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PUMPS WITH DIAPHRAGMS BONDED AS
BELLOWS

BACKGROUND

[0001]FIELD OF THE INVENTION

[0002] The present invention pertains to pumps which employ a diaphragm.

[0003]RELATED ART AND OTHER CONSIDERATIONS

[0004] Diaphragm-type pumps typically comprise a pumping chamber defined by a
diaphragm and a relatively rigid or stationary housing or enclosure in which the
diaphragm is mounted. Fluid acted upon by the diaphragm is admitted into the
pumping chamber through an inlet valve and exits the pumping chamber via an outlet
valve. Although a central portion of the diaphragm moves in the pumping chamber, the
diaphragm is clasped essentially entirely around its edge or periphery by the housing
and usually retained in the stationary housing by some sort of flexible yet fluid-tight
seal. Various means for clasping the diaphragm in the housing have been used, such as

(for example) gaskets, O-rings, and adhesives.

[0005] Examples of pumps with an edge-clamped piezoelectric diaphragm are shown in
PCT Patent Application PCT/US01/28947, filed 14 September 2001; United States
Patent Application Serial Number 10/380,547, filed March 17, 2003, entitled
“Piezoelectric Actuator and Pump Using Same”; United States Patent Application
Serial Number 10/380,589, filed March 17, 2003, entitled “Piezoelectric Actuator and
Pump Using Same”, all of which are incorporated herein by reference.

[0006] In such pumps, whether utilizing piezoelectric or other types of diaphragms, the
seal allows at least a central portion of the diaphragm to move laterally, while holding
the periphery of the diaphragm somewhat rigidly longitudinally. The rigid mounting of
the edge of diaphragm by the housing has an undesirable side effect of constricting the
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pumping motion performed by the diaphragm. It is estimated that some current pump
designs with edge-engagement of the diaphragm constrict the motion of the diaphragm
by as much as 30% to 50%, thereby limiting volumetric displacement per pump stroke.

[0007] What is needed, and an object of the present invention, is apparatus, method,

and/or technique for operating a diaphragm pump without the undue constriction of the
diaphragm.

BRIEF SUMMARY

[0008] A pump comprises a diaphragm assembly which includes a first diaphragm
having a first diaphragm edge and a second diaphragm having a second diaphragm
edge. The first diaphragm edge and the second diaphragm edge are bonded together so
that a bellows chamber is formed between the first diaphragm and the second
diaphragm. At least one and possibly both of the first diaphragm and the second
diaphragm is a piezoelectric diaphragm which displaces in accordance with application
of an electrical signal. A driver applies the electrical signal to whichever of the first
diaphragm and the second diaphragm is the piezoelectric diaphragm (or to both the first
diaphragm and the second diaphragm when both are piezoelectric diaphragms) for
causing the first diaphragm and the second diaphragm to bow outwardly together and
thereby shrink in diameter for sucking the fluid into the bellows chamber, and for
causing the first diaphragm and the second diaphragm to flatten out and increase in
diameter for expelling the fluid from the bellows chamber.

[0009]1In a first example embodiment, an inlet port is formed in a central region of the
first diaphragm and an outlet port is formed in a central region of the second
diaphragm. The first diaphragm edge and the second diaphragm edge are essentially
bonded together entirely around their periphery, whereby the bellows chamber forms a
pumping chamber. Fluid is admitted into the pumping chamber through the inlet port
and expelled from the pumping chamber through the outlet port.

[00010] In an example implementation of the first embodiment, an inlet valve is

provided at the inlet port and an outlet valve is provided at the outlet port. The inlet
valve has an inlet valve seat which is carried by the first diaphragm, so that the inlet
valve is driven closed on a suction stroke of the pump but is driven open on a pump
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stroke. The outlet valve has an outlet valve seat which is carried by the second
diaphragm so that the outlet valve is driven open during the suction stroke but driven
closed on the pump stroke.

[00011] In one example implementation of the first embodiment, a stationary pump
holder which serves to suspend the pump so that neither the first diaphragm nor the
second diaphragm contacts any diaphragm-restraining stationary structure and so that
both the inlet valve and outlet valve are unconstrained active valves. In a second
example implementation of the first embodiment, one of the inlet valve and the outlet
valve serves as a stationary mounting valve, so that neither the first diaphragm nor the
second diaphragm contacts any stationary structure except the mounting valve. In this
second example implementation, the mounting valve is a passive valve and the other

valve is an active valve.

[00012] In another implementation of the first embodiment, the inlet port and the outlet
port are axially offset with respect to a major axis of the first diaphragm and the second
diaphragm.

[00013] In yet another implementation of the first embodiment, the inlet port and the
outlet port are both formed on the first diaphragm. In such implementation, the second
diaphragm is preferably secured or connected to a stationary mounting structure, but the
first diaphragm does not contact any stationary structure.

[00014] In second and third example embodiments, the bellows chamber is auxiliary to
and communicates with a working chamber defined by a housing. In the second
example embodiment, the working chamber is a pumping chamber which has both an
inlet port and an outlet port. The diaphragm assembly has an aperture or opening
provided therein through which the bellows chamber communicates with the pumping
chamber. The aperture can be provided, for example, in bonding between the first
diaphragm edge and the second diaphragm edge. Action of the first diaphragm and the
second diaphragm generates a pressure waveform in the bellows chamber for
selectively causing impulsion of the fluid into the pumping chamber and expulsion of
the fluid from the pumping chamber.
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[00015] The pumping chamber of the second embodiment is stationary, with the first
diaphragm and the second diaphragm being suspended from the pumping chamber and
externally unconstrained. An inlet valve and an outlet valve are situated in the pumping
chamber. A distance separating the inlet valve and the outlet valve is selected to

enhance priming of the pump.

[00016] In the third example embodiment, which is a variation of the second example
embodiment, a housing defines a working chamber which serves as a pressure chamber.
The working chamber is in communication with the bellows chamber; the working
chamber at least partially encloses a flexible member. At least a portion of the interior
of the flexible member serves as the pumping chamber. Action of the first diaphragm
and the second diaphragm generates a pressure waveform in the bellows chamber and
in the pressure chamber. The pressure waveform selectively causes impulsion of the
fluid into a portion of the flexible member which serves as the pumping chamber and
expulsion of the fluid from the pumping chamber.

[00017] In a fourth example embodiment, a modular, cascadable pump component
comprises a first diaphragm having a first diaphragm edge; a second diaphragm having
a second diaphragm edge; with the first diaphragm edge and the second diaphragm
edge being bonded together so that a bellows chamber is formed between the first
diaphragm and the second diaphragm. The pump component is connectable to another
pump component via either an inlet port or an outlet port of a pumping chamber. In an
example implementation, at least one of the first diaphragm and the second diaphragm
is a piezoelectric diaphragm which displaces in accordance with application of an

electrical signal.

[00018] A pump system can be configured by cascading plural modular pump
components or sections of the fourth embodiment together. At least one of the modular
pump section comprises a first diaphragm having a first diaphragm edge; a second
diaphragm having a second diaphragm edge; with the first diaphragm edge and the
second diaphragm edge being bonded together so that a section pumping chamber is
formed between the first diaphragm and the second diaphragm. The pump section is
connectable to another pump section/component via either the inlet port or the outlet
port so that the section pumping chambers of the plural modular pump sections
communicate to form a composite pumping chamber. At least one of the first
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diaphragm and the second diaphragm is a piezoelectric diaphragm which displaces in
accordance with application of an electrical signal.

[00019] The modular pumping sections of the fourth embodiment are coupled together
to create a composite pumping chamber. In some implementations the pumping
chambers of the plural pumping sections can be directly cascaded so that the composite
pumping chamber is formed by the plural pumping chambers being in direct
communication. In other implementations, one or more valves can be placed in the
composite pumping chamber. For example, modular pumping sections having differing
volumes can form a composite pumping chamber, preferably having a valve
intermediately positioned therein, to form a two-stage compressor.

[00020] In a fifth example embodiment, a pumping system comprises a first pump
assembly connected to receive fluid from a first fluid source and to deliver the fluid
from the first fluid source, as well as a second pump assembly connected to receive
fluid from a second fluid source and to deliver the fluid from the second fluid source.
The delivery may be provided through separate fluid streams, or (optionally) to a
mixing device. At least one of the first pump assembly and the second pump assembly
comprises a first diaphragm having a first diaphragm edge; a second diaphragm having
a second diaphragm edge; the first diaphragm edge and the second diaphragm edge
being at least partially bonded together so that a bellows chamber is formed between
the first diaphragm and the second diaphragm. The pumping system further comprises
drive electronics for applying an electrical signal(s) to the piezoelectric diaphragm(s)
for operating the first pump assembly and the second pump assembly for providing the
fluid from the first fluid source and the fluid from the second fluid source to the mixing
device.

[00021] For some implementations of the pumping system of the fifth embodiment, and
in like manner as the second and third embodiments, either one or both of the first
pump assembly and the second pump assembly has a housing which either defines or
encloses a pumping chamber. The diaphragm assembly can have an aperture formed
therein to permit the bellows chamber to communicate with an interior of the housing,
and whereby action of the first diaphragm and the second diaphragm generates a
pressure waveform in the bellows chamber and in the interior of the housing for
selectively causing impulsion of the fluid through the inlet port into the pumping
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chamber and expulsion of the fluid from the pumping chamber through the outlet port.
In like manner as the second embodiment, the housing can define the pumping
chamber. Alternatively, as with the third embodiment, the housing can at least partially
enclose a flexible member, with an interior of the flexible member serving as a
pumping chamber. Action of the first diaphragm and the second diaphragm generates a
pressure waveform in the bellows chamber and in the pumping chamber for selectively
causing impulsion of the fluid into the pumping chamber and expulsion of the fluid

from the pumping chamber

[00022] In a first example implementation of the fifth embodiment, the drive
electronics supplies a signal for overdriving both the first pump assembly and the
second pump assembly. The pump system further comprises a physical constraint
member having a position selected to limit displacement of a diaphragm of one or both
the first pump assembly and the second pump assembly despite the pump assembly
being overdriven. The position of the physical constraint member may be adjustable,
e.g., the physical constraint may be adjustable such as, for example, an adjustable stop
member whose position is adjustable by setting of a thumb screw or the like.

[00023] In a second example implementation of the fifth embodiment, the drive
electronics applies a first electrical signal to the piezoelectric diaphragm of the first
pump assembly and a second electrical signal to the piezoelectric diaphragm of the
second pump assembly, the first electrical signal and the second electrical signal being
applied for controlling a ratiometric mix in the mixing device of the fluid from the first
fluid source and the fluid from the second fluid source. For example, the first drive
signal and the second drive signal may differ and be adjustable with regard to one or
more of the following parameters: amplitude, frequency, interleave.

[00024] A third example implementation of the fifth embodiment is a hybrid
mechanical/electrical embodiment. The third implementation of the fifth embodiment
is mechanical in that at least one of the pump assemblies has the physical constraint for
limiting diaphragm displacement, and at least one (preferably both) of the pump
assemblies are overdriven. The third implementation of the fifth embodiment is
electrical in the sense that the first drive signal and the second drive signal may differ
and be adjustable with regard to one or both of frequency and interleave, but not
amplitude (the amplitude is fixed).
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[00025] In the embodiments described herein, the first diaphragm edge and the second
diaphragm edge are bonded together by various means such as the following examples:
over molding; an adhesive sealant; an adhesive gasket. The first diaphragm edge and
the second diaphragm edge can be bonded together by apron (e.g., a polyamide apron).
If desired, an electrical lead for carrying the electrical signal to the piezoelectric
diaphragm can be embedded in the apron.

BRIEF DESCRIPTION OF THE DRAWINGS

[00026] The foregoing and other objects, features, and advantages of the invention will
be apparent from the following more particular description of preferred embodiments as
illustrated in the accompanying drawings in which reference characters refer to the
same parts throughout the various views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles of the invention.

[00027] Fig. 1A is a cross sectioned side view of a pump according to a first example
implementation of a first example embodiment, the pump having diaphragms bonded to
form a bellows chamber which also serves as a pumping chamber, the pump being
mounted so that the diaphragms thereof have free movement and both an inlet valve
and an outlet valve are active, the pump being at a point of operation intermediate a full
suction stroke and a full pump stroke.

[00028] Fig. 1B is a cross sectioned side view of a pump of Fig. 1A at a full suction
stroke.

[00029] Fig. 1C is a cross sectioned side view of a pump of Fig. 1A at a full pump
stroke.

[00030] Fig. 2 is a front view of the pump of Fig. 1A taken along line 2-2.

[00031] Fig. 3 is a cross sectioned side view of a pump according to a second example
implementation of the first embodiment, the pump being mounted so that one
diaphragm thereof has free movement and one valve thereof is active, the pump being
at a point of operation intermediate a full suction stroke and a full pump stroke.
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[00032] Fig. 4 is a cross sectioned side view of a pump according to a third example
implementation of the first embodiment, the pump having non-aligned ports.

[00033] Fig. 5 is a cross sectioned side view of a pump according to a fourth example
implementation of the first embodiment, the pump having both an inlet port and an
outlet port on a same diaphragm.

[00034] Fig. 6A is a front view of portions of a pump of the first embodiment showing
sealing of the bellows chamber by sandwiching the diaphragms between two laminated
layers.

[00035] Fig. 6B is a side view of the pump of Fig. 6A.

[00036] Fig. 7 is a cross sectioned side view of a pump according to a first example
implementation of a second example embodiment, the pump having diaphragms
bonded to form a bellows chamber which communicates with a separate pumping
chamber, the bellows chamber being essentially transverse to the pumping chamber.

[00037] Fig. 8 is a sectioned top view of the pump of Fig. 7 taken along line 8-8.
[00038] Fig. 9 is a section front view of the pump of Fig. 7 taken along line 9-9.

[00039] Fig. 10 is a cross sectioned side view of a pump according to a second example
implementation of a second example embodiment, the pump having diaphragms
bonded to form a bellows chamber which communicates with a separate pumping
chamber, the bellows chamber being essentially parallel to the pumping chamber.

[00040] Fig. 11 is a sectioned top view of the pump of Fig. 10 taken along line 11-11.
[00041] Fig. 12 is a section front view of the pump of Fig. 10 taken along line 12-12.

[00042] Fig. 13 is a cross sectioned side view of the pump of Fig. 7 being suspended or
rigidly retained by a mounting structure.

[00043] Fig. 14 is a cross sectioned side view of a pump according to a first example
implementation of a third example embodiment, the pump having diaphragms bonded
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to form a bellows chamber which communicates with a separate pressure chamber
through which a flexible member defining a pumping chamber extends.

[00044] Fig. 15 is a section front view of the pump of Fig. 14 taken along line 12-12.

[00045] Fig. 16A is a cross sectioned side view of a pump of a first implementation of a
fourth example embodiment, the pump comprising plural modular first embodiment
pump sections directly cascaded together.

[00046] Fig. 16B is a cross sectioned side view of a high-pressure, high-volume pump
comprising plural modular embodiment pump sections similar to those of Fig. 16A but
cascaded with an intermediate valve positioned therebetween.

[00047] Fig. 17A is a cross sectioned side view of a pump of a second implementation
of a fourth example embodiment, the pump comprising plural modular second or third
embodiment pump sections cascaded directly together.

[00048] Fig. 17B is a cross sectioned side view of a high-pressure, high-volume pump
comprising plural modular embodiment pump sections similar to those of Fig. 17A
cascaded with an intermediate valve positioned therebetween.

[00049] Fig. 18A and Fig. 18B are a partially schematic, partially side cross sectioned,
views of pumping systems according to a first example (predominately mechanical)
implementation of a fifth example embodiment.

[00050] Fig. 19A and Fig. 19B are partially schematic, partially side cross sectioned,
views of pumping systems according to a second example (predominately electrical)
implementation of a fifth example embodiment.

[00051] Fig. 20A and Fig. 20B are partially schematic, partially side cross sectioned,
views of pumping systems according to a third example (hybrid mechanical/electrical)
implementation of a fifth example embodiment.
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DETAILED DESCRIPTION OF THE DRAWINGS

[00052] In the following description, for purposes of explanation and not limitation,
specific details are set forth such as particular architectures, interfaces, techniques, etc.
in order to provide a thorough understanding of the present invention. However, it will
be apparent to those skilled in the art that the present invention may be practiced in
other embodiments that depart from these specific details. In other instances, detailed
descriptions of well-known devices, circuits, and methods are omitted so as not to
obscure the description of the present invention with unnecessary detail.

[00053] Fig. 1A, Fig. 1B, and Fig. 1C, together with Fig. 2, illustrate a pump 20(1)
according to a first example implementation of a first example embodiment. As with
other implementations and embodiments described herein, pump 20(1) has a diaphragm
assembly comprising two diaphragms, i.e., diaphragm 22 and diaphragm 24, which
have their respective edges or peripheries at least partially bonded together to form a
bellows chamber 26 between the diaphragm 22 and diaphragm 24. For example, in the
first embodiment the first diaphragm 22 has its edge 28 bonded to edge 30 of second
diaphragm 24, so that the first diaphragm 22 and the second diaphragm 24 are bonded
together essentially entirely around their peripheries.

[00054] The bonding of diaphragm 22 and diaphragm 24 can be realized in various
ways. For example, a sealing gasket 32 may be inserted between edge 28 of diaphragm
22 and edge 30 of diaphragm 24, and an epoxy 34 or other adhesive or sealant applied
externally over edge 28, edge 30, and sealing gasket 32. In the first embodiment, the
sealing gasket 32 and epoxy 34 reside essentially completely around the edges of the
diaphragm 22 and diaphragm 24.

[00055] In the particular implementations and examples illustrated herein, both
diaphragm 22 and diaphragm 24 are essentially circular shaped diaphragms having an
axial direction 36 and a longitudinal or diameter direction 38. While circular, oval, or
elliptical shaped diaphragms are currently preferred, other shapes of diaphragms are
also possible.

[00056] At least one and preferably both of the first diaphragm 22 and the second
diaphragm 24 are piezoelectric diaphragms which displace in accordance with
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application of an electrical signal. As an example, each of first diaphragm 22 and
second diaphragm 24 can be a multi-layered laminate which comprises a piezoelectric
wafer which is laminated to/between one or more ruggedizing layers (e.g., metal
layers), e.g., laminated by an adhesive between a metallic substrate layer and an outer
metal layer. Structures of the multi-layered laminate which serve as the diaphragms,
and processes for fabricating the same, are described in one or more of the following
(all of which are incorporated herein by reference in their entirety): PCT Patent
Application PCT/US01/28947, filed 14 September 2001; United States Patent
Application Serial Number 10/380,547, filed March 17, 2003, entitled “Piezoelectric
Actuator and Pump Using Same”; United States Patent Application Serial Number
10/380,589, filed March 17, 2003; and United States Provisional Patent Application
60/670,692, filed April 13, 2005, entitled “Piezoelectric Diaphragm Assembly with
Conductors On Flexible Film". unillustrated driver applies the electrical signal to
whichever (or both) of the first diaphragm 22 and the second diaphragm 24 is the

piezoelectric diaphragm.

[00057] The first diaphragm and the second diaphragm bow outwardly together and
shrink in diameter during a suction stroke (e.g., intake stroke) but flatten out and
increase in diameter during a pump stroke (e.g., exhaust stroke). Fig. 1A shows the
pump 20(1) as an electrical signal is being applied to move the diaphragm assembly
from the full pump stroke to the full suction stroke. Fig. 1B shows the pump 20(1) with
the diaphragm assembly at the full suction stroke; Fig. 1C shows the pump 20(1) with
the diaphragm assembly at the full pump stroke.

[00058] In a first example embodiment, an inlet port 42 is formed as a hole or opening
in a central region of the first diaphragm 22 and an outlet port 44 is formed as a hole or
opening in a central region of the second diaphragm 24. In this first embodiment, the
first diaphragm 22 and the second diaphragm 24 are essentially entirely bonded
together around their peripheries, and the bellows chamber 26 forms and serves as a
pumping chamber. Fluid is admitted into the pumping chamber through the inlet port
42 and expelled from the pumping chamber through the outlet port 44.

[00059] In an example implementation of the first embodiment, an inlet valve 52 is
provided at the inlet port 42 and an outlet valve 54 is provided at the outlet port 44.
The inlet valve 52 is bonded or secured to diaphragm 22 at inlet port 42; the outlet
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valve 54 is bonded or secured to diaphragm 24 at outlet port 44. The inlet valve 52 has
an inlet valve seat 56 which is carried by the first diaphragm 22, so that valve element
57 of the inlet valve 52 is driven closed on a suction stroke of the pump (see Fig. 1B)
but is driven open on a pump stroke (see Fig. 1C). The outlet valve 54 has an outlet
valve seat 58 which is carried by the second diaphragm 24 so that valve element 59 the
outlet valve 54 is driven open during the suction stroke (see Fig. 1B) but driven closed
on the pump stroke (see Fig. 1C). The inlet valve 52 and outlet valve 54 can be, e.g.,
simple check valves or other valves known to the person skilled in the art. The valve
seats 56, 58 thus are rigidly fixed to the diaphragms 22, 24 in such a way that the
motion of the diaphragms complements the action of the valves. In other words,
instead of the valves operating passively purely under the influence of the moving fluid,
the valve seats 56, 58 are now driven toward the valving elements 57, 59, respectively
under the power of the diaphragms at the same time that the valving elements 57, 59 are
being driven toward the seats 56, 58 by the fluid.

[00060] Fluid is applied to inlet port 42 through an unillustrated tube or the like which
connects to the non-seat side of inlet valve 52. Similarly, fluid is discharged from
outlet port 44 through an unillustrated tube which connects to the seat side of outlet
valve 54.

[00061] In the first example embodiment, the driver applies the electrical signal to
whichever of the first diaphragm and the second diaphragm is the piezoelectric
diaphragm (or to both the first diaphragm and the second diaphragm when both are
piezoelectric diaphragms) for causing the first diaphragm and the second diaphragm to
bow outwardly together and thereby shrink in diameter for sucking the fluid into the
bellows chamber, and for causing the first diaphragm and the second diaphragm to
flatten out and increase in diameter for expelling the fluid from the bellows chamber.

[00062] In the example implementation of Fig. 1A, Fig. 1B, and Fig. 1C, a stationary
pump holder 60 serves to suspend the pump so that neither the first diaphragm 22 nor
the second diaphragm 24 contacts any diaphragm-restaining stationary structure and so
that both the inlet valve 42 and outlet valve 44 are unconstrained active valves. In the
particular illustration, stationary pump holder 60 comprises a vertical holder stand 62
which securely carries a horizontal sleeve 64. An essentially frictionless bushing 66
retains inlet valve 52 in horizontal sleeve 64 in a manner so that inlet valve 52 is
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translatable along the direction of axis 36 and yet retained to stand 62. Since motion of
outlet valve 54 is not restrained along axis 36 during the strokes of the diaphragm
assembly, neither is second diaphragm 24. By having inlet valve 52 translatable, no, or
at best only minimal, restraint is applied to first diaphragm 22. Therefore, both
diaphragm 22 and diaphragm 24 are able to move relatively freely.

[00063] Fig. 3 shows a pump 20(2) according to a second example implementation of
the first embodiment. The pump 20(2) differs from pump 20(1) of the first example
implementation in that pump 20(2) is mounted so that one diaphragm, i.e., diaphragm
24, thereof has free movement and one valve thereof (outlet valve 54) is active. The
first diaphragm 22 of pump 20(2) is at least partially constrained in that the inlet valve
52, carried by diaphragm 22, is held stationary by pump holder 60(2). As in other
embodiments and implementations, it will be understood that fluid is applied to inlet
port 42 through an unillustrated tube or the like which connects to the non-seat side of
inlet valve 52. Similarly, fluid is discharged from outlet port 44 through an
unillustrated tube which connects to the seat side of outlet valve 54. Even in such an
implementation in which one of the two diaphragms is mounted rigidly and the other
diaphragm is allowed to move freely, there is still one valve which is active (e.g., outlet
valve 54 in Fig. 3), which provides some benefit.

[00064] Fig. 3 shows pump 20(2) as being at a full suction stroke. Since first
diaphragm 22 of this second implementation of the first embodiment is somewhat
restrained by the mounting of pump 20(2), diaphragm 22 is considered a “passive
valve” since it is not as active and thus not as deflected during the full suction stroke as
compared to the first implementation (see Fig. 1B). On the other hand, second
diaphragm 24 is twice as active, and thus shown with even greater deflection than in the

first implementation.

[00065] In the Fig. 3 implementation the inlet valve 52 serves as a stationary mounting
valve for pump 20(2). It will be appreciated that either the inlet valve 52 or the outlet
valve 54 can serve as the stationary mounting valve. When the inlet valve 52 is the
stationary mounting valve, first diaphragm 22 is passive and does not contact any
stationary structure except the mounting valve 52; second diaphragm 24 does not
contact any stationary structure at all and is active. Conversely, when outlet valve 54 is
the stationary mounting valve, second diaphragm 24 is passive and does not contact any
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stationary structure except the mounting valve 54; first diaphragm 22 is active and does
not contact any stationary structure at all. Here it is assumed, of course, that the tubes,

etc., connected to the free valve are sufficiently resilient or have sufficient play so as to
provide essentially no constraining influence on the active diaphragm which carries the

valve.

[00066] Thus, the inlet valves and active valves can be either active or passive in
accordance with differing embodiments and configurations of mounting of the pump.
While active valves may afford some advantages in some configurations and
circumstances, active valves are not required nor essential and thus the embodiments

described herein should not be limited by inclusion or not of active valves.

[00067] Fig. 4 shows a pump 20(3) according to a third example implementation of the
first embodiment. The pump 20(2) of Fig. 4 differs from the first example
implementation of the first embodiment by having non-aligned ports. Specifically, inlet
port 42 and outlet port 44(3) of pump 20(2) are not aligned but instead are axially offset
with respect to the axial direction 36. Whereas inlet port 42 is centrally located with
respect to the axial direction 36 and diaphragm 22, outlet valve 54 is offset from axial
direction 36 and is more proximate the edge 30 of diaphragm 24. It will be appreciated
that other non-aligned configurations are also possible. For example, inlet port 42
rather than outlet port 44 may be off-axis (e.g., off the axis 36); both inlet port 42 and
outlet port 44 may be off-axis with respect to the centers of diaphragm 22 and 24 and
yet relatively aligned; one of the ports may be located proximate a top edge of the
diaphragm assembly while the other of the ports may be located proximate a bottom
edge of the diaphragm assembly; and so forth.

[00068] Fig. 5 shows a pump 20(4) according to a fourth example implementation of
the first embodiment. The pump 20(4) has both inlet port 42 and outlet port 44(4) on a
same diaphragm, e.g., first diaphragm 22. It should be appreciated that conversely both
the inlet port and outlet port can be formed instead on diaphragm 24. The
implementation of Fig. 5 resembles the implementation of Fig. 1A in that both
diaphragm 22 and diaphragm 24 are active (although no stationary pump holder such as
stationary pump holder 60 is shown in Fig. 5). In other implementations in which both
the inlet port with its inlet valve and the outlet port with its outlet valve are formed on
the same diaphragm, and if either of the diaphragms is to be passive, preferably the
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diaphragm which does not carry the two valves will be the passive diaphragm. For
example, if one of the diaphragms of the Fig. 5 implementation is to be passive, it
should be the second diaphragm 24 since diaphragm 24 carries no ports or valves.

[00069] Fig. 6A and Fig. 6B show how a pump of the first embodiment can be
fabricated by sealing of the bellows chamber 26 by means other than an epoxy bead
formed around the periphery of the diaphragm 22 and the diaphragm 24. In particular,
Fig. 6A and Fig. 6B show sealing by the sandwiching of diaphragm 22 and diaphragm
24 between two lamination layers 67. In the fabrication method, the sealing gasket 32
is positioned between the diaphragm 22 and diaphragm 24 at their edges, and two
sheets of lamination layers 67 used to envelope the diaphragm assembly thusly
constructed. The peripheries of the lamination layers 67 extend beyond the edges of the
diaphragm 22 and diaphragm 24 and form a lamination zone. The electrical leads 68
which are connected to the diaphragms which are electrically active (e.g., piezoelectric
diaphragms) extend radially from the diaphragm assembly and through the lamination
zone and are also at least partially sandwiched by the lamination layers 67. The two
lamination layers 67 are then heated or otherwise treated to form the lamination,
resulting in an overall laminated pump assembly.

[00070] As an alternative to provision of separate sandwiching lamination layers, a
suitable laminatable layer of each of the two diaphragms 22, 24 can be formed as
oversized, and the two oversized layers lamination together in a zone or region which
extends beyond the edges of the two diaphragms 22, 24. For example, in an
embodiment in which the diaphragms comprise a polyamide layer, the polyamide layer
can be formed to have a larger diameter than the remaining layers of the two
diaphragms 22, 24, and then the two polyamide layers bonded or laminated together. In
such alternate fabrication, the electrical leads 68 can also be laminated similar to the
manner illustrated in Fig. 6A and Fig. 6B.

[00071] In pumps according to implementations of a second example embodiment,
diaphragms are again bonded to form a bellows chamber. But unlike the first
embodiment wherein the bellows chamber also served as the pumping chamber, in the
second embodiment the bellows chamber is auxiliary to a separately provided pumping
chamber. In particular, the bellows chamber is auxiliary to and communicates with a
working chamber defined by a housing. In the second example embodiment, the
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working chamber is the pumping chamber; in a third example embodiment the pumping
chamber is located at least partially within the working chamber. In both the second
embodiment and the third embodiment, an opening or aperture is provided in the
diaphragm assembly to permit communication with the housing that either defines or

encloses the pumping chamber.

[00072] Fig. 7, Fig. 8, and Fig. 9 show a pump 20(7) according to a second example
embodiment. The pump 20(7) has diaphragm 22 and diaphragm 24 bonded to form
bellows chamber 26. The bellows chamber 26 is auxiliary to and communicates with a
separate pumping chamber 70. The pumping chamber 70 is defined by a chamber
housing 72 positioned above the diaphragm assembly. In the illustrated
implementation, chamber housing 72 takes the form of a cylindrical tube which has a
central axis 73. Other shapes and configurations for chamber housing 72 are possible.

[00073] In one example mode of fabrication, communication between bellows chamber
26 and pumping chamber 70 is facilitated by an aperture or slit 74 formed or provided
in and through the bottom wall of chamber housing 72, as well as an opening or
aperture 76 formed in the bonding interface of first diaphragm 22 and second
diaphragm 24. In one illustrated implementation with a cylindrical chamber housing
72, the slit 74 is provided transverse to central axis 73 and at the bottom of the chamber
housing 72 (see Fig. 7, Fig. 8, and Fig. 9). The communication aperture 76 of the
diaphragm assembly may be realized by omitting or removing the sealing gasket 32 and
epoxy 34 at the crown (or other appropriate location) along the edge 28 and edge 30 of
the diaphragm 22 and diaphragm 24, respectively. The length of the omission or
removal of the sealing gasket 32 and epoxy 34 is on the order of the length of the slit 74
provided on the underside of chamber housing 72. Preferably a region of the upper
portion of the diaphragm assembly which bears the communication aperture 76 is
inserted into housing slit 74 so that a small tangential portion of edge 28 of first
diaphragm 22 and a small tangential portion of edge 30 of second diaphragm 24
protrude into or are flush with edges of housing slit 74, as shown in Fig. 8, thereby
permitting communication, €.g., a pressure waveform through communication aperture
76 between bellows chamber 26 and pumping chamber 70. The diaphragm assembly
can be secured to chamber housing 72 and the interface between communication
aperture 76 and slit 74 sealed, if necessary, by an appropriate bonding or sealing
medium 78, such as epoxy, for example.
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[00074] Other modes of providing communication between bellows chamber 26 and
pumping chamber 70 are also encompassed hereby. For example, a separate tube,
passageway, or the like may connect bellows chamber 26 and pumping chamber 70,
and may be positioned at locations other than at the bond of diaphragm 22 and
diaphragm 24.

[00075] The pumping chamber 70 of pump 20(7) has both an inlet valve 82 and an
outlet valve 84. For some implementations and applications the inlet valve 82 and
outlet valve 84 may preferably be positioned in pumping chamber 70 close together in
order to facilitate priming of pump 20(7) and performance. In other systems that do not
require priming (e..,laptop cooling applications), it may instead be beneficial to position
the inlet and outlet valves away from the bellows, e.g., one or more valves somewhere

in a cooling loop with one or more bellows at different points in the loop.

[00076] In pump 20(7), action of the diaphragm assembly, e.g., first diaphragm 22 and
second diaphragm 24, generates a pressure waveform in the bellows chamber 26. The
pressure waveform is communicated through aperture 76 and slit 74 and into pumping
chamber 70 for selectively causing impulsion of the fluid through inlet valve 82 into the
pumping chamber 70, and expulsion of the fluid through outlet valve 84 from the
pumping chamber 70.

[00077] The chamber housing 72 of the second embodiment with its pumping chamber
70 can be stationary, with the first diaphragm 22 and the second diaphragm 24 being
suspended from the pumping chamber and externally essentially unconstrained. Thus,
in the second embodiment, both first diaphragm 22 and second diaphragm 24 are
active.

[00078] Whereas in the implementation of Fig. 7 the bellows chamber is essentially
transverse to the pumping chamber, Fig. 10, Fig. 11, and Fig. 12 show another
implementation of the second embodiment wherein the bellows chamber is essentially
parallel to the pumping chamber. As such, the slit 74(10) in chamber housing 72(10)
and the communication aperture 76(10) are both parallel rather than transverse to the

major axis 73.
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[00079] Fig. 13 shows how a pump of the second embodiment, such as pump 20(7),
can be suspended or rigidly retained by a mounting structure. In Fig. 13 the chamber
housing 72 is securely retained by mounting brackets 86 so that chamber housing 72 is
essentially stationary. The diaphragm assembly is suspended below chamber housing
72, so that both diaphragm 22 and diaphragm 24 of the diaphragm assembly are
essentially unconstrained and thus active. The pump 20(10) of the second
implementation of the second embodiment can be suspended or mounted in same or

similar manner as depicted in Fig. 13.

[00080] The third example embodiment is a variation of the second example
embodiment. In the third example embodiment, illustrated in Fig. 14 and Fig. 15, pump
20(11) has diaphragm 22 and diaphragm 24 bonded to form a bellows chamber 26.
Housing 72(14) defines a working chamber which serves as a pressure chamber 88.

The housing 72(14) at least partially encloses a flexible member 90, e.g., a flexible tube
or sack, which defines pumping chamber 92. At least a portion of the interior of the
flexible member 90 serves as the pumping chamber 92. Thus, bellows chamber 26
communicates with a separate pressure chamber 83 through which flexible member 90
(defining pumping chamber 92) at least partially extends.

[00081] In the illustrated implementation, the flexible member 90 is cylindrical and
concentrically positioned within chamber housing 72. The flexible member 90 may be
held within chamber housing 72 by unillustrated radial spacers or the like. The
concentric region within chamber housing 72 but outside of flexible member 90 defines
pressure chamber 83. An inlet valve 94 and an outlet valve 96 are positioned internally
within flexible member 90, with the pumping chamber 92 existing between inlet valve
94 and outlet valve 96. The flexible member 90 may take a shape and form other than
a cylindrical tube.

[00082] Action of the first diaphragm 22 and the second diaphragm 24 generates a
pressure waveform in the bellows chamber 26 and in the pressure chamber 88 for
selectively causing impulsion of the fluid via inlet valve 94 into the pumping chamber
92 defined by flexible member 90, and expulsion of the fluid from pumping chamber
92 through outlet valve 96.
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[00083] Fig. 16A shows a pump 20(16A) of a first implementation of a fourth example
embodiment. Advantageously, pump 20(16A) comprises plural modular pump sections
(e.g., pump components) cascaded together. Particularly shown in Fig. 16 are two
example modular pump sections, i.e., modular pump section 100A(1) and modular
pump section 100A(2). It will be appreciated that, while only two modular pump
sections are presently illustrated, more than two modular pump sections may be
similarly cascaded or connected together.

[00084] It so happens that each of the modular pump sections of Fig. 16 basically
resembles the pump 20(1) of the first implementation of the first embodiment. Such
resemblance includes each modular pump section 100 comprising a first diaphragm 22
having a first diaphragm edge 28; a second diaphragm 24 having a second diaphragm
edge 30; the first diaphragm edge 28 and the second diaphragm edge 30 being bonded
together so that a pumping chamber 26 is formed between the first diaphragm 22 and
the second diaphragm 24. Moreover, in an example implementation, for each of the
modular pump sections at least one of the first diaphragm and the second diaphragm is
a piezoelectric diaphragm which displaces in accordance with application of an

electrical signal.

[00085] The modular pump sections 100A differ from those of the first embodiment in
that, depending on placement of the modular pump section 100A in the overall
cascading scheme, the modular pump section 100A will have either one or no valves
(rather than having two valves). For example, modular pump section 100A(1) has an
inlet valve 52 at its inlet port 42, but at its outlet port 44 has only a port extension 102.
Similarly, modular pump section 100A(2) has an outlet valve 54 at its outlet port 44,
but at its inlet port 42 has only port extension 102. Had a third modular pump section
been provided between modular pump section 100A(1) and modular pump section
100A(2), the inlet port and outlet port of such third modular pump section would both
have port extensions and no valves.

[00086] Each modular pump section serves as a pump component. A connector sleeve
104 is provided for connecting either an outlet valve 54 to a port extension 102, or for
connecting two port extensions 102 together.
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[00087] While the modular pump sections have been described in terms of the first
implementation of the first embodiment, it should be appreciated that the modular
pump sections can take on characteristics of other aforedescribed implementations of

the first embodiment.

[00088] Whereas Fig. 16A shows plural modular pump sections 100A(1) and 100A (2)
directly cascaded together, Fig. 16B shows a high-pressure, high-volume pump
20(16B) comprising plural modular embodiment pump sections 100B(1) and 100B(2)
(which are similar to those of Fig. 16A) which are cascaded with an intermediate valve
positioned therebetween. As such, the pump 20(16B) has at least one valve between its
two bellows/pumping chambers 26. In the particular implementation shown in Fig.
16B, the pump section 100B(1) has an outlet valve 54 positioned at its outlet port 44.
The connector 104 is employed, in similar manner as in the Fig. 16 A embodiment, to
couple first pump section 100B(1) to a port extension 102 of second pump section
100B(2). It should be understood that, alternatively, the intermediate valve between
first pump section 100B(1) and second pump section 100B(2) may take the form of an
inlet valve for second pump section 100B(2), or even another type of valve formed in
the interior of connector 104 or the like.

[00089] The pump 20(16B) of Fig. 16B thus serves, for example, as a high-pressure,
high volume pump, suitable for air (for example). Pump section 100B(1) has a large
diameter, high-volume, lower force (e.g., lower pressure) bladder which is coupled to a
smaller diameter (e.g., smaller volume), higher force (e.g., higher pressure) bladder for
pump section 100B(2), thereby forming a two-stage compressor. The bladders of pump
section 100B(1) and pump section 100B(2) can be electrically sequenced, with the
larger bladder of pump section 100B(1) being a first stage of compression and thus
actuated first, filling the smaller bladder of pump section 100B(2) with compressed air
through the intermediate valve (e.g., outlet valve 54 of pump section 100B(1)). The
smaller bladder of pump section 100B(2) then further compresses the air, delivering
compressed air (or other fluid) at the high-pressure capability of the smaller bladder.

[00090] It will be further appreciated that the cascading of modular pumps sections of
differing sizes/volume/pressures with an intermediate valve(s) for mimicking, e.g.,
high-volume, high-pressure, piston-type two stage compressors can be accomplished
using pump sections other than the bellows-type pump sections herein disclosed, such
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as by using pump sections taught, for example, in PCT Patent Application
PCT/US01/28947, filed 14 September 2001; United States Patent Application Serial
Number 10/380,547, filed March 17, 2003, entitled ‘“Piezoelectric Actuator and Pump
Using Same”; United States Patent Application Serial Number 10/380,589, filed March
17,2003; and United States Provisional Patent Application 60/670,692, filed April 13,
2005, entitled “Piezoelectric Diaphragm Assembly with Conductors On Flexible Film",
all of which are incorporated herein by reference.

[00091] Similarly, modular pump sections can be constructed in accordance with other
embodiments, such as the second embodiment and the third embodiment. In this
regard, Fig. 17A illustrates pump 20(17A) as comprising plural modular pump sections
cascaded together, i.e., modular pump section 101A(1) and modular pump section
101A(2), each of which are second embodiment pump sections. Again it will be
appreciated that, while only two modular pump sections are presently illustrated, more
than two modular pump sections may be similarly cascaded or connected together. The
plural modular pump sections 101A can thus be cascaded directly together, with each
modular pump section being connectable to another pump component via either the
inlet port or the outlet port so that the section pumping chambers of the plural modular
pump sections communicate to form a composite pumping chamber. The modular
pump sections 101 A differ from those of the second and third embodiments in that,
depending on placement of the modular pump section 101A in the overall cascading
scheme, the modular pump section 101 A will have either one or no valves (rather than
having two valves). For example, modular pump section 101A(1) has an inlet valve 82
at its inlet port, but has no valve at its outlet port. Similarly, modular pump section
101A(2) has an outlet valve 84 at its outlet port, but no valve at its inlet port. Had a
third modular pump section been provided between modular pump section 101A(1) and
modular pump section 101A(2), the inlet port and outlet port of such third modular
pump section would have no valves. A connector sleeve 104 is provided for connecting
the chamber housings 72 of the modular pump sections.

[00092] Whereas Fig. 17A shows plural modular pump sections 101A(1) and 101A (2)
directly cascaded together, Fig. 17B shows a high-pressure, high-volume pump
20(17B) comprising plural modular embodiment pump sections 101B(1) and 101B(2)
(which are similar to those of Fig. 17A) which are cascaded with an intermediate valve
positioned therebetween. As such, the pump 20(17B) has at least one valve between its
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two bellows/pumping chambers 26. In the particular implementation shown in Fig.
17B, the pump section 101B(1) has an outlet valve 84 positioned at its outlet port. The
connector 104 is again employed, in similar manner as in the Fig. 17A embodiment, to
couple first pump section 101B(1) to second pump section 101B(2). It should be
understood that, alternatively, the intermediate valve between first pump section
101B(1) and second pump section 101B(2) may take the form of an inlet valve for
second pump section 101B(2), or even another type of valve formed in the interior of
connector 104 or the like. The previous remarks concerning the Fig. 16B embodiment
are also applicable to the Fig. 17B embodiment, including remarks regarding the
relative sizes and of the respective pump sections 101B(1) and 101B(2) and
applications therefore.

[00093] While Fig. 17A and Fig. 17B illustrate cascading of modular pump sections
101 of the type of the second embodiment, it will be appreciated that modular pump
sections of the type of the third embodiment can also be provided.

[00094] Fifth embodiments feature various implementations of pumping systems
having one or more pumps which are the same or similar to one or more of the above-
described embodiments or implementations thereof. In each example implementation
of the fifth example embodiment, a pumping system optionally comprises a mixing
device 110; a first pump assembly 120(1) connected by a tube 121(1) to receive fluid
from a first fluid source 122 and to deliver the fluid from the first fluid source 122(1)
via tube 124(1) (optionally to the mixing device 110); and, a second pump assembly
120(2) connected to receive fluid through tube 121(2) from a second fluid source
122(2) and to deliver the fluid from the second fluid source through tube 124(2)
(optionally to the mixing device 110). At least one of the first pump assembly 120(1)
and the second pump assembly 120(2) comprises a first diaphragm 22 having a first
diaphragm edge 28; a second diaphragm 24 having a second diaphragm edge 30; the
first diaphragm edge 28 and the second diaphragm edge 30 being at least partially
bonded together so that a bellows chamber 26 is formed between the first diaphragm 22
and the second diaphragm 24. The pumping system further comprises drive electronics
130 for applying an electrical signal(s) to the piezoelectric diaphragm(s) for operating
the first pump assembly 120(1) and the second pump assembly 120(2) for providing the
fluid from the first fluid source 122(1) and the fluid from the second fluid source 122(2)
(e.g., optionally to the mixing device 110).
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[00095] While the pumps of the pumping systems of the fifth embodiment are
hereinafter discussed with respect to illustrations of pumps constructed according to the
second example embodiment, it should be understood that the pumps of the first
embodiment, third embodiment, and fourth embodiment can also be utilized in similar
manner with the pumping systems of the fifth embodiment. For example, for any of the
implementations of the pumping systems of the fifth embodiment, either one or both of
the first pump assembly and the second pump assembly can have a housing which
either defines or encloses a pumping chamber. The diaphragm assembly can have an
aperture formed therein to permit the bellows chamber to communicate with an interior
of the housing, and whereby action of the first diaphragm and the second diaphragm
generates a pressure waveform in the bellows chamber and in the interior of the housing
for selectively causing impulsion of the fluid through the inlet port into the pumping
chamber and expulsion of the fluid from the pumping chamber through the outlet port.
In like manner as the second embodiment, the housing can define the pumping
chamber. Alternatively, as with the third embodiment, the housing can at least partially
enclose a flexible member, with an interior of the flexible member serving as a
pumping chamber. Action of the first diaphragm and the second diaphragm generates a
pressure waveform in the bellows chamber and in the pumping chamber for selectively
causing impulsion of the fluid into the pumping chamber and expulsion of the fluid

from the pumping chamber.

[00096] Fig. 18A and Fig. 18B show first example implementations of a fifth example
embodiment. In the Fig. 18A and Fig. 18B implementations, the drive electronics
130(18) is a simple drive electronic system which supplies a signal for overdriving both
the first pump assembly and the second pump assembly. The electrical signal issued
from drive electronics 130(18) can therefore, in at least one example, be a same signal
applied to both pump assemblies 120. One or more of the pump assemblies 120 can
comprise a physical constraint member 140 having a position selected to limit
displacement of one or more of the diaphragms of the pump assembly. In the particular
example shown in Fig. 18A and Fig. 18B, only first pump assembly 120(1) has the
physical constraint member 140, which limits displacement of the diaphragm 22 and
diaphragm 24 of first pump assembly 120(1) despite the pump assembly 120(1) being
overdriven. The position of the physical constraint member 140 may be adjustable,
e.g., the physical constraint may be adjustable such as, for example, an adjustable stop
member whose position is adjustable by setting of a thumb screw or the like. Fig. 18B
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differs from Fig. 18 A by not including mixing device 110, thereby showing that mixing
device 110 is optional, e.g., the pumping system can supply or deliver to the user with
two independent streams for the user to mix or otherwise utilize.

[00097] Fig. 19A and Fig. 19B show second example implementations of a fifth
example embodiment. In the second example implementations of the fifth
embodiment, the drive electronics 130(19) applies a first electrical signal 150(1) to one
or both of the piezoelectric diaphragms of the first pump assembly 120(1) and a second
electrical signal 150(2) to one or both of the piezoelectric diaphragms of the second
pump assembly 120(2). The first electrical signal 150(1) and the second electrical
signal 150(2) are applied for controlling a ratiometric mix in the mixing device of the
fluid from the first fluid source 122(1) and the fluid from the second fluid source
122(2). For example, the first drive signal 150(1) and the second drive 150(2) signal
may differ and be adjustable with regard to one or more of the following parameters:
amplitude, frequency, interleave. Fig. 19B differs from Fig. 19A by not including
mixing device 110, thereby showing that mixing device 110 is optional, e.g., the
pumping system can supply or deliver to the user with two independent streams for the
user to mix or otherwise utilize.

[00098] Fig. 20A and Fig. 20B show third example implementations of a fifth example
embodiment. The third example implementations are hybrid mechanical/electrical
implementations. The third implementation of the fifth embodiment is mechanical in
that at least one of the pump assemblies 120 has the physical constraint 140 for limiting
diaphragm displacement, and at least one (preferably both) of the pump assemblies 120
are overdriven. The third implementation of the fifth embodiment is electrical in the
sense that the first drive signal 152(1) and the second drive signal 152(2) may differ
and be adjustable with regard to one or both of frequency and interleave, but not
amplitude (the amplitude is fixed). Fig. 20B differs from Fig. 20A by not including
mixing device 110, thereby showing that mixing device 110 is optional, e.g., the
pumping system can supply or deliver to the user with two independent streams for the
user to mix or otherwise utilize.

[00099] 1t will be further appreciated that the fifth embodiment mixing and/or delivery
systems can also be accomplished using pump sections other than the bellows-type
pump sections herein disclosed, such as by using pump sections taught, for example, in



10

15

25

30

WO 2006/074038 PCT/US2005/047356

25

PCT Patent Application PCT/US01/28947, filed 14 September 2001; United States
Patent Application Serial Number 10/380,547, filed March 17, 2003, entitled
“Piezoelectric Actuator and Pump Using Same”; United States Patent Application
Serial Number 10/380,589, filed March 17, 2003; and United States Provisional Patent
Application 60/670,692, filed April 13, 2005, entitled “Piezoelectric Diaphragm
Assembly with Conductors On Flexible Film", all of which are incorporated herein by

reference.

[000100] In the embodiments described herein, the first diaphragm edge and the
second diaphragm edge are bonded together by various means such as the following
examples: over molding; an adhesive sealant; an adhesive gasket. The first diaphragm
edge and the second diaphragm edge can be bonded together by an apron (e.g., a
polyamide apron). If desired, an electrical lead for carrying the electrical signal to the
piezoelectric diaphragm can be embedded in the apron

[000101] Example structures of diaphragms which include a piezoelectric layer,
and methods of fabricating the such diaphragms and pumps incorporating the same, as
well as various example pump configurations with which the present invention is
compatible, are illustrated in the following (all of which are incorporated herein by
reference in their entirety): PCT Patent Application PCT/US01/28947, filed 14
September 2001; United States Patent Application Serial Number 10/380,547, filed
March 17, 2003, entitled “Piezoelectric Actuator and Pump Using Same”; United
States Patent Application Serial Number 10/380,589, filed March 17, 2003; and United
States Provisional Patent Application 60/670,692, filed April 13, 2005, entitled
“Piezoelectric Diaphragm Assembly with Conductors On Flexible Film". In
accordance with such example(s), a piezoelectric wafer formed of a polycrystailine
ferroelectric material (such as PZT5A) is laminated between a metal substrate layer and
an outer metal layer, the bonding agent preferably being a polyimide adhesive. The
lamination process does several things, including ruggedizing the piezoelectric layer
(since the metal layers keep the piezoelectric from fracturing during high
displacement); permits higher voltage due to the relatively high dielectric constant of
the polyimide adhesive (thereby allowing up to about twice the displacement of a
conventional piezoelectric); makes the diaphragm highly resistant to shock and
vibrations; permits the diaphragm to be used in environments as hot as a continuous
200°C (compared to only 115°C for a conventional piezoelectric).
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[000102] Thus, conventional pump housings are replaced with a second diaphragm
that is edge bonded to another diaphragm, e.g., to a piezoelectric diaphragm. The
second diaphragm may be passive, such as a dome-shaped disk, or active, such as a
second piezoelectric diaphragm. In either case, the troublesome seal/mount of the prior
art is avoided by replacement of the edge bond which, in operation, sees virtually no
movement relative to itself. The edges of this new pump assembly are allowed to move
freely together.

[000103] In the operation of the two active diaphragm implementation, on the
intake or suction stroke the two diaphragms 22 and 24 bow out together, shrinking in
diameter together and opposing each other longitudinally in force along the bonded
edge and against the trapped fluid. The enclosed volume between the two diaphragms
grows like a blacksmith’s bellows, and fluid is sucked in through the intake valve. On
the exhaust or pump stroke, the two diaphragms 22 and 24 flatten out together, grow in
diameter together, and pull against each other along the edge bond and against the
trapped fluid, pushing fluid out through the outlet or exhaust port. Considering both the
effect of two bowing diaphragms as opposed to one diaphragm, and the effect of greatly
reduced diaphragm constraint, per stroke volumetric displacement is increased by a
factor of somewhere between two and four. In addition, the pump assembly can be
made with much smaller compliance and what compliance there is left is diluted by the
swamping effect of the greatly increased displacement. This translates into higher
delivered operating pressure.

[000104] The operation of the single active diaphragm is similar except that instead
of moving together under their own power, the non-active diaphragm is forced to bow
and flatten by the active diaphragm applying diameter shrinking and expanding forces
along its outer perimeter. Thus, the previously wasted radial motion of the single
diaphragm is translated into longitudinal deflection in the passive diaphragm and the
per stroke displacement is increased.

[000105]  Valves are mounted on the pumps herein described in such a way as to
increase the performance (e.g., opening and closing speed) of one or more of the valves.
In the first example embodiment, holes are formed in one or both of the first diaphragm
22 and the second diaphragm 24 to allow for incoming and outgoing fluid. An intake
valve may be mounted on diaphragm 22 and an outlet valve mounted on diaphragm 24,
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e.g., the valves may be mounted axially over top of two holes in opposing diaphragms.
The entire assembly is free to vibrate. The valve seats are rigidly fixed to the
diaphragms in such a way that the motion of the diaphragms complements the action of
the valves. In other words, instead of the valves operating passively purely under the
influence of the moving fluid, the valve seats are now driven toward the valving
elements under the power of the diaphragms at the same time that the valving elements
are being driven toward the seats by the fluid. Thus, the valves operate much more
quickly. Even in implementations in which one of the two diaphragms is mounted
rigidly and the other diaphragm is allowed to move freely, there is still one valve which
is active, which provides some benefit.

[000106] The pumps of the second example embodiment and the third example
embodiment do not have holes in the diaphragms. Instead, an aperture is formed in the
diaphragm assembly, e.g., along one edge of the diaphragm assembly a gap is formed in
the gasket or seal. This diaphragm/gap assembly is mounted to a housing (e.g., a
simple piece of tubing) that can either serve as a pumping chamber or a pressure
chamber, such that the gap opens into the chamber formed in the housing.

[000107] In operation of the second and third embodiments, the opposing
diaphragms (of which one or both can be piezoelectric diaphragms) deflect and produce
volumetric changes in the cavity (e.g., bellows chamber 26) that separates diaphragm
22 and diaphragm 24, which in turn produces a pressure waveform in the cavity in the
housing (e.g., chamber housing 72).

[000108] In the second embodiment the pressure waveform acts upon the check
valves (e.g., inlet valve 82 and outlet valve 84), producing a pumping action in the
pumping chamber 70. The fluid thus essentially no longer flows through the bellows
chamber 26. Instead, the fluid flow, for the most part, is in the clean laminar tubing or
housing with minimal back and forth flow (minimal friction) in the bellows chamber 26
defined by one or more piezoelectric diaphragms. Such flow in the bellows chamber 26
in fact diminishes to zero as one traverses the bellows chamber 26 to the opposing edge
(e.g., the flow is less in the bellows chamber 26 farthest from the communication
aperture 76).
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[000109] In the third example embodiment, the pressure waveform generated in the
bellows chamber 26 need only be “applied” to the fluid being pumped. It is not
necessary for the fluid in the bellows chamber 26 to intermingle with the pumped fluid.
In the third embodiment, there are two separate fluid cavities that are isolated from each
other by the flexible member 90 (e.g., by a wall of a flexible tube, for example). The
fluid in pressure chamber 88 is installed at the time of manufacture. The piezoelectric
pressure waveform generated in bellows chamber 26 is exerted on the fluid being
pumped within pumping chamber 92. The third embodiment pumps are very suited to
medical applications or other applications wherein a sterile fluid field needs protection
or in industrial application wherein a caustic and/or extremely clean fluid are being

managed.

[000110] There are many ways that can be used to achieve a reliable, fluid-tight
edge seal for the diaphragm 22 and diaphragm 24 of the diaphragm assembly. These
techniques include over molding, simple adhesive sealants, or adhesive perform
gaskets, for example. It is also possible to laminate the two diaphragms together using
a suitable plastic lamination material. It is possible to fabricate single diaphragms with
an oversized layer (e.g., polyamide) that forms an apron around the diaphragm.
Alternatively, polyamide or some other suitable material could simply be placed on
either side of the two diaphragms and the diaphragms then laminated together. Suitable
electrical feedthroughs (e.g., electrical connection lines) could even be embedded in the
lamination material for electrical pickup, and thus pigtails as used conventionally could
be eliminated. An advantage of external laminating is that the outer diaphragm
electrodes are electrically insulated, allowing the pump assembly to be more readily
submergible and/or applied to differential pumping action.

[000111] There are myriad benefits and advantages to the embodiments described
herein. Included among these benefits and advantages are the following: higher stroke
displacement; less base compliance combined with a higher displacement/compliance
ratio, yielding higher pressure and better efficiency; higher volume, higher pressure; no
pump housing is required for better final product integration; active valves potential for
better performance; lower operating frequencies required for a given application,
thereby reducing power consumption; less noise due to elimination of the pump
housing (which otherwise might serve as a “sounding board”); lower cost; ready
susceptibility to differential or submersible applications (with a simple insulation layer



10

15

20

25

WO 2006/074038 PCT/US2005/047356

29

covering the positive electrodes and any connections, the pump can be submerged
and/or operated in a differential mode at virtually any ambient pressure).

[000112] Benefits and advantages of the second and third embodiments include
those mentioned above, as well as other benefits and advantages. For example, there is
no need to form holes in the diaphragms, and mechanical stress on the diaphragms is
isolated. In the prior art, it was necessary to mount tubing or valves to the piezoelectric
diaphragms in such a way that mechanical stress was potentially applied to the
piezoelectric diaphragms, sometimes fracturing the diaphragms or creating leaks. In
the “single point mount” of the second and third embodiments, the diaphragm assembly
is allowed to “float” in an installed application, and thus not susceptible to mechanical
stress. Moreover, more direct fluid flow and less diaphragm friction as facilitated by

these embodiments results in better pump performance.

[000113] Another benefit and advantage is that of better self-priming. Reduced
flow through the pump allows for smaller diaphragm separation geometries, increasing
the compression ratio and the self-priming capabilities. In up and down configurations
(e.g., vertical orientations), fluid may tend to remain in the bellows chamber 26, further
increasing the compression ratio of the pump and greatly improving the self-priming
after an initial “wetting” prime. If desired, the wetting prime can be eliminated by
employing the third embodiment. These factors also allow the pump to much more
effectively handle air/fluid mixtures.

[000114] Another benefit and advantage is less noise and lower cost electronics.
The opposing diaphragms forming the diaphragm assembly greatly increases
volumetric displacement and thus valve/pump efficiency and allows for the pump to
operate at a lower frequency for a given application. Furthermore, the noise canceling
tendency of the opposing diaphragms design for the diaphragm assembly, combined
with the noise isolation benefit of the single point mount (of the second and third
embodiments), dramatically reduces noise issues and the need for a special drive
waveform. Lower drive electronics and more waveform flexibility translates into
simpler and lower cost drive electronics.
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[000115] The concept of separating the bellows chamber 26 from the actual
pumping circuit, as shown in the second and third embodiments, allows for much more

pump application versatility.

[000116] The implementations of the fifth embodiment advantageously
ratiometrically dispense two or more fluids. Many configurations are possible as
including two or more pump assemblies that are under mechanical control (see Fig.
18A and Fig. 18B), electronic control (see Fig. 19A and Fig. 19B), or electro-
mechanical control (see Fig. 20A and Fig. 20B) such that the volumetric output of at
least one of the pump assemblies can be controlled or adjusted. The pumps are fed
from separate fluid supplies and the output of one or more of the pumps is adjusted
such that the output of the system is a fluid mix of the desired mix ratio. The output
may be used as simple as separate streams that are dispensed into a container to be
mixed and later used by the operator, or alternatively the device can incorporate a
mixing chamber and/or nozzle so that the ratiometric mix could be dispensed directly
by the user. Examples include the mixing of pesticide/herbicide; window or other
cleaner; machine tool coolant/lubricants, and the like.

[000117] Many plumbing configurations for the fifth embodiment are possible.
Perhaps the most straightforward configurations are those shown in Fig. 18A — Fig.
20A, Fig. 18B — Fig. 20B, where two or more pump assemblies are positioned in
parallel, both feeding a mixing chamber or nozzle that would squirt or spray an end
(mixed) product. Alternatively, for better mixing, it might be desirable to plumb the

pumps in semi-serial fashion.

[000118]  Various ways of controlling output of the individual pump assemblies are
possible. It some applications it is not important to know how much fluid is being
dispensed, only that a reasonably accurate ratio be maintained. Design constraints are
simplified in such applications, especially if ratios are often forgiving.

[000119]  The first implementation of the fifth embodiment as depicted in Fig 17
involves low cost drive electronics that can be used to overdrive first pump assembly
120(1) and first pump assembly 120(2). The pumps could be driven such that the
strokes interleave at a 1:1 ratio. The first pump assembly 120(1) could be constrained
to a fixed output and second pump assembly 120(2) may have a user adjustable device
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(e.g., screw) that can be used to change the constraints thereof, and thus vary the mix
ratio. This first implementation can use low cost electronics, can be potentially very
accurate, tolerant of variations in the piezoelectric diaphragm(s), and easy to

manufacture.

[000120] The second implementation of the fifth embodiment is primarily
electrical. The first pump assembly 120(1) and second pump assembly 120(2) are
driven without physical constraints and by more sophisticated electronics that are able
to vary the drive amplitude to at least one of the pump assemblies and also to vary the
pump interleave ratio and/or the pump frequency. Configurations of the second
implementation depend on piezoelectric matching and/or calibration information stored
in the electronics (e.g., in a controller of the electronics). The second implementation
has great accuracy, can incorporate more features, and can elegantly dealing with any
priming considerations. Examples of driving signals for the drive electronics of the
second implementation of the fifth embodiment, or for any other embodiment described
herein, are described in United States Patent Application Serial Number 10/815,978,
filed April 2, 2004 by Vogeley et al., entitled “Piezoelectric Devices and Methods and
Circuits for Driving Same”, which is incorporated herein by reference in its entirety, or
by documents referenced and/or incorporated by reference therein.

[000121]  The third implementation of the fifth embodiment is the hybrid
implementation, where the pump assemblies are constrained to a fixed mix ratio and are
electrically driven. The mix ratio is adjusted by varying the interleave ratio and/or the
drive frequency of one or both pump assemblies. The third implementation is tolerant
of piezoelectric variations, primes readily, and yet could be designed with lower cost
electronics than the second implementation of the fifth embodiment.

[000122]  For repeatable and consistent performance (e.g., for accommodating
varying reservoir fluid levels, etc), it may be preferred for the pumps to operate in a
pure positive displacement mode, facilitated by having the pump assemblies configured
in accordance with either the second example embodiment or the third example
embodiment, for example.

[000123]  While the invention has been described in connection with what is
presently considered to be the most practical and preferred embodiment, it is to be
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understood that the invention is not to be limited to the disclosed embodiment, but on
the contrary, is intended to cover various modifications and equivalent arrangements.
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WHAT IS CLAIMED IS:

1. A pump comprising:

a first diaphragm having a first diaphragm edge;

a second diaphragm having a second diaphragm edge;

the first diaphragm edge and the second diaphragm edge being bonded together
so that a bellows chamber is formed between the first diaphragm and the second
diaphragm;

at least one of the first diaphragm and the second diaphragm being a
piezoelectric diaphragm which displaces in accordance with application of an electrical
signal.

2. The apparatus of claim 1, further comprising a driver for applying the
electrical signal to whichever of the first diaphragm and the second diaphragm is the
piezoelectric diaphragm, the electrical signal causing the first diaphragm and the second
diaphragm to bow outwardly together and thereby shrink in diameter during a suction
stroke and causing the first diaphragm and the second diaphragm to flatten out and
increase in diameter during a pump stroke.

3. The apparatus of claim 1, wherein both the first diaphragm and the second
diaphragm are piezoelectric diaphragms.

4. The apparatus of claim 1, further comprising:

an inlet port formed in a central region of the first diaphragm,

an outlet port formed in a central region of the second diaphragm; and

wherein the first diaphragm edge and the second diaphragm edge are essentially
entirely bonded together whereby the bellows chamber forms a pumping chamber, with
fluid being admitted into the pumping chamber through the inlet port and being
expelled from the pumping chamber through the outlet port.

5. The apparatus of claim 4, wherein the inlet port and the outlet port are axially
offset with respect to a major axis of the first diaphragm and the second diaphragm.

6. The apparatus of claim 4, further comprising:
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an inlet valve provided at the inlet port, the inlet valve having an inlet valve seat
which is carried by the first diaphragm, the inlet valve being driven closed on a suction
stroke of the pump but being driven open on a pump stroke;

an outlet valve provided at the outlet port, the outlet valve having an outlet valve
seat which is carried by the second diaphragm; the outlet valve being driven open
during the suction stroke but driven closed on the pump stroke.

7. The apparatus of claim 6, wherein one of the inlet valve and the outlet valve
serves as a stationary mounting valve, and wherein neither the first diaphragm nor the
second diaphragm contacts any stationary structure except the mounting valve.

8. The apparatus of claim 6, further comprising a stationary pump holder which
serves to suspend the pump so that neither the first diaphragm nor the second
diaphragm contacts any stationary structure and so that both the inlet valve and outlet

valve are unconstrained active valves.

9. The apparatus of claim 1, further comprising:

an inlet port formed in the first diaphragm,;

an outlet port formed in the first diaphragm; and

wherein the first diaphragm edge and the second diaphragm edge are essentially
entirely bonded together whereby the bellows chamber forms a pumping chamber, with
fluid being admitted into the pumping chamber through the inlet port and being
expelled from the pumping chamber through the outlet port.

10. The apparatus of claim 9, wherein the second diaphragm is secured or
connected to a stationary mounting structure, but he first diaphragm does not contact
any stationary structure.

11. The apparatus of claim 4, further comprising a driver for applying the
electrical signal to whichever of the first diaphragm and the second diaphragm is the
piezoelectric diaphragm for causing the first diaphragm and the second diaphragm to
bow outwardly together and thereby shrink in diameter for sucking the fluid into the
bellows chamber and for causing the first diaphragm and the second diaphragm to
flatten out and increase in diameter for expelling the fluid from the bellows chamber.
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12. The apparatus of claim 1, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by at least one of the following: over molding;
an adhesive sealant; an adhesive gasket.

13. The apparatus of claim 1, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by a laminate.

14. The apparatus of claim 13, wherein an electrical lead for carrying the
electrical signal to the piezoelectric diaphragm is embedded in the laminate.

15. The apparatus of claim 1, wherein the first diaphragm and the second
diaphragm comprise a diaphragm assembly, and further comprising:

a housing which either defines or encloses a pumping chamber;

wherein the diaphragm assembly has an aperture formed therein to permit the
bellows chamber to communicate with an interior of the housing, and whereby action of
the first diaphragm and the second diaphragm generates a pressure waveform in the
interior of the housing for selectively causing impulsion of the fluid into the pumping
chamber and expulsion of the fluid from the pumping chamber.

16. The apparatus of claim 15, wherein the bellows chamber is arranged
transversely to the housing.

17. The apparatus of claim 15, wherein the bellows chamber is arranged parallel
to the housing.

18. The apparatus of claim 1, wherein the first diaphragm and the second
diaphragm comprise a diaphragm assembly, and further comprising:

a pumping chamber, the pumping chamber having an inlet port and an outlet
port;

wherein the diaphragm assembly has an aperture formed therein to permit the
bellows chamber to communicate with the pumping chamber, and whereby action of
the first diaphragm and the second diaphragm generates a pressure waveform in the
bellows chamber for selectively causing impulsion of the fluid into the pumping
chamber and expulsion of the fluid from the pumping chamber.
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19. The apparatus of claim 18, wherein the bellows chamber is arranged
transversely to the pumping chamber.

20. The apparatus of claim 18, wherein the bellows chamber is arranged parallel
to the pumping chamber.

21. The apparatus of claim 18, wherein the aperture is provided in bonding of
the first diaphragm edge and the second diaphragm edge.

22. The apparatus of claim 18, wherein the pumping chamber is stationary, and
wherein the first diaphragm and the second diaphragm are suspended from the pumping

chamber and are externally unconstrained.

23. The apparatus of claim 18, further comprising an inlet valve and an outlet
valve situated in the pumping chamber.

24. The apparatus of claim 23, wherein a distance separating the inlet valve and
the outlet valve is selected to enhance priming of the pump.

25. The apparatus of claim 18, wherein the first diaphragm and the second
diaphragm comprise a diaphragm assembly, and further comprising:

a pressure chamber;

a flexible member having a portion thereof situated in an interior of the pressure
chamber, an interior portion of the flexible member serving as a pumping chamber;

wherein the diaphragm assembly has an aperture formed therein to permit the
bellows chamber to communicate with the pressure chamber, and whereby action of the
first diaphragm and the second diaphragm generates a pressure waveform in the
bellows chamber and the pressure chamber for selectively causing impulsion of the
fluid into the pumping chamber and expulsion of the fluid from the pumping chamber.

26. The apparatus of claim 18, wherein the bellows chamber is arranged
transversely to the pressure chamber.

27. The apparatus of claim 18, wherein the bellows chamber is arranged parallel
to the pressure chamber.
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28. The apparatus of claim 18, wherein the aperture is provided in bonding of
the first diaphragm edge and the second diaphragm edge.

29. A modular, cascadeable pump component comprising:

a first diaphragm having a first diaphragm edge;

a second diaphragm having a second diaphragm edge;

the first diaphragm edge and the second diaphragm edge being bonded together
so that a pumping chamber is formed between the first diaphragm and the second
diaphragm;

an inlet port formed in a central region of the first diaphragm;

an outlet port formed in a central region of the second diaphragm;

the pump component being connectable to another pump component via either
the inlet port or the outlet port.

30. The apparatus of claim 29, wherein at least one of the first diaphragm and
the second diaphragm is a piezoelectric diaphragm which displaces in accordance with

application of an electrical signal.

31. The apparatus of claim 30, further comprising a driver for applying the
electrical signal to whichever of the first diaphragm and the second diaphragm is the
piezoelectric diaphragm, the electrical signal causing the first diaphragm and the second
diaphragm to bow outwardly together and thereby shrink in diameter during a suction
stroke and causing the first diaphragm and the second diaphragm to flatten out and
increase in diameter during a pump stroke.

32. The apparatus of claim 30, wherein both the first diaphragm and the second
diaphragm are piezoelectric diaphragms.

33. The apparatus of claim 29, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by at least one of the following: over molding;
an adhesive sealant; an adhesive gasket.

34. The apparatus of claim 29, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by a laminate.
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35. The apparatus of claim 34, wherein an electrical lead for carrying the
electrical signal to the piezoelectric diaphragm is embedded in the laminate.

36. A modular, cascadeable pump component comprising:

a first diaphragm having a first diaphragm edge;

a second diaphragm having a second diaphragm edge;

the first diaphragm edge and the second diaphragm edge being bonded together
so that a bellows chamber is formed between the first diaphragm and the second
diaphragm;

a housing for enclosing or defining a section of a pumping chamber, the
pumping chamber having an inlet port and an outlet port, the housing being connectable
to another pump component.

37. The apparatus of claim 36, wherein the housing defines the section of the

pumping chamber.

38. The apparatus of claim 36, wherein the housing encloses a flexible member,
and wherein the flexible member defines the section of the pumping chamber.

39. The apparatus of claim 36, wherein at least one of the first diaphragm and
the second diaphragm is a piezoelectric diaphragm which displaces in accordance with

application of an electrical signal.

40. The apparatus of claim 36, further comprising a driver for applying the
electrical signal to whichever of the first diaphragm and the second diaphragm is the
piezoelectric diaphragm, the electrical signal causing the first diaphragm and the second
diaphragm to bow outwardly together and thereby shrink in diameter during a suction
stroke and causing the first diaphragm and the second diaphragm to flatten out and
increase in diameter during a pump stroke.

41. The apparatus of claim 39, wherein both the first diaphragm and the second
diaphragm are piezoelectric diaphragms.
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42. The apparatus of claim 36, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by at least one of the following: over molding;
an adhesive sealant; an adhesive gasket.

43. The apparatus of claim 36, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by a laminate.

44. The apparatus of claim 43, wherein an electrical lead for carrying the
electrical signal to the piezoelectric diaphragm is embedded in the laminate.

45. A pump comprising:
plural modular pump sections cascaded together, each modular pump section
comprising:
a first diaphragm having a first diaphragm edge;
a second diaphragm having a second diaphragm edge;
the first diaphragm edge and the second diaphragm edge being bonded
together so that a section pumping chamber is formed between the first diaphragm and
the second diaphragm,;
an inlet port formed in a central region of the first diaphragm;
an outlet port formed in a central region of the second diaphragm;
the pump section being connectable to another pump component via
either the inlet port or the outlet port;
the section pumping chambers of the plural modular pump sections
communicating together to form a composite pumping chamber.

46. The apparatus of claim 45, wherein at least one of the first diaphragm and
the second diaphragm is a piezoelectric diaphragm which displaces in accordance with
application of an electrical signal.

47. The apparatus of claim 46, further comprising a driver for applying the
electrical signal to whichever of the first diaphragm and the second diaphragm is the
piezoelectric diaphragm, the electrical signal causing the first diaphragm and the second
diaphragm to bow outwardly together and thereby shrink in diameter during a suction
stroke and causing the first diaphragm and the second diaphragm to flatten out and
increase in diameter during a pump stroke.
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48. The apparatus of claim 46, wherein both the first diaphragm and the second
diaphragm are piezoelectric diaphragms.

49. The apparatus of claim 45, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by at least one of the following: over molding;
an adhesive sealant; an adhesive gasket.

50. The apparatus of claim 45, wherein the section pumping chambers of the
plural modular pump sections communicate directly with one another.

51. The apparatus of claim 45, wherein the composite pumping chamber has a
valve positioned intermediate the section pumping chambers of the plural modular

pump sections.

52. The apparatus of claim 45, wherein the section pumping section of a first
modular pump section has a larger volume than the section pumping section of a second

modular pump section.

53. The apparatus of claim 36, wherein the section pumping section of a first
modular pump section and the section pumping section of a second modular pump
section have different volumes.

54. The apparatus of claim 45, wherein the plural modular pump sections are
arranged with the section pumping section of a first modular pump section having a
larger volume than the section pumping section of a second modular pump section, and
wherein the composite pumping chamber has a valve is positioned intermediate the
section pumping chambers of the plural modular pump sections.

55. A pump comprising:
plural modular pump sections cascaded together, each modular pump section
comprising:
a first diaphragm having a first diaphragm edge;
a second diaphragm having a second diaphragm edge;



O 00 N3 Y i B~ W

WO 2006/074038 PCT/US2005/047356

41

the first diaphragm edge and the second diaphragm edge being bonded
together so that a section bellows chamber is formed between the first diaphragm and
the second diaphragm;
a housing for enclosing or defining a section of a pumping chamber, the
pumping chamber having an inlet port and an outlet port;
the housings of the plural modular pump sections communicating together to

form a composite pumping chamber.

56. The apparatus of claim 55, wherein the housing defines the section of the

pumping chamber.

57. The apparatus of claim 55, wherein the housing encloses a flexible member,
and wherein the flexible member defines the section of the pumping chamber.

58. The apparatus of claim 55, wherein at least one of the first diaphragm and
the second diaphragm is a piezoelectric diaphragm which displaces in accordance with
application of an electrical signal.

59. The apparatus of claim 58, further comprising a driver for applying the
electrical signal to whichever of the first diaphragm and the second diaphragm is the
piezoelectric diaphragm, the electrical signal causing the first diaphragm and the second
diaphragm to bow outwardly together and thereby shrink in diameter during a suction
stroke and causing the first diaphragm and the second diaphragm to flatten out and
increase in diameter during a pump stroke.

60. The apparatus of claim 58, wherein both the first diaphragm and the second
diaphragm are piezoelectric diaphragms.

61. The apparatus of claim 55, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by at least one of the following: over molding;
an adhesive sealant; an adhesive gasket.

62. The apparatus of claim 55, wherein the first diaphragm edge and the second
diaphragm edge being bonded together by a laminate.
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63. The apparatus of claim 55, wherein the composite pumping chamber has a
valve positioned intermediate the section pumping chambers of the plural modular

pump sections.

64. The apparatus of claim 55, wherein the section pumping section of a first
modular pump section and the section pumping section of a second modular pump

section have different volumes.

65. The apparatus of claim 55, wherein the section pumping section of a first
modular pump section has a larger volume than the section pumping section of a second
modular pump section.

66. The apparatus of claim 55, wherein the plural modular pump sections are
arranged with the section pumping section of a first modular pump section having a
larger volume than the section pumping section of a second modular pump section, and
wherein the composite pumping chamber has a valve is positioned intermediate the
section pumping chambers of the plural modular pump sections.

67. A pumping system comprising:
a first pump assembly connected to receive fluid from a first fluid source and to
deliver the fluid from the first fluid source;
a second pump assembly connected to receive fluid from a second fluid source
and to deliver the fluid from the second fluid source;
wherein at least one of the first pump assembly and the second pump assembly
comprises a:
a first diaphragm having a first diaphragm edge;
a second diaphragm having a second diaphragm edge;
the first diaphragm edge and the second diaphragm edge being at least
partially bonded together so that a bellows chamber is formed between the first
diaphragm and the second diaphragm,;
at least one of the first diaphragm and the second diaphragm being a
piezoelectric diaphragm;
drive electronics for applying an electrical signal(s) to the piezoelectric
diaphragms for operating the first pump assembly and the second pump assembly for
providing the fluid from the first fluid source and the fluid from the second fluid source.
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68. The apparatus of claim 67, wherein at least one of the first pump assembly
and the second pump assembly comprises:

a pumping chamber having an inlet port and an outlet port, the inlet port being
connectable to an appropriate one of the first fluid source and the second fluid source;

a housing which either defines or encloses the pumping chamber;

wherein the diaphragm assembly has an aperture formed therein to permit the
bellows chamber to communicate with an interior of the housing, and whereby action of
the first diaphragm and the second diaphragm generates a pressure waveform in the
bellows chamber and in the interior of the housing for selectively causing impulsion of
the fluid through the inlet port into the pumping chamber and expulsion of the fluid
from the pumping chamber through the outlet port.

69. The apparatus of claim 68, wherein the aperture is provided in bonding of
the first diaphragm edge and the second diaphragm edge.

70. The apparatus of claim 68, wherein the housing defines the pumping

chamber.

71. The apparatus of claim 68, wherein the drive electronics supplies an
electrical signal for overdriving both the first pump assembly and the second pump
assembly; and wherein the pump system further comprises a physical constraint
member having a position selected to limit displacement of a diaphragm of one or both
the first pump assembly and the second pump assembly despite the pump assembly
being overdriven.

72. The apparatus of claim 71, wherein the position of the physical constraint
member is adjustable.

73. The apparatus of claim 68, wherein the first pumping assembly and the
second pumping assembly both comprise at least one piezoelectric diaphragm, and
further comprising drive electronics for applying a first electrical signal to the
piezoelectric diaphragm of the first pump assembly and for applying a second electrical
signal to the piezoelectric diaphragm of the second pump assembly, the first electrical
signal and the second electrical signal being applied for controlling a ratiometric flow
of the fluid from the first fluid source and the fluid from the second fluid source.
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74. The apparatus of claim 67, wherein the pumping chamber is stationary, and
wherein the first diaphragm and the second diaphragm are suspended from the pumping

chamber and are externally unconstrained.

75. The apparatus of claim 67, further comprising an inlet valve and an outlet
valve situated in the pumping chamber.

76. The apparatus of claim 75, wherein a distance separating the inlet valve and
the outlet valve is selected to enhance priming of the pump.

77. The apparatus of claim 67, wherein the housing at least partially encloses a
flexible member, an interior of the flexible member serving as a pumping chamber, and
whereby action of the first diaphragm and the second diaphragm generates a pressure
waveform in the bellows chamber and in the pumping chamber for selectively causing
impulsion of the fluid into the pumping chamber and expulsion of the fluid from the
pumping chamber.

78. The apparatus of claim 68, wherein both the first diaphragm and the second
diaphragm of at least one of first pump assembly and the second pump assembly are
piezoelectric diaphragms.

79. The apparatus of claim 67, wherein the first diaphragm edge and the second
diaphragm edge are bonded together by at least one of the following: over molding; an
adhesive sealant; an adhesive gasket.

80. The apparatus of claim 67, further comprising a mixing device, wherein the
first pump assembly delivers the fluid from the first fluid source to the mixing device;
wherein the second pump assembly delivers the fluid from the second fluid source to
the mixing device.

81. The apparatus of claim 80, wherein the mixing device is a mixing chamber.

82. The apparatus of claim 80, wherein the mixing device is a mixing nozzle.
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