow, as depicted in FIG. 4C.

[0051] As aresult, in one embodiment, the compliant membrane-based capacitive element
400 promotes and/or restricts fluid flow by changing the volume of the cavity 420. The
compliant membrane-based capacitive element 400 may also increase and/or decrease the fluid
storage volume of the cavity 420, and thereby of the associated microfluidic device, by moving
the compliant membrane 450 into or out of the cavity 420. In addition, by allowing the
compliant membrane 450 to move in response to pressure changes within the fluid flow, the
compliant membrane-based capacitive element 400 may also provide a capacitive function.
More specifically, the capacitive element 400 may provide a frequency response filtering of
time-varying flow and/or pressure sources within the microfluidic device, thereby damping out
rapid changes in flow or pressure occurring throughout the fluid flow cycle.

[0052] The pressure differential between the cavity 420 and the expansion hole 465 may be
created, for example, by properties of the fluid flow itself as it is pumped through the
microfluidic system. For example, in microfluidic systems for delivering one or more drugs to
the cochlea, such as the system 300 depicted in FIG. 3A, the pressure within the cavity 420 will
vary as the microfluidic pump 390 discharges and retracts fluid through the discharge line 350 in
a pulsed flow. As a result, the central portion 460 of the membrane 450 will be forced inward
toward the cavity 420 and outward into the expansion hole 465 as the pressure within the cavity
420 varies during the pulsed fluid-flow cycle, thereby providing a capacitive control for the fluid
flow. This may be advantageous, for example, in embodiments where the desired fluid flow rate
is lower in amplitude and extended in time downstream of the capacitive element 400 relative to

the pulsatile flow rate through a pump upstream of the capacitive element 400.
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[0053] In one embodiment, the compliant membrane-based capacitive element 400 performs
frequency response filtering of time-varying flow or pressure sources. For example, the
capacitive element 400 may act as a low pass filter for fluid flow driven by a rapid-pulse pump.
In particular, in one embodiment, the compliant membrane-based capacitive element 400 does
not have any effect on a steady state flow rate, such as, for example, a mean constant-velocity
unidirectional flow (analogous to a DC electrical current in an electrical system). However, in
such an embodiment, the compliant membrane-based capacitive element 400 may have a
substantial effect on a transient flow rate (i.e., a time-varying flow). As a result, the compliant
membrane-based capacitive element 400 may provide pressure control for a fluid flowing within
a microfluidic device.

[0054] In some cases, for example those where it is desirable to reduce the pressure inside
the cavity 420 to a value below that of the pressure outside the cavity 420 (i.e., a negative
pressure differential), the capacitive membrane element 400 may be configured so that fluid
continues to flow through the element 400 even in the event of a partial or substanﬁally full
collapse of the membrane 450 into the cavity 420. To achieve this, one or more bypass channels
470, examples of which are illustrated FIGS. 4A—4D, may be incorporated into the capacitive
element 400. In addition, as part of the capacitive cavity structure, the inlet and/or outlet
channels 430, 440 may be fashioned with chamfers 475, which may, for example, prevent the
trapping of unwanted gas bubbles inside the cavity 420 when fluid is flowing through the cavity
420.

[0055] For example, FIG. 4D depicts a capacitive element 400 in which the membrane 450 is
fully collapsed into the cavity 420. In this embodiment, the bypass channels 470 act as fluid
flow channels to prevent a total, or substantially total, blocking of fluid flow through the cavity

420. This may be useful in, for example, implantable drug delivery devices where fluid flow,
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and therefore drug delivery, is required to be maintained even in the event of a membrane 450
collapse. The bypass channels 470 may also serve to prevent large fluid pressure changes in the
system and thus prevent excessive stresses being applied to components of a microfluidic device,
such as a pump of a drug delivery device.

[0056] The membrane 450 may be of the same material (as depicted in FIG. 4C) or of a
different material (as depicted in FIG. 4B) from that of the other wall(s) 480 of the cavity 420.
In addition, the substrate 410 may be manufactured from a single layer or a plurality of layers of
the same or different materials. The cavity 420 and channels 430, 440 may be formed in the
substrate 410 in accordance with any appropriate manufacturing method, such as, for example,
etching, machining, or laser ablation.

[0057] In one embodiment, the wall(s) of the cavity 420 (other than the membrane 450) are
made from the same material(s) as the substrate 410. In an alternative embodiment, a separate
material may be embedded within the cavity 420 to create an impermeable wall, or other
appropriate structure, for the cavity 420.

[0058] For its part, the membrane 450 may be composed of a single material or layer, or of
multiple materials, layers, and/or composites. In addition, some or all of the membrane 450
layers may act as a barrier to vapor and/or gas. As an example, a vapor-permeable polymer
material may be combined with a thin layer of barrier metal to form a composite membrane 450
that is both compliant and also resistant to moisture, gas, and/or vapor transport through it. Such
low-permeability structures may be desirable in applications where the microfluidic system is in
use for long periods of time and is not refilled or reloaded with fluid.

[0059] The thickness, diameter, and material stiffness of the membrane 450 may also be
chosen to achieve a desired capacitance value. In one embodiment, the membrane 450 has

sufficient compliance such that when fluid pressure in the cavity 420 is changed, the volume of
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the cavity 420 changes due to displacement of the membrane 450. In one embodiment, the
capacitance has units of volume per unit pressure differential, e.g., microliters/Pascal. As
described herein, the compliant membrane-based capacitive element 400 may be directly
integrated with other microfluidic structures such as channels, pumps, and valves in the same
base substrate 410, or within a number of connected substrates, as required.

[0060] The capacitive properties of the capacitive element 400 may be varied by limiting the
displacement of the central portion 460 of the membrane 450. In one embodiment, the
capacitive element 400 is used together with a displacement element that is adapted to alter or
adjust, in-use, the capacitance of the capacitive element 400 to any value within a range of
values by limiting the displacement of the central portion 460 of the membrane 450. This
displacement element may be actuated manually. Alternatively, the displacement element may
be actuated automatically, either by a signal from a remote location or in response to a condition
of the system. The displacement element may be a mechanical element, a magnetic element, a
hydraulic element, a solenoid, an electrical element, or combinations thereof. For example, in
the embodiment depicted in FIG. 5, the displacement element is a threaded element 510 (e.g., a
screw) that is positioned above the central portion 460 of the membrane 450 within the
expansion hole 465. By moving the threaded displacement element 510 up and down within the
expansion hole 465, the distance of a distal face 520 of the threaded displacement element 510
relative to a relaxed position of the central portion 460 of the membrane 450 (i.e., when the
central portion 460 of the membrane 450 is not displaced in either direction) is altered, as is the
maximum distance the membrane 450 may be displaced and thus the capacitance of the
capacitive element 400. The shape of the distal face 520 of the displacement element 510 may

also be chosen to give different capacitance vs. screw displacement functions.
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[0061] The displacement element 510 may additionally be used to force the central portion
460 of the membrane 450 down into the cavity 420, thereby reducing the volume of the cavity
420 and, as a consequence, the fluid flow therethrough. In one embodiment, the cavity 420 may
be configured without bypass channels 470, thus allowing the central portion 460 of the
membrane 450 to seal the cavity 420 upon full displacement of the displacement element 510. In
such a case, the capacitive element 400 acts as a valve element.

[0062] As described, embodiments of the present invention that use the compliant
membranes 450 as capacitive elements 400 provide several advantages and have many
applications. For example, compliant membrane-based capacitive elements 400 may be used to
regulate drug dose in a reciprocating drug delivery device. In addition, the built-in bypass
structures 470 provide a safety mechanism against the complete blocking of fluid flow in the
event of a structural collapse of the membrane 450.

[0063] Additional embodiments of the present invention relate to the use of valves in a
microfluidic system, such as a drug-delivery device. The valves may be used for filling or
venting a microfluidic system, such as the microfluidic system 100 depicted in FIGS. 1A and 1B.
For example, a valve system may be used with the manifold 110 while filling the recirculation
loop of the microfluidic system 100.

[0064] Referring to FIGS. 6A and 6B, the present invention, in one embodiment, features a
valve system 600 that contains one or more valves 610 on a single planar substrate 620. The
substrate 620 may define fluidic channels 630 that connect the valves 620 to each other and to
external tubing connections 640, as appropriate for the desired function. The valve system 600
is, in one embodiment, incorporated into a microfluidic device, such as, for example, the
microfluidic device 100 depicted in FIGS. 1A-1B, and is used to regulate flows therein. For

example, a particular valve 610 of the valve system 600 may be set in a partially open
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configuration. As described below, this setting may be variable, thereby providing a variable
resistance to fluid flow through the valve 610. In contrast, many prior valve systems may
typically only be either fully open or fully closed.

[0065] The substrate 620 may also contain built-in fine-bore tubing mated to appropriate
fluidic channels and be used to fit to additional components in a microfluidic system or
manifold. Other appropriate means of mating components may also be utilized. The substrate
620 may also contain other microfluidic components, such as, but not limited to, additional
compliant structures, fluidic capacitors, electronically actuated valves and/or pumps, mixing
chambers, and reservoirs.

[0066] FIGS. 6A and 6B depict a valve system 600 on a substrate 620 that incorporates five
valves 610. In alternative embodiments, a greater and/or lesser number of valves 610 are
incorporated into the valve system 600 in any appropriate configuration. In one embodiment,
valve screws 650 for the valves 610 are #0-80 hex-head set screws. Alternatively, other
appropriate screw elements may be employed. The additional holes 660 depicted in FIGS. 6A
and 6B may be used for other purposes, such as, but not limited to, mounting of the system 600.
In addition, the top plate of the valve system 600 may be partially transparent to provide clarity.
[0067] FIGS. 7A-7C depict, in accordance with one embodiment of the invention, an
exemplary valve 700 that may be used in the valve system 600 described above. In this
embodiment, the compliant membrane-based valve structure 700 includes a substrate 710 that
defines a first channel 720, a second channel 730, and a cavity 740 therebetween. As illustrated
in FIG. 7B, the first channel 720, second channel 730, and cavity 740 may be in fluid
communication with one another. In an alternative embodiment, additional inlet and/or outlet

channels may be placed in fluid communication with the cavity 740.
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[0068] In one embodiment, a valve seat 750 is included in the cavity 740. A compliant
membrane 755 forms at least one wall to the cavity 740. The membrane 755 may be a separate
element embedded within the substrate 710 and held in place by a clamping region at its outer
edge, or be an integral part of one or more layers of the substrate 710.

[0069] The substrate 710 may also include a threaded hole 760 for holding a threaded
displacement element 770. The threaded displacement element 770 may be configured such that
its distal end 765 abuts, in operation, a central portion of the membrane 755. The displacement
element 770 may then be used to push the central portion of the membrane 755 against the valve
seat 750, thereby sealing the cavity 740 and preventing fluid flow between the first channel 720
and the second channel 730. In an alternative embodiment, the valve seat 750 is not employed.
In ;uch a case, the membrane 755 may be forced directly against a bottom surface of the cavity
740 in order to seal the cavity 740 and prevent fluid flow.

[0070] In another embodiment, the threaded displacement element 770 is threaded only
partially downward into the cavity 740 such that the membrane 755 reduces the volume of the
cavity 740 and reduces the fluid flow therethrough, without completely blocking the flow. Asa
result, the valve system 700 may be used to control the rate of fluid-flow therethrough, in
addition to completely preventing flow. In still another embodiment, the valve system 700
includes one or more bypass channels that allow a limited flow therethrough even if the
membrane 7585 is fully sealed against the valve seat 750.

[0071] In one embodiment, the threaded displacement element 770 is retracted away from
the membrane 755, either completely or by a limited distance, such that the compliant membrane

755 and cavity 740 act as a compliant membrane-based capacitive element, as described above.
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[0072] The displacement element 770 may be a mechanically actuable displacement element
that is manually actuated and/or automatically actuated, for example through a control system in
response to a fluid flow condition. For example, the displacement element 770 may be a
mechanically actuable element that is adapted to provide a mechanical force directly to at least a
portion of the membrane 755 upon actuation. Examples of mechanically actuable displacement
elements 770 include, but are not limited to, one or more threaded elements, spring elements,
bistable spring-loaded elements, rotating cam elements, pushing rod elements, hydraulic
elements, and/or other appropriate mechanical force providing elements.

[0073] In one embodiment, the displacement element 770 is a standard metal screw, such as,
for example, a #0-80 hex head screw, mounted in a tapped hole in an upper rigid layer of the
structure. Alternatively, the screw may be made from a plastic, such as nylon, or another
appropriate material. In other embodiments, the displacement element 770 has two stable states,
and has a structure similar to that of the click action or press action mechanism of a retractable
ball-point pen (i.e., a bistable spring-loaded device). The states may be switched via either
rotation or axial displacement (e.g., pushing) of the displacement element 770.

[0074] As mentioned, the mechanically actuable displacement element 770 may be manually
actuated. For example, in embodiments where the valve system 700 is accessible to a user, a
threaded displacement element 770 may be actuated through insertion and rotation of a
screwdriver or other actuation element by a user, or a bistable “click-action” type displacement
element 770 may be pushed by the user. In embodiments where the valve system 700 is
implanted in a patient and inaccessible to a user, a control device may be mechanically coupled
to the mechanically actuable displacement element 770 and may apply a mechanical force
thereto to actuate the displacement element 770. This control device may itself be a mechanical,

electromagnetic, hydraulic, or other appropriate actuation device, and may mechanically actuate
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the displacement element 770 in response to a fluid flow condition and/or a control input from a
remote location.

[0075] In one embodiment of the invention, the bottom face 765 of the displacement element
770 has a ring-shaped boss with a radius either substantially identical to, or similar in value to,
the valve seat 750 radius, and thus preferentially applies pressure to the membrane 755 on the
valve seat 750 area.

[0076] Any appropriate method of manufacturing the multi-layered substrate 710 may be
used. For example, in one embodiment, the first channel 720 is formed by a through-cut or
partial-depth cut of a single layer 780 of thin bondable polymer sheet. The bottom of the
channel 720 may be either in the same layer 780 or formed by another sheet 775 of polymer
bonded to it. A different polymer sheet 785 may provide the top of the first channel 720 and
may be patterned with a through-hole 787 that connects the channel 720 to the valve cavity 740.
A further polymer sheet 790 may be patterned to form the valve seat 750, the lower portion of
the valve cavity 740, and, optionally, a second channel 730. The valve seat 750 may be a
protruding ring, (i.e., a ring-shaped boss element) or any other appropriately shaped seating
element. The ring may be axially aligned with the through hole 787 in layer 78S5.

[0077] In order to create and facilitate convenient assembly of the valve seat 750, layer 785
and layer 790 may be either bonded together before patterning (for example by etching,
machining, ablation, and/or other appropriate patterning techniques), or a single layer may be
substituted for both. In either case, a partial-depth cut may define the outer diameter of the valve
seat 750 and a through-cut may define the inner diameter of the seat 750 and flow access to the

first channel 720.
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[0078] The second channel 730 may also be formed from either a partial-depth or through-
cut pattern in the layer 790. A further layer 795 may be cut to form the upper part of the valve
chamber and, optionally, the second channel 730 or a portion thereof. An additional layer 800
may form the valve membrane 755. Finally, an additional layer of a material 805 such as, but
not limited to, aluminum or other appropriate metal, plastic, or polymer, with aligned holes for
the displacement elements 770, may be attached to the membrane layer 800. The layer 805 may
be thicker than one or more of the other layers and/or be substantially rigid.

[0079] In an alternative embodiment, layer 790 is not used. In this case, when the
displacement element 770 is in the open position (i.e., displaced away from the membrane 755),
the membrane 755 may still be in contact with the valve seat 750, and thus significant fluid
pressure will be required to displace the membrane 755 and allow flow. In this case, it is
desirable for no bonding material or adhesive to be present on the valve seat 750 during
component fabrication.

[0080] The polymer sheets 775, 780, 785, 790, 795, 800, and/or other appropriate layers
constituting the substrate 710, may be prefabricated with thin layers of adhesive on one or both
of their sides. Optionally, stand-alone layers of adhesive may be patterned and aligned with the
polymer sheets 775, 780, 785, 790, 795, 800 and stacked prior to the bonding step(s). In one
embodiment, the bonding of the layers of the substrate 710 may include a high-temperature,
high-pressure adhesive-bonding and curing step.

[0081] As described, the compliant membrane valve systems 700 provide several advantages
and have many applications. For example, by using a screw or other manually-actuated axial
displacement element 770 to displace the membrane 755, a simple means of manually or
automatically controlling fluid flow within a microfluidic system is achieved. In addition,

compliant membrane valve systems 700 may be configured to provide both recirculating flow
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and/or loading and venting flow for a microfluidic system, such as the microfluidic system of
FIG. 3A.

[0082] In some embodiments of the invention, the compliant membrane-based fluidic control
elements are very small. For example, the five-valve manifold 600 depicted in FIGS. 6A and 6B
may have a size of approximately 1 cm by 1 cm by 3 mm, or less. In addition, the valves may be
integrated on a single substrate with other microfluidic elements and, as such, connecting a valve
to these other elements avoids the need for macroscale connectors. Thus, leakage through, and
dead volume in, these elements are avoided. Moreover, because of the large number of valves
that may be implemented within a small volume, a wide variety of fluid routing functions may be
easily achieved. In contrast, prior valve systems known in the art typically become bulky and
unwieldy as the number of valves becomes large.

[0083] As described herein, a microfluidic device that includes a compliant membrane may
be used to provide both capacitive fluid control and a valve function for a fluidic system. In
addition, a plurality of microfluidic devices, incorporating various functions of the invention
described herein, may be used within a microfluidic system, as required. For example, a
microfluidic system may include one or more compliant membrane-based capacitive elements
and/or one or more compliant membrane-based valves.

[0084] Having described certain embodiments of the invention, it will be apparent to those of
ordinary skill in the art that other embodiments incorporating the concepts disclosed herein may
be used without departing from the spirit and scope of the invention. Accordingly, the described
embodiments are to be considered in all respects as only illustrative and not restrictive.

[008S] What is claimed is:
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Claims

1. A capacitive element for a microfluidic device, comprising:

a substrate defining a flow-control cavity;

a compliant membrane, surrounding at least a portion of the flow-control cavity, for
capacitively regulating fluid flow through the flow-control cavity; and

a bypass structure for allowing the fluid to flow through the flow-control cavity when the

compliant membrane is in a collapsed position.
2. The capacitive element of claim 1, wherein the substrate comprises a plurality of layers.

3. The capacitive element of claim 2, wherein at least one of the plurality of layers comprises a

laminated plastic.

4. The capacitive element of claim 1, wherein the compliant membrane comprises at least one of

a multi-layered structure or a composite structure.
5. The capacitive element of claim 1, wherein the compliant membrane comprises a polymer.

6. The capacitive element of claim 1, wherein the compliant membrane comprises a layer

exhibiting at least one of a low vapor permeability or a low gas permeability.

7. The capacitive element of claim 1 further comprising an external fluid connection element

having fine-bore tubing.
8. The capacitive element of claim 1 further comprising a displacement element.

9. The capacitive element of claim 8, wherein the displacement element limits the outward

displacement of the compliant membrane away from the flow-control cavity.

10. The capacitive element of claim 8, wherein the displacement element comprises a threaded

element.

11. The capacitive element of claim 10, wherein the substrate comprises a plate with a threaded
hole formed therethrough, and wherein the displacement element is positioned in the threaded

hole.

12. The capacitive element of claim 8, wherein the displacement element is manually actuable.
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13. A microfluidic device, comprising:

a discharge line;

a pump for discharging and retracting fluid through the discharge line; and

a capacitive element for modifying fluid flow through the discharge line, the capacitive
element comprising a compliant membrane that surrounds at least a portion of a cavity formed in

the capacitive element.

14. The microfluidic device of claim 13, wherein the capacitive element further comprises a
bypass structure for allowing fluid to flow through the capacitive element when the compliant

membrane is in a collapsed position.

15. The microfluidic device of claim 13, wherein the capacitive element further comprises a
displacement-limiting element for limiting an outward displacement of the compliant membrane

away from the flow-control cavity.
16. The microfluidic device of claim 13 further comprising a valve manifold.

17. The microfluidic device of claim 13, wherein the microfluidic device is a reciprocating drug

delivery device for regulating a drug dosage delivered to a patient.

18. A microfluidic valve system, comprising:

a substrate having first and second channels embedded therein;

a valve seat in fluid communication with the first and second channels;

a compliant membrane; and

a mechanically actuable displacement element for applying a mechanical force to the
compliant membrane to bring the compliant membrane into sealable contact with the valve seat,

thereby closing the valve system.

19. The valve system of claim 18, wherein the substrate comprises a plate with a threaded hole

formed therethrough, and wherein the displacement element is positioned in the threaded hole.
20. The valve system of claim 18, wherein the displacement element is manually actuable.

21. The valve system of claim 18, wherein the displacement element comprises a threaded

element.

22. The valve system of claim 18, wherein the displacement element comprises a bistable

spring-loaded element.
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23. The valve system of claim 18 further comprising an external fluid connection element

having fine-bore tubing.

24. A method of controlling fluid flow within a microfluidic device, the method comprising:
a) passing fluid through a microfluidic device comprising a compliant membrane and a
bypass channel; and
b) capacitively displacing at least a portion of the compliant membrane to control a rate

of fluid flow through the microfluidic device.

25. The method of claim 24 further comprising limiting an outward displacement of the

compliant membrane away from the flow-control cavity.
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