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Phase-Change Valve Apparatuses

TECHNICAL FIELD

The invention relates generally to valves for controlling fluid flow and, in

particular, to valves for microfluidic devices.
BACKGROUND ART

Developments in miniaturization and large-scale integration in fluidics
have led to the concept of creating an entire chemistry or biology laboratory on
a fluidic analog of the electronic microchip. Such integrated microfluidic devices
(known as Micro Total Analysis Systems, or uTAS) are seen as key to
automating and reducing costs in many biological analysis applications,
including genetic analyses and medical diagnostics. Devices for these
applications have been fabricated by etching small glass plates or silicon chips
or by injection molding or by hot embossing of either hard or soft polymeric
materials. Producing reliable valves has proven to be problematic with all of
these devices.

Traditional fluid valves operate by moving solid bbjects to obstruct the
flow path. This requires sealing against a valve seat, and often leads to
complicated geometries. In etched solid chips, the valves tend to be very
complicated, requiring multiple etching and deposition steps, and such valves
suffer from a tendency to leak. Valves are easier to make in soft materials but,
typically, they have been actuated only by pneumatic pressure. While this
method has been shown to work for some applications, there are issues with the

large number of pneumatic control lines required for large-scale integrated
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UTAS devices, as well as with concerns about leakage and the limitations on
operating pressure. In addition, this is a normally open valve and can be kept
closed only with the continuous application of external pneumatic pressure.

An alternative to moving a solid object to obstruct the flow is to use a
phase-change material. A warm liquid is injected into a flow channel where it
cools and solidifies, blocking the channel. The channel is reopened by heating
and melting the phase-change material. A challenge with this type of valve is
providing a source and a sink for the phase-change material. The methods
proposed to date include injecting the phase change material from a side
channel to close a channel, and letting it collect in a trap downstream of the
valve after it is melted to open the channel. A problem with this method is that
the phase-change material is used only once before being discarded making it
difficult to fabricate multiple-use valves. Another problem is that it is difficult to
ensure that all the phasé—change material is trapped downstream of the valve,
leading to the possibility that solid particles of phase-change material will flow
through the rest of the microfluidic device contaminating samples or blocking
flow channels.

A valve that avoids some of these problems is the Peltier-actuated valve,
in which a phase change is induced in the working fluid itself. This valve is
actuated by running an electric current through a Peltier junction adjacent to the
fluid flow path. The Peltier junction cools the fluid sufficiently to freeze it. The
valve is opened by reversing the current in the Peltier junction to heat the fluid.
In a valve operating on this principle there is no contamination problem because
the plug is formed from the very fluid the valve is meant to block. When the
valve is opened the working fluid is restored to its original liquid state. However,
as with the pneumatic valve, this valve also suffers from the drawback of being
normally open; power is required to maintain the valve in a closed position. The
Peltier-actuated valve is therefore not useful for applications where a flow
channel needs to remain closed for extended periods, or in a power-off

condition.
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Thus, there remains a need for a bi-stable phase-change valve that can
remain in either the open or closed position, and in which there is a very low

probability of the phase-change material being lost from the valve.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1 and 2 show an example embodiment of a valve apparatus in its
open and closed configurations, respectively;

FIGs. 3 and 4 show an example embodiment of a valve apparatus,
including a pumping mechanism with an expansion contro! fluid, in its open and
closed configurations, respectively;

FIG. 5 shows an example embodiment of a valve apparatus, including a
pump mechanism with multiple heating/cooling elements, in its closed
configuration;

FIGs. 6A-61 show an example sequence of steps that can be used to open
the valve apparatus of FIG. 5;

FIGs. 7A-7D show an example of alternate steps that can be used to close
the valve apparatus of FIG. 5;

FIGs. 8 and 9 show an example embodiment of a valve apparatus,
including a pumping mechanism with a wick material, in its closed and open
configurations, respectively,

FIGs. 10 and 11 show an example embodiment of a valve apparatus, with
a Peltier-actuated valve in series with a bi-stable valve, in its open and closed
configurations, respectively;

FIGs. 12 and 13 show an example embodiment of a valve apparatus,
including a pumping mechanism with microchannels, in its closed and open
configurations, respectively;

FIGs. 14A and 14B show an example embodiment of a valve apparatus,
including a pumping mechanism with a flexible diaphragm, in its open
configuration;

FIGs. 15A and 15B show the valve apparatus of FIGs. 14A and 14B in its

closed configuration;
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FIGs. 16A and 16B show an example embodiment of a valve apparatus,
including a pumping mechanism with a fiexible diaphragm, in its closed
configuration; and

FIGs. 17A and 17B show the valve apparatus of FIGs. 16A and 16B in its

open configuration.

DISCLOSURE OF INVENTION

According to various embodiments of the present invention, an
electrically actuated bi-stable valve (e.g., microvalve) uses a phase-change
control fluid to alternately block and unblock the flow of a working fluid through
the valve. The control fluid is introduced from a side channel, and is pumped
into or out of a main flow channel when the control fluid is in a liquid state.
Referring to FIG. 1, in an example embodiment, a valve apparatus 100 (shown
in its open state) includes a substrate 102 in which are formed a main flow
channel 104, a control channel 106 and a reservoir 108 as shown. In this
example embodiment, the main flow channel 104 traverses the valve apparatus
100 in a straight, horizontal path, and the control channel 106 provides a path
from a junction 110 (between the main flow channel 104 and the control channel
106) to the reservoir 108. In this example, the valve apparatus 100 includes a
bi-phase material 112, which is substantially or completely contained within the
reservoir 108 and the control channel 106 when the valve apparatus 100 is in its
open state. The bi-phase material 112 is a substance that melts at a
temperature above the normal ambient temperature of the valve apparatus 100.
In this example embodiment, the valve apparatus 100 includes a heater 114
positioned such that it can heat the entire reservoir 108, as well as the control
channel 106 and a portion of the main flow channel 104 to a temperature above
the melting point of the bi-phase material 112. By way of example, the heater
114 can be a simple resistance heater, in which case the heat dissipates by
conduction to the environment after the heater 114 is turned off, allowing the bi-
phase material 112 to re-solidify. Alternatively, the heater 114 can be a Peltier
junction, in which case, the bi-phase material 112 can be cooled and solidified
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by reversing the current and operating the Peltier junction as a cooler. In this
example embodiment, the valve apparatus 100 includes a pump mechanism
(not shown in this figure) for pumping the bi-phase material 112 into or out of the
junction 110.

When the valve apparatus 100 is in its open state, the bi-phase material
112 is solid, and does not block the main flow channel 104. In order to close
the valve apparatus 100, the entire region occupied by the bi-phase material
112, as well as the junction 110, is heated to a temperature above the melting
point of the bi-phase material 112. After changing phase into a "control fluid",
the bi-phase material 112 is then pumped toward the main flow channel 104
until the bi-phase material 112 completely fills the junction 110 between the two
channels 104 and 106 and possibly some additional portion of the main flow
channel 104. The heater 114 is then turned off and the bi-phase material 112 is
allowed to solidify. Referring to FIG. 2, flow of a working fluid (not shown)
through the valve apparatus 100 is blocked by a solid plug 116 of the bi-phase
material 112, and the valve apparatus 100 is thus in a closed state. In either the
open or closed state, the bi-phase material 112 is normally solid; it is heated to
its melting point only for the purpose of switching the state of the valve
apparatus 100. To reopen the valve apparatus 100, the heater 114 is again
used to melt the bi-phase material 112. Once again as a "control fluid", the bi-
phase material 112 is then pumped back into the reservoir 108, and again
allowed to cool and solidify. The valve apparatus 100 is thus restored to the
open configuration (FIG. 1). The valve apparatus 100 can be repeatedly cycled
with the application of power, but no power is required to maintain the valve
apparatus 100 in either the open or closed state. Provided no bi-phase material
112 is lost during cycling, there is no fundamental limit to the number of times
the valve apparatus 100 can be cycled.

In various embodiments, valve apparatuses are configured in a manner
suitable for Micro-Electro-Mechanical Systems (MEMS). By way of example,
the main flow channel 104 and the control channel 106 are etched on glass, or
molded into a plastic material. In an example embodiment, the main flow

channel 104 and the control channel 106 have cross-sectional areas of
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approximately 10 micron?. In various embodiments, the main flow channel 104
and the control channel 106 have cross-sectional dimensions of approximately 1
micron - 1 mm, and the control channel 106 has a length of approximately 1-10
mm.

A number of methods for pumping the control fluid into and out of the
junction can be used. For example, electromechanical, electroosmotic, and
thermopneumatic pumping processes can be used; however, they add
unnecessary complexity to the valve. Another possibility is to use a ferrofluid as
the control fluid, pumping it with magnetic fields. Again, however, complexity is
an issue.

The complexity of these pumping techniques can be avoided by using
expansion and contraction of a second control fluid to pump the first control fluid
so that it will open and close the channel. Referring to FIG. 3, a valve apparatus
300 (similar to the valve apparatus 100) includes an expansion control fluid 302,
with its own heating/cooling element 304. The expansion control fluid 302 is in
contact with the bi-phase material 112 and undergoes expansion and
contraction due to temperature changes brought about by the heating/cooling
element 304. The expansion control fluid 302 is in contact with the bi-phase
material 112 and alternately pushes or pulls the bi-phase material 112 as it
expands or contracts, respectively. In FIG. 3, the valve apparatus 300 is shown
in an open configuration. The valve apparatus 300 can be closed (as illustrated
in FIG. 4) according to the following sequence of steps: the bi-phase material
112 is heated to melt into a phase-change control fluid; the expansion control
fluid 302 is heated, causing it to expand and push the bi-phase material 112 into
the main flow channel 104; the bi-phase material 112 is cooled and solidified;
and heat is removed from the expansion control fluid 302. In the last step, the
expansion control fluid 302 will tend to contract, but because the bi-phase
material 112 is now solid, the expansion control fluid 302 will not cause the
valve apparatus 300 to re-open.

Starting with the closed configuration shown in FIG. 4, the valve
apparatus 300 can be opened according to the following sequence of steps: the
bi-phase material 112 is heated to melting; the expansion control fluid 302 is
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cooled, causing it to contract and pull the bi-phase material 112 out of the main
flow channel 104: the bi-phase material 112 is cooled and solidified; and the
temperature of the expansion control fluid 302 is allowed to come to equilibrium.
In the last step, the expansion control fluid 302 will tend to expand, but because
the bi-phase material 112 is now solid, the expansion control fluid 302 will not
cause the valve apparatus 300 to re-close. The valve apparatus 300 has now
been restored to the open configuration shown in FIG. 3.

In an example embodiment, the expansion control fluid 302 is immiscible
with the bi-phase material 112. By way of example, the bi-phase material 112
can be a paraffin wax, and the expansion control fluid 302 can be water. Near
room temperature, water expands about 250 parts per million per degree
Celsius. The temperature of the water could easily be changed by 20°C during
valve cycling, so it would be necessary to have a volume of water equal to no
more than 200 times the required volume change. Other materials can be used
for the expansion control fluid 302. For example, methanol and ethanol each
have thermal expansion coefficients at room temperature that are about 6 times
greater than that of water, so the volume of fluid required would be 6 times less
to achieve the same volume change with the same temperature change.
Alternatively, the large volume change that occurs with the freezing of water can
be exploited. In this case, freezing causes an expansion of about 9 percent, so
the pumping can be accomplished with a volume of expansion control fluid only
11 times greater than the required volume change.

Referring to FIG. 5, in another example embodiment, a valve apparatus
500 uses the same fluid; to perform the functions of both the bi-phase material
112 and the expansion control fluid 302 as described with reference to the
previous embodiment. In this example embodiment, the control channel 106 is
closed as shown and filled with a sufficient amount of the bi-phase material 112
to completely fill the junction 110 between the main flow channel 104 and the
control channel 106 when the bi-phase material 112 is in a liquid state. The
valve apparatus 500 includes a plurality of heating/cooling elements 304
arrayed along the control channel 106, and an additional heating/cooling
element 502 adjacent to the junction 110. In FIG. 5, all of the heating/cooling
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elements are hot, and the bi-phase material 112 is in a liquid state. Depending
on the sequence in which the heating/cooling elements are turned off, the
control fluid will solidify in a position either blocking or not blocking the main flow
channel 104. This is illustrated in FIGs. 6A-6l and 7A-7D. In FIG. 6A, the valve
apparatus 500 is in the same configuration as shown in FIG. 5. In FIG. 6B, the
heating/cooling element 304 closest to the closed end of the control channel
106 is switched to cool and solidifies the bi-phase material 112 in that section of
the control channel 106. With the notable exception of water, almost all fluids
contract on freezing. A typical paraffin wax, for example, will contract about 2-3
percent on freezing. When the portion of the bi-phase material 112 at the
extremity of the control channel 106 solidifies, it will contract, drawing some of
the liquid back from the junction 110 between the two channels. In FIG. 6C, the
next heating/cooling element 304 is switched to cool and solidifies the control
fluid adjacent thereto. This draws a little more of the control fluid out of the
junction 110 between the channels. Referring to FIGs. 6D-6G, by freezing the
remainder of the control fluid in a stepwise fashion working from the closed end
of the control channel 106 toward the junction 110, the control fluid in the
junction 110 will be gradually be drawn out. In FIG. 6H, the control fluid has
been completely drawn out of the junction 110, and only a small portion of it
remains in a liquid phase. In FIG. 61, the heating/cooling element 502 under the
junction 110 is switched to cool the control fluid, and the last of the bi-phase
material 112 that is liquid becomes solid. The valve apparatus 500 is now
stable in the open position with no application of power. The valve apparatus
500 can be restored to the configuration of FIG. 5 simply by switching all the
heating/cooling elements to melt the bi-phase material 112; upon melting, the
bi-phase material 112 will again expand and fill the junction 110 between the
channels.

Referring to FIGs. 7A-7D, the heating/cooling elements are cycled in a
different sequence. FIG. 7A shows the configuration of FIG. 5. In FIG. 7B, the
heating/cooling element 502 under the junction 110 is switched to cool the
control fluid. The fluid in the junction 110 solidifies in place, blocking the flow in
the main flow channel 104. In FIG. 7C, the next heating/cooling element 304
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out from the junction 110 is then switched to cool, solidifying another portion of
the control fluid. The bi-phase material 112 in the junction 110 is already solid,
so it does not move and the main flow channel 104 remains blocked. Instead,
control fluid is drawn from the closed end of the control channel 106.
Depending on the deformability of the channel walls, it may be advantageous to
include a small spring-loaded diaphragm near the closed end of the control
channel 106 to accommodate the contraction of the control fluid. The other
heating/cooling elements 304 are then switched in succession, working outward
from the junction 110 toward the closed end of the control channel 106 until the
configuration shown in FIG. 7D is reached. Here the valve apparatus 500 is
stable in the closed position with no application of power. The valve apparatus
500 can be restored to the configuration of FIG. 5 simply by switching all the
heating/cooling elements to melt the control fluid; upon melting, the bi-phase
material 112 will again expand and fill the junction 110 between the channels.

Thus, in an example embodiment, a valve apparatus includes a substrate,
a main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, a heating element
adjacent the control channel and the junction, the heating element being
controllable to generate sufficient energy to cause the bi-phase material to
transition from a solid phase to a liquid phase, and a pumping mechanism for
selectively forcing the bi-phase material either into or out of the junction when the
bi-phase material is in the liquid phase, thereby providing a bi-stable, phase-
change valve.

In another example embodiment, a valve apparatus includes a substrate, a
main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, an expansion control fluid
adjacent the bi-phase material, a first temperature control element adjacent the
control channel and the junction, the first temperature control element being
controliable over a temperature range including a melting temperature of the bi-

phase material, and a second temperature control element adjacent the control
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channel, the second temperature control element being controllable to either
expand or contract the expansion control fluid when the bi-phase material is in a
liquid phase to pump the bi-phase material into or out of the junction, thereby
providing a bi-stable, phase-change valve. 4

In another example embodiment, a valve apparatus includes a substrate, a
main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, a first temperature control
element adjacent the control channel and the junction, and one or more additional
temperature control elements positioned in an array along the control channel
further away from the junction than the first temperature control element. The first
temperature control element and the one or more additional temperature control
elements are each selectively controllable over a temperature range including a
melting temperature of the bi-phase material to pump the bi-phase material, when
the bi-phase material is in a liquid phase, into or out of the junction, thereby
providing a bi-stable, phase-change valve. ‘

In various embodiments, valve apparatuses are configured such that they
remain closed until actuated, and then switch to an open position and remain
there. By way of example, such "single use" valve apparatuses can be used to
seal fluids into a closed volume (e.g., storage of fluids on a microfluidic device)
for long periods of time. Referring to FIG. 8, in an example embodiment, a
valve apparatus 800 (similar to the valve apparatus 100) includes an end
volume 802 filled with a porous material 804 (e.g., a wick) that is easily wetted
by bi-phase material 112 in the liquid phase. In this valve, the bi-phase material
112 is initially provided in a solidified form that blocks the junction 110 between
the main flow channel 104 and the control channel 106. The bi-phase material
112, in its initial solid phase, also fills the control channel 106 except for the end
volume 802. The valve apparatus 800 is actuated by heating the bi-phase
material 112. When the bi-phase material 112 is liquefied, it is pulled by wicking
action into the end volume 802 at the end of the control channel 106, and
thereby drawn out of the main flow channel 104. The heating/cooling element
502 is then switched to cool the control fluid, which then solidifies in the
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configuration shown in FIG. 9. The valve apparatus 800 is open in this
configuration, and working fluid is free to pass through the main flow channel
104.

Thus, in an example embodiment, a valve apparatus includes a substrate,
a main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, a heating element
adjacent the control channel and the junction, the heating element being
controllable to generate sufficient energy to cause the bi-phase material to
transition from a solid phase to a liquid phase, and a mechanism for wicking the
bi-phase material out of the junction when the bi-phase material is in the liquid
phase, thereby providing a single-use, phase-change valve.

In a variation on this valve, the porous material is replaced by a plurality
of microchannels significantly smaller than the control channel. By way of
example, and referring to FIG. 12, a valve apparatus 1200 (similar to the valve
apparatus 100) includes a plurality of microchannels 1202 positioned within the
control channel 106. The microchannels are initially empty of the bi-phase
material 112. When the valve apparatus 1200 is heated to melt the bi-phase
material 112, the resulting control fluid flows into the microchannels 1202 by
capillary action, drawing the control fluid out of the main flow channel 104. The
heating/cooling element 502 is then turned off, leaving the valve apparatus 1200
in the open configuration shown in FIG. 13.

Thus, in an example embodiment, a valve apparatus includes a substrate,
a main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, a heating element
adjacent to the control channel and the junction, the heating element being
controllable to generate sufficient energy to cause the bi-phase material to
transition from a solid phase to a liquid phase, and a capillary action mechanism
for drawing the bi-phase material out of the junction when the bi-phase material is

in the liquid phase, thereby providing a single-use, phase-change valve.
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In various embodiments, a single-use bi-stable valve apparatus is initially
open. In such embodiments, application of power causes the valve apparatus
to close, and it remains closed after the power is turned off. By way of example,
and referring to FIGs. 14A and 14B, a valve apparatus 1400 includes a control
volume 1402, at least one side of which is closed by a flexible diaphragm 1404
(e.g., a spring-loaded metal diaphragm), and a cover layer 1406. The control
channel 106 leads to the control volume 1402 which are both filled with the bi-
phase material 112. However, the junction 110 is not filled, and working fluid is
free to flow through the valve apparatus 1400. More specifically, the control
volume 1402 is filled to the point where the flexible diaphragm 1404 is pushed
outward (FIG. 14B), under stress, resulting in the control volume 1402 being
larger than it would be in a relaxed state. Because the bi-phase material 112 is
solid, the flexible diaphragm 1404 is unable to move toward its relaxed state
and stays in the pushed outward position. The valve apparatus 1400 is
actuated by heating the control volume 1402, the control channel 106, and the
junction 110 td a temperature above the melting point of the bi-phase material
112. The diaphragm 1404 then relaxes, decreasing the size of the control
volume 1402, and causing the fluid to flow into the junction 110. The
heating/cooling element 502 is then switched to cool causing the control fluid to
solidify. The valve apparatus 1400 is now stable in the closed position, as
shown in FIGs. 15A and 15B, with no further requirement for application of
power.

Thus, in an example embodiment, a valve apparatus includes a substrate,
a main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, a heating element
adjacent to the control channel and the junction, the heating element being
controllable to generate sufficient energy to cause the bi-phase material to
transition from a solid phase to a liquid phase, and a flexible diaphragm adjacent
to the bi-phase material, the flexible diaphragm being biased to push the bi-phase
material into the junction when the bi-phase material is in the liquid phase, thereby

providing a single-use, phase-change valve.
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A similar pumping methodology can be applied to making a single-use bi-
stable valve apparatus this is initially closed. By way of example, and referring
to FIGs. 16A and 16B, a valve apparatus 1600 (similar to the valve apparatus
1400) includes a control volume 1402, at least one side of which is closed by a
flexible diaphragm 1404 (e.g., a spring-loaded metal diaphragm), and a cover
layer 1406. In this example embodiment, the bi-phase material 112 initially fills
the control volume 1402, the control channel 106, and the junction 110 such
that flow of working fluid through the main flow channel 104 is blocked. In this
example embodiment, the control volume 1402 is under filled, with the
diaphragm being deflected inward against a spring load. When power is applied
to heat and melt the bi-phase material 112, the diaphragm 1404 relaxes,
causing the control volume 1402 to increase, and pulling the control fluid out of
the main flow channel 104. PoWer is then switched to cool and solidify the
control fluid, leaving the valve apparatus 1600 in the configuration shown in
FIGs 17A and 17B, where the working fluid is free to flow.

Thus, in an example embodiment, a valve apparatus includes a substrate,
a main flow channel formed in the substrate, a control channel formed in the
substrate such that the main flow channel and the control channel meet at a
junction, a bi-phase material within the control channel, a heating element
adjacent to the control channel and the junction, the heating element being
controllable to generate sufficient energy to cause the bi-phase material to
transition from a solid phase to a liquid phase, and a flexible diaphragm adjacent
to the bi-phase material, the flexible diaphragm being biased to pull the bi-phase
material out of the junction when the bi-phase material is in the liquid phase,
thereby providing a single-use, phase-change valve.

In each of the previously described embodiments, valve switching
involves changing the bi-phase material 112 to the liquid phase, which
potentially could get washed downstream in the main flow channel 104. This
can be a problem if there are places downstream in the system where particles
of solid bi-phase material 112 might block small flow channels, or might interfere
with a chemical or biological process or analysis. Loss of control fluid is likely if

there is any flow through the valve while it is being cycled. In various
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embodiments, this potential problem is addressed by providing the valve
apparatus with a second valve, of another type, in series with the bi-stable
valve. This makes it possible to ensure that there is no pressure drop and no
flow in the bi-stable valve when it is being cycled. By way of example, and
referring to FIG. 10, a valve apparatus 1000 (similar to the valve apparatus 100)
includes a Peltier-actuated valve 1002 in series with the bi-stable valve. In this
figure, the bi-stable valve is in the open configuration. To close the bi-stable
valve, power is first applied to close the Peltier-actuated valve 1002. This stops
all flow in the system. The bi-stable valve is then cycled as describe above.
After the control fluid has solidified, the Peltier-actuated valve 1002 can be
tuned off. This reconfigures the valve apparatus 1000 to the closed
configuration shown in FIG. 11. The valve apparatus 1000 is stable in the
closed position with no power being applied. To reopen the valve apparatus
1000, power is again applied first to close the Peltier-actuated valve 1002. This
ensures that there is no pressure drop across the bi-stable valve. The bi-stable
valve is then cycled as described above, without concern that there will be a
sudden rush of the working fluid that might wash some of the control fluid
downstream. After the bi-stable valve has completed cycling and the control
fluid is solidified, the Peltier-actuated valve 1002 can be turned off, allowing the
fluid to flow. The Peltier-actuated valve 1002 can be combined with any bi-
stable valve including but not limited to the embodiments described above.
Although the present invention has been described in terms of the example
embodiments above, numerous modifications  and/or additions to the above-
described embodiments would be readily apparent to one skilled in the art. It is
intended that the scope of the present invention extend to all such modifications

and/or additions.
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CLAIMS

| claim:

1. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel;

a heating element adjacent to the control channel and the junction, the
heating element being controllable to generate sufficient energy to cause the bi-
phase material to transition from a solid phase o a liquid phase; and

pumping means for selectively forcing the bi-phase material either into or
out of the junction when the bi-phase material is in the liquid phase, thereby

providing a bi-stable, phase-change valve.

2. The valve apparatus of claim 1, wherein the bi-phase material is a
paraffin wax.

3. The valve apparatus of claim 1, wherein the pumping means
includes:

an expansion control fluid adjacent the bi-phase material, and
a heating/cooling element adjacent to the expansion control fluid, the
heating/cooling element being controllable to transfer energy such that a volume

of the expansion control fluid is either increased or decreased.

4, The valve apparatus of claim 3, wherein the expansion control fluid
is water.
5. The valve apparatus of claim 3, wherein the expansion control fluid

is ethanol.
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6. The valve apparatus of claim 3, wherein the expansion control fluid
is methanol.
7. The valve apparatus of claim 1, wherein the pumping means
includes:

one or more heating/cooling elements positioned along the control channel,
the heating/cooling elements being selectively controllable to control temperatures

at different portions of the control channel.

8. The valve apparatus of claim 1, further comprising:
an additional valve of a different type, in series with the bi-stable, phase

change valve.

9. The valve apparatus of claim 7, wherein the additional valve is a

Peltier-actuated valve.

10. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel;

an expansion control fluid adjacent the bi-phase material;

a first temperature control element adjacent to the control channel and the
junction, the first temperature control element being controllable over a
temperature range including a melting temperature of the bi-phase material; and

a second temperature control element adjacent the control channel, the
second temperature control element being controllable to either expand or
contract the expansion control fluid when the bi-phase material is in a liquid phase
to pump the bi-phase material into or out of the junction, thereby providing a bi-

stable, phase-change valve.
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11.  The valve apparatus of claim 10, wherein the bi-phase material is a

paraffin wax.

12.  The valve apparatus of claim 10, wherein the expansion control fluid

is water.

13.  The valve apparatus of claim 10, wherein the expansion control fluid

is ethanol.

14.  The valve apparatus of claim 10, wherein the expansion control fluid

is methanol.

15.  The valve apparatus of claim 10, further comprising:
an additional valve of a different type, in series with the bi-stable, phase

change valve.

16. The valve apparatus of claim 15, wherein the additional valve is a

Peltier-actuated valve.

17. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel;

a first temperature control element adjacent to the control channel and the
junction; and

one or more additional temperature control elements positioned in an array
along the control channel further away from the junction than the first temperature
control element;

the first temperature control element and the one or more additional

temperature control elements each being selectively controllable over a
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temperature range including a melting temperature of the bi-phase material to
pump the bi-phase material, when the bi-phase material is in a liquid phase, into or

out of the junction, thereby providing a bi-stable, phase-change valve.

18.  The valve apparatus of claim 17, wherein the bi-phase material is a

paraffin wax.

19.  The valve apparatus of claim 18, further comprising:
an additional valve of a different type, in series with the bi-stable, phase

change valve.

20. The valve apparatus of claim 19, wherein the additional valve is a

Peltier-actuated valve.

21. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel;

a heating element adjacent the control channel and the junction, the
heating element being controllable to generate sufficient energy to cause the bi-
phase material to transition from a solid phase to a liquid phase; and

means for wicking the bi-phase material out of the junction when the bi-
phase material is in the liquid phase, thereby providing a single-use, phase-

change valve.

22.  The valve apparatus of claim 21, wherein the bi-phase material is a

paraffin wax.

23.  The valve apparatus of claim 21, wherein the means for wicking

includes:
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a reservoir adjacent to the control channel; and

a porous material within the reservoir.

24. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel;

a heating element adjacent to the control channe! and the junction, the

| heating element being controllable to generate sufficient energy to cause the bi-

phase material to transition from a solid phase to a liquid phase; and
capillary action means for drawing the bi-phase material out of the junction
when the bi-phase material is in the liquid phase, thereby providing a single-use,

phase-change valve.

25.  The valve apparatus of claim 24, wherein the bi-phase material is a

paraffin wax.

26. The valve apparatus of claim 24, wherein the capillary action means
includes:
a reservoir adjacent to the control channel; and

a microchannels within the reservoir.

27. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel;
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a heating element adjacent to the control channel and the junction, the
heating element being controllable to generate sufficient energy to cause the bi-
phase material to transition from a solid phase to a liquid phase; and

a flexible diaphragm adjacent to the bi-phase material, the flexible
diaphragm being biased to push the bi-phase material into the junction when the
bi-phase material is in the liquid phase, thereby providing a single-use, phase-

change valve.

28.  The valve apparatus of claim 27, wherein the bi-phase material is a

paraffin wax.

29.  The valve apparatus of claim 27, wherein the flexible diaphragm is

made of metal.

30. A valve apparatus comprising:

a substrate;

a main flow channel formed in the substrate;

a control channel formed in the substrate such that the main flow channel
and the control channel meet at a junction;

a bi-phase material within the control channel

a heating element adjacent to the control channel and the junction, the
heating element being controllable to generate sufficient energy to cause the bi-
phase material to transition from a solid phase to a liquid phase; and

a flexible diaphragm adjacent to the bi-phase material, the flexible
diaphragm being biased to pull the bi-phase material out of the junction when the
bi-phase material is in the liquid phase, thereby providing a single-use, phase-

change valve.

31.  The valve apparatus of claim 30, wherein the bi-phase material is a

paraffin wax.
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32.  The valve apparatus of claim 30, wherein the fiexible diaphragm is

made of metal.
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