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SYSTEMS AND METHODS FOR REGULATING THE RESONANT FREQUENCY OF
A DISC PUMP CAVITY

RELATED APPLICATION

The present invention claims the benefit, under 35 USC § 119(e), of the filing of U.S.
Provisional Patent Application serial number 61/668,100, entitled “SYSTEMS AND METHODS
FOR REGULATING THE RESONANT FREQUENCY OF A DISC PUMP CAVITY,” filed 5

July 2012, which is incorporated herein by reference for all purposes.

1. Field of the Invention

[0001] The illustrative embodiments of the invention relate generally to a disc pump for
pumping fluid and, more specifically, to a disc pump in which the pumping cavity is formed by
an internal sidewall and opposing end walls. The illustrative embodiments of the invention

relate more specifically to a disc pump with a cavity that has a variable resonant frequency.

2. Description of Related Art

[0002] The generation of high amplitude pressure oscillations in closed cavities has
received significant attention in the fields of thermo-acoustics and disc pump type compressors.
Recent developments in non-linear acoustics have allowed the generation of pressure waves with

higher amplitudes than previously thought possible.

[0003] It is known to use acoustic resonance to achieve fluid pumping from defined
inlets and outlets. This can be achieved using a cylindrical cavity with an acoustic driver at one
end, which drives an acoustic standing wave. In such a cylindrical cavity, the acoustic pressure
wave has limited amplitude. Varying cross-section cavities, such as cone, horn-cone, and bulb
have been used to achieve high amplitude pressure oscillations thereby significantly increasing
the pumping effect. In such high amplitude waves, the non-linear mechanisms with energy
dissipation have been suppressed. However, high amplitude acoustic resonance has not been

employed within disc-shaped cavities in which radial pressure oscillations are excited until
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recently. International Patent Application No. PCT/GB2006/001487, published as WO
2006/111775, discloses a disc pump having a substantially disc-shaped cavity with a high aspect
ratio, i.¢., the ratio of the radius of the cavity to the height of the cavity.

[0004] Such a disc pump has a substantially cylindrical cavity comprising a sidewall
closed at each end by end walls. The disc pump also comprises an actuator that drives either one
of the end walls to oscillate in a direction substantially perpendicular to the surface of the driven
end wall. The spatial profile of the motion of the driven end wall is described as being matched
to the spatial profile of the fluid pressure oscillations within the cavity, a state described herein
as mode-matching. When the disc pump is mode-matched, work done by the actuator on the
fluid in the cavity adds constructively across the driven end wall surface, thereby enhancing the
amplitude of the pressure oscillation in the cavity and delivering high disc pump efficiency. The
efficiency of a mode-matched disc pump is dependent upon the interface between the driven end
wall and the side wall. It is desirable to maintain the efficiency of such disc pump by structuring
the interface so that it does not decrease or dampen the motion of the driven end wall thereby

mitigating any reduction in the amplitude of the fluid pressure oscillations within the cavity.

[0005] The actuator of the disc pump described above causes an oscillatory motion of the
driven end wall (“displacement oscillations”) in a direction substantially perpendicular to the end
wall or substantially parallel to the longitudinal axis of the cylindrical cavity, referred to
hereinafter as “axial oscillations” of the driven end wall within the cavity. The axial oscillations
of the driven end wall generate substantially proportional “pressure oscillations” of fluid within
the cavity creating a radial pressure distribution approximating that of a Bessel function of the
first kind as described in International Patent Application No. PCT/GB2006/001487, which is
incorporated by reference herein, such oscillations, referred to hereinafter as “radial oscillations”
of the fluid pressure within the cavity. A portion of the driven end wall between the actuator and
the sidewall provides an interface with the sidewall of the disc pump that decreases dampening
of the displacement oscillations to mitigate any reduction of the pressure oscillations within the
cavity. The portion of the driven end wall between the actuator and the sidewall is hereinafter
referred to as an “isolator” and is described more specifically in U.S. Patent Application No.

12/477,594 which is incorporated by reference herein. The illustrative embodiments of the



WO 2014/008354 PCT/US2013/049249

isolator are operatively associated with the peripheral portion of the driven end wall to reduce

dampening of the displacement oscillations.

[0006] Such disc pumps also require one or more valves for controlling the flow of fluid
through the disc pump and, more specifically, valves being capable of operating at high
frequencies. Conventional valves typically operate at lower frequencies below 500 Hz for a
variety of applications. For example, many conventional compressors typically operate at 50 or
60 Hz. Linear resonance compressors known in the art operate between 150 and 350 Hz.
However, many portable electronic devices including medical devices require disc pumps for
delivering a positive pressure or providing a vacuum that are relatively small and it is
advantageous for such disc pumps to be inaudible in operation to provide discrete operation. To
achieve these objectives, such disc pumps must operate at very high frequencies requiring valves
capable of operating at about 20 kHz and higher. To operate at these high frequencies, the valve
must be responsive to a high frequency oscillating pressure that can be rectified to create a net

flow of fluid through the disc pump.

[0007] Such a valve is described more specifically in International Patent Application
No. PCT/GB2009/050614, which is incorporated by reference herein. Valves may be disposed
in either the first or second aperture, or both apertures, for controlling the flow of fluid through
the disc pump. Each valve comprises a first plate having apertures extending generally
perpendicular therethrough and a second plate also having apertures extending generally
perpendicular therethrough, wherein the apertures of the second plate are substantially offset
from the apertures of the first plate. The valve further comprises a sidewall disposed between
the first and second plate, wherein the sidewall is closed around the perimeter of the first and
second plates to form a cavity between the first and second plates in fluid communication with
the apertures of the first and second plates. The valve further comprises a flap disposed and
moveable between the first and second plates, wherein the flap has apertures substantially offset
from the apertures of the first plate and substantially aligned with the apertures of the second
plate. The flap is motivated between the first and second plates in response to a change in

direction of the differential pressure of the fluid across the valve.
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SUMMARY

[0008] According to an illustrative embodiment, a disc pump system includes a pump
body having a substantially cylindrical shape defining a cavity for containing a fluid. The cavity
is formed by an internal sidewall closed at both ends by a first end wall and a driven end wall
having a central portion and a peripheral portion extending radially outwardly from the central
portion. The disc pump system includes an actuator operatively associated with the central
portion of the driven end wall to cause an oscillatory motion of the driven end wall at a
frequency (f), thereby generating displacement oscillations of the driven end wall in a direction
substantially perpendicular thereto. The frequency (f) being about equal to a fundamental
bending mode of the actuator. The disc pump system also includes a drive circuit having an
output electrically coupled to the actuator for providing the drive signal to the actuator at the at
the frequency (f), as well as an isolator operatively associated with the peripheral portion of the
driven end wall to reduce dampening of the displacement oscillations. A first aperture is
disposed at any location in either one of the end walls other than at the annular node and
extending through the pump body. Similarly, a second aperture is disposed at any location in the
pump body other than the location of the first aperture and extending through the pump body. A
valve is disposed in at least one of the first aperture and the second aperture, and the
displacement oscillations generate corresponding pressure oscillations of the fluid within the

cavity of the pump body causing fluid flow through the first aperture and second aperture.

[0009] According to another illustrative embodiment, an internal sidewall for
compensating for changes in the resonant frequency of a disc pump cavity resulting from
changes in temperature is disclosed. The internal sidewall includes a circular coil configured to
expand in response to an increase in temperature and contract in response to a decrease in

temperature.

[0010] According to another illustrative embodiment, a method for varying a resonant
cavity frequency (f.) of a cavity of a disc pump includes providing an internal sidewall that
comprises a circular coil. The circular coil defines the diameter of the cavity and has an inner
diameter that increases in response to an increase in temperature and decreases in response to a
decrease in temperature. The method includes coupling an end of the circular coil to an end wall

4
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of the cavity of the disc pump. The rate of increase in the inner diameter and rate of decrease in
the inner diameter effect a change in the resonant cavity frequency (fc) that is equivalent to a rate

of temperature-related change of a resonant frequency of an actuator of the disc pump.

[0011] Other features and advantages of the illustrative embodiments will become

apparent with reference to the drawings and detailed description that follow.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1A is a cross-section view of a disc pump having an internal sidewall;

[0013] Figure 1B is a top, section view of the disc pump of Figure 1A taken along the
line 1B-1B;
[0014] Figure 1C is a detail, cross-section view of the internal sidewall shown in Figures

1A and 1B;

[0015] Figure 1D is a detail, cross-section view of a coupling between the disc pump

body and an internal sidewall;

[0016] Figure 1E is a detail, cross-section view of the portion of the internal sidewall

located at the opposite side of the pump from the coupling illustrated in Figure 1D;

[0017] Figure 2A is a cross-section view of the disc pump having an internal sidewall

with an increased diameter;

[0018] Figure 2B is a top, section view of the disc pump of Figure 2A taken along the

line 2B-2B, showing the increased diameter of the internal sidewall,

[0019] Figure 3A shows a graph of the axial displacement oscillations for the

fundamental bending mode of an actuator of the disc pump;

[0020] Figure 3B shows a graph of the pressure oscillations of fluid within the cavity of

the disc pump in response to the bending mode shown in Figure 3A;

[0021] Figure 4 shows a cross-section view of the disc pump wherein the two valves of

the pump are represented by a single valve in Figure 5;
[0022] Figure 5 shows a cross-sectional, exploded view of a disc pump valve;

[0023] Figure 6 shows a graph of pressure oscillations of fluid of within the cavity of the
disc pump to illustrate the pressure differential applied across the valve of Figure 5, as indicated

by the dashed lines;

[0024] Figure 7A shows a cross-section view of the valve in an open position when fluid

flows through the valve;
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[0025] Figure 7B shows a cross-section view of the valve in transition between the open

and closed positions before closing;

[0026] Figure 7C shows a cross-section view of the valve in a closed position when fluid

flow is blocked by the valve flap;

[0027] Figure 8A shows a pressure graph of an oscillating differential pressure applied

across the valve of Figure 5 according to an illustrative embodiment;

[0028] Figure 8B shows a fluid-flow graph of an operating cycle of the valve between an

open and closed position;

[0029] Figure 9 is a graph illustrating the temperature dependence of the resonant
frequency of an illustrative PZT ceramic piezoelectric actuator material, the temperature
dependence of the resonant frequency of a pump cavity, and the size dependence of the resonant

frequency of the pump cavity; and

[0030] Figure 10 is a block diagram showing an illustrative disc pump system.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0031] In the following detailed description of illustrative embodiments, reference is
made to the accompanying drawings that form a part hereof. By way of illustration, the
accompanying drawings show specific preferred embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those skilled in the art
to practice the invention, and it is understood that other embodiments may be utilized and that
logical structural, mechanical, electrical, and chemical changes may be made without departing
from the spirit or scope of the invention. To avoid detail not necessary to enable those skilled in
the art to practice the embodiments described herein, the description may omit certain
information known to those skilled in the art. The following detailed description is, therefore,
not to be taken in a limiting sense, and the scope of the illustrative embodiments are defined only

by the appended claims.

[0032] Figures 1A-1E show an illustrative embodiment of a disc pump system 100
having a variable cavity size. The disc pump system 100 comprises a disc pump 10 mounted on
a substrate 28 having an opening 18 fluidly coupled to a load to supply positive or negative
pressure to the load. The disc pump 10 comprises a disc pump body having a substantially
elliptical shape including a cylindrical wall 11 closed at one end by an end plate 12. The disc
pump body also comprises a cylindrical leg structure 19 extending generally longitudinally from
the cylindrical wall 11. The cylindrical leg structure 19 is coupled to the substrate 28 to form a
closed base mounted to the substrate 28. The portion of the substrate 28 covered by the
cylindrical leg structure 19 forms an end plate 13 that closes the other end of the disc pump 10
except for the opening 18. The substrate 28 may be a printed circuit board or another suitable
rigid or semi-rigid material. The disc pump 10 further comprises a pair of disc-shaped interior
plates 14, 15 supported within the disc pump 10 by an isolator 30 affixed to the cylindrical wall
11 of the disc pump body. The isolator 30 has a first side facing the end plate 12 and a second
side facing the end plate 13. The isolator 30 comprises a flexible material and may be generally
ring-shaped. The internal surface of the end plate 12 forms an end wall 20, while the internal
surface of the interior plate 14 and the first side of the isolator 30 form an end wall 22. The end
wall 22 thus comprises a central portion corresponding to the inside surface of the interior plate

14 and a peripheral portion corresponding to the inside surface of the ring-shaped isolator 30.

8
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Although the disc pump 10 and its components are substantially elliptical in shape, the specific

embodiment disclosed herein is generally circular.

[0033] The disc pump 10 further comprises an internal sidewall having a variable
diameter that is disposed within the pump body and, more specifically, within the cylindrical
wall 11. The internal sidewall may be, for example, an inner wall 17 of a flat coil 40 having the
appearance of a mainspring wherein the coil 40 has an outside wall 41 with a diameter restricted
by the size of the cylindrical wall 11. The inner wall 17 of the coil 40 forms a cavity 16 with the
end walls 20, 22 so that the cavity 16 also has a variable diameter. In Figure 1A, the cavity 16
has an initial diameter (0;) at ambient temperature. The coil 40 further comprises a first end 42
and a second end 44, wherein a portion 40' of the coil 40 adjacent the second end 44 is
overlapped by a portion of the inside wall 17 adjacent the first end 42 of the coil 40 by an initial
circumferential length (x;) when the pump 10 is at ambient temperature. The first end 42 of the
coil 40 may be fixed in position so that it does not move circumferentially within the cavity 16.
A circumferential groove 38 is formed in the end plate 12 adjacent the cylindrical side wall 11
with the coil 40 positioned therein. The circumferential groove 38 is sufficiently wide to
accommodate the varying diameter of the coil 40. It should be understood, that a portion of the
coil 40 adjacent the first end 42 could be overlapped by the second end 44 which may be fixed in

position so that it does not move circumferentially within the cavity 16.

[0034] Figures 2A and 2B show the pump 10 at raised temperature in which the cavity 16
is expanded due thermal expansion of the coil 40 that may occur when the temperature of the
pump 10 has increased. In Figures 2A and 2B, the diameter of the cavity has increased to a
second diameter (,) that is larger than the first diameter (@;). In addition, at the increased
temperature, the portion 40' of the coil 40 is overlapped by the second end 44 of the coil by a
second circumferential length (x;). The coil 40 may be configured such that second diameter
(0,) is limited by the diameter of the cavity 16 and in the limited condition, the second

circumferential length (x») is greater than zero.

[0035] Returning to Figure 1A, a first groove 48 extends through the end wall 20 into the
end plate 12 and radially outwardly into the cylindrical wall 11. A pin 46 is attached to the first
end 42 of the coil 40 and has one and extending into the first groove 48 allowing the first end 42
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to move radially but not necessarily circumferentially. In this way, the first end 42 of the coil 40
may be circumferentially fixed in position. A barb 47 may be formed on the end of the pin 46
so that it fits within the first groove 48 with the barbed end extending into the sidewalls of the
first groove 48 to prevent the pin 46 from slipping out of the first groove 48. The first end 42
may alternatively be fixed to the cylindrical wall 11 or the end plate 12 using an adhesive, weld,
or other coupling mechanism. A second groove 49 on the opposite side of the cavity 16 from the
first group 48 extends through the end wall 20 into the end plate 12 and radially outwardly into
the cylindrical wall 11. The coil 40 is not fixed in position and is free to move circumferentially
and radially with respect to the second groove 49. The coil 40 also includes a mechanism (not

shown) to prevent it from slipping out of the second groove 49.

[0036] In one embodiment, biasing members 50, 52 are disposed within the grooves 48,
49, respectively, between the coil 40 and the cylindrical side wall 11 to center the coil 40 in the
cavity 16 so that the center of the cavity 16 is coincident with the center of the actuator 60. The
biasing members 50, 52 may be a spring, for example, cach of which have balancing spring
constants that maintain the position of the center of the cavity 16 relative to the center of the
actuator 60. More specifically, the biasing member 50 in the first groove 48 may bias the first
end 42 of the coil 40 toward the center of the cavity 16, while the opposing biasing member 52 in
the second groove 49 in the opposite side of the cavity 16 biases the coil 40 toward the center of
the cavity 16 from the opposite direction to maintain the position of the center of the cavity 16
coincidental with the center of the actuator 60. In such an embodiment, the interfaces between
the biasing members 50, 52, the coil 40, and the cylindrical side wall 11 within the respective
grooves may be nearly frictionless so that the force exerted by the biasing members 50, 52 may
be minimal so as not to distort the generally circular shape of the coil 40. The balancing between
the biasing forces provided by the biasing members 50, 52 bias the position of the coil 40 so that
the inside wall 17 forms the variable circumference of the cavity 16 having a center coincidental
with the center of the actuator 60. While only two sets of biasing members 51, 52 are shown, it
is noted that additional biasing members may be spaced about the perimeter of the cylindrical
wall at smaller intervals, such as 90°, 60°, or 45° to bias the coil 40 toward the center of the

pump 10.

10



WO 2014/008354 PCT/US2013/049249

[0037] The end wall 20 defining the cavity 16 is shown as being generally frusto-conical,
yet in another embodiment, the end wall 20 defining the inside surfaces of the cavity 16 may
include a generally planar surface that is parallel to the actuator 60. A disc pump comprising
frusto-conical surfaces is described in more detail in the W0O2006/111775 publication, which is
incorporated by reference herein. The end plates 12, 13 and cylindrical wall 11 of the disc pump
body may be formed from any suitable rigid material including, without limitation, metal,

ceramic, glass, or plastic including, without limitation, inject-molded plastic.

[0038] The interior plates 14, 15 of the disc pump 10 together form an actuator 60 that is
operatively associated with the central portion of the end wall 22. One of the interior plates 14,
15 is formed of a piezoelectric material which may include any electrically active material that
exhibits strain in response to an applied electrical signal, such as, for example, an electrostrictive
or magnetostrictive material. In one preferred embodiment, for example, the interior plate 15 is
formed of piezoelectric material that exhibits strain in response to an applied electrical signal,
i.c., the active interior plate. The other one of the interior plates 14, 15 preferably possesses a
bending stiffness similar to the active interior plate and may be formed of a piezoelectric
material or an electrically inactive material, such as a metal or ceramic. In this preferred
embodiment, the interior plate 14 possesses a bending stiffness similar to the active interior plate
15 and is formed of an electrically inactive material, such as a metal or ceramic, i.c., the inert
interior plate. When the active interior plate 15 is excited by an electrical current, the active
interior plate 15 expands and contracts in a radial direction relative to the longitudinal axis of the
cavity 16 causing the interior plates 14, 15 to bend, thereby inducing an axial deflection of the
end wall 22 in a direction substantially perpendicular to the end wall 22 (see Figure 3A). Thus,

in operation, the end wall 22 is also referred to as the driven end wall.

[0039] In other embodiments not shown, the isolator 30 may support either one of the
interior plates 14, 15, whether the active or inert internal plate, from the top or the bottom
surfaces depending on the specific design and orientation of the disc pump 10. In another
embodiment, the actuator 60 may be replaced by a device in a force-transmitting relation with
only one of the interior plates 14, 15 such as, for example, a mechanical, magnetic or

electrostatic device, wherein the interior plate may be formed as an electrically inactive or

11
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passive layer of material driven into oscillation by such device (not shown) in the same manner

as described above.

[0040] The disc pump 10 further comprises at least one aperture extending from the
cavity 16 to the outside of the disc pump 10, wherein the at least one aperture contains a valve to
control the flow of fluid through the aperture. Although the aperture may be located at any
position in the cavity 16 where the actuator 60 generates a pressure differential as described
below in more detail, one embodiment of the disc pump 10 comprises an outlet aperture 27,
located at approximately the center of and extending through the end plate 12. The aperture 27
contains at least one end valve 29 that regulates the flow of fluid in one direction, as indicated by
the arrows, so that end valve 29 functions as an outlet valve for the disc pump 10. Any reference
to the aperture 27 that includes the end valve 29 refers to that portion of the opening outside of
the end valve 29, i.¢., outside the cavity 16 of the disc pump 10.

[0041] The disc pump 10 further comprises at least one aperture extending through the
actuator 60, wherein the at least one aperture contains a valve to control the flow of fluid through
the aperture. The aperture may be located at any position on the actuator 60 where the actuator
60 generates a pressure differential. For example, the disc pump 10 comprises an actuator
aperture 31 located at approximately the center of and extending through the interior plates 14,
15. The actuator aperture 31 contains an actuator valve 32 that regulates the flow of fluid in one
direction to the cavity 16, as indicated by the arrow so that the actuator valve 32 functions as an
inlet valve to the cavity 16. The actuator valve 32 enhances the output of the disc pump 10 by
augmenting the flow of fluid into the cavity 16 and supplementing the operation of the outlet

valve 29 in as described in more detail below.

[0042] The dimensions of the cavity 16 described herein should preferably satisfy certain
inequalities with respect to the relationship between the height (h) of the cavity 16 and its radius
(r) which is the distance from the longitudinal axis of the cavity 16 to the inside wall 17 of the
coil 40, or one half of the diameter of the inside wall 17 formed by the coil 40. These equations
are as follows:

r/h>1.2;and

h%/r > 4x107'° meters.

12
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[0043] In one embodiment of the invention, the ratio of the cavity radius to the cavity
height (r/h) is between about 10 and about 50 when the fluid within the cavity 16 is a gas. In this
example, the volume of the cavity 16 may be less than about 10 ml. Additionally, the ratio of
h/r 1s preferably within a range between about 10 and about 107 meters where the working

fluid is a gas as opposed to a liquid.

[0044] Additionally, the cavity 16 disclosed herein should preferably satisfy the
following inequality relating the cavity radius (r) and operating frequency (f), which is the
frequency at which the actuator 60 vibrates to generate the axial displacement of the end wall 22.

The inequality is as follows:

ko(cs)<r<ko(cf)
278 2af

[0045] [Equation 1]

wherein the speed of sound in the working fluid within the cavity 16 (c) may range between a
slow speed (c;) of about 115 m/s and a fast speed (c¢) equal to about 1,970 m/s as expressed in

the equation above, and k is a constant (ko = 3.83).

[0046] The variance in the speed of sound in the working fluid within the cavity 16
may relate to a number of factors, including the type of fluid within the cavity 16 and the
temperature of the fluid. For example, if the fluid in the cavity 16 is an ideal gas, the speed of
sound of the fluid may be understood as a function of the square root of the absolute temperature
of the fluid. Thus, the speed of sound in the cavity 16 will vary as a result of changes in the
temperature of the fluid in the cavity 16 and the size of the cavity 16 may be selected (in part)

based on the anticipated temperature of the fluid.

[0047] The radius of the cavity and the speed of sound in the working fluid in the cavity
are factors in determining the resonant frequency of the cavity 16. The resonant frequency of the
cavity 16, or resonant cavity frequency (f;), is the frequency at which the fluid (e.g., air)
oscillates into and out of the cavity 16 when the pressure in the cavity is increased relative to the
ambient environment. In one preferred embodiment of the disc pump 10, the cavity 16 is sized
such that the resonant cavity frequency (f.) is approximately equal to the frequency of the
oscillatory motion of the actuator 60 that drives the disc pump 10. In this embodiment, the

working fluid is assumed to be air at 60°C, and the resonant frequency of the actuator at an

13
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ambient temperature of 20°C is 21 kHz. However, the anticipated temperature of the fluid may
vary. To maintain a constant resonant cavity frequency (f;) over a range of temperatures, the
size of the cavity 16 may be dynamically adjusted in response to temperature changes by
changing the diameter of the cavity 16, i.e., the inside wall 17 of the coil 40. Although it is
preferable that the cavity 16 disclosed herein should satisfy individually the inequalities
identified above, the relative dimensions of the cavity 16 should not be limited to cavities having
the same height and radius. For example, the cavity 16 may have a slightly different shape
requiring different radii or heights creating different frequency responses so that the cavity 16

resonates in a desired fashion to generate the optimal output from the disc pump 10.

[0048] As noted above, the disc pump 10 may function as a source of positive pressure
adjacent the outlet valve 29 to pressurize a load or as a source of negative or reduced pressure
adjacent the actuator inlet valve 32 to depressurize the load, as indicated by the arrows. The load
may be, for example, a tissue treatment system that utilizes negative pressure for treatment.
Here, the term reduced pressure generally refers to a pressure less than the ambient pressure
where the disc pump 10 is located. Although the terms vacuum and negative pressure may be
used to describe the reduced pressure, the actual pressure reduction may be significantly less
than the pressure reduction normally associated with a complete vacuum. Here, the pressure is
negative in the sense that it is a gauge pressure, i.¢., the pressure is reduced below ambient
atmospheric pressure. Unless otherwise indicated, values of pressure stated herein are gauge
pressures. References to increases in reduced pressure typically refer to a decrease in absolute
pressure, while decreases in reduced pressure typically refer to an increase in absolute pressure.
To provide the reduced pressure, the disc pump 10 comprises at least one actuator valve 32 and
at least one end valve 29. In another embodiment, the disc pump 10 may comprise a two-cavity

disc pump having a valve on each side of the actuator 60.

[0049] Figure 3A shows one possible displacement profile illustrating the axial
oscillation of the driven end wall 22 of the cavity 16. The solid curved line and arrows represent
the displacement of the driven end wall 22 at one point in time, and the dashed curved line
represents the displacement of the driven end wall 22 one half-cycle later. The displacement as
shown in this figure and the other figures is exaggerated. Because the actuator 60 is not rigidly

mounted at its perimeter, and is instead suspended by the ring-shaped isolator 30, the actuator 60
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is free to oscillate about its center of mass in its fundamental mode. In this fundamental mode,
the amplitude of the displacement oscillations of the actuator 60 is substantially zero at an
annular displacement node 62 located between the center of the driven end wall 22 and the
internal sidewall formed by the inside wall 17. The amplitudes of the displacement oscillations
at other points on the end wall 22 are greater than zero as represented by the vertical arrows. A
central displacement anti-node 63 exists near the center of the actuator 60 and a peripheral
displacement anti-node 63' exists near the perimeter of the actuator 60. The central displacement

anti-node 63 is represented by the dashed curve after one half-cycle.

[0050] Figure 3B shows one possible pressure oscillation profile illustrating the pressure
oscillation within the cavity 16 resulting from the axial displacement oscillations shown in
Figure 3A. The solid curved line and arrows represent the pressure at one point in time. In this
mode and higher-order modes, the amplitude of the pressure oscillations has a peripheral
pressure anti-node 65' near the sidewall 18 of the cavity 16. The amplitude of the pressure
oscillations is substantially zero at the annular pressure node 64 between the central pressure
anti-node 65 and the peripheral pressure anti-node 65'. At the same time, the amplitude of the
pressure oscillations as represented by the dashed line has a negative central pressure anti-node
67 near the center of the cavity 16 with a peripheral pressure anti-node 67’ and the same annular
pressure node 64. For a cylindrical cavity, the radial dependence of the amplitude of the pressure
oscillations in the cavity 16 may be approximated by a Bessel function of the first kind. The
pressure oscillations described above result from the radial movement of the fluid in the cavity
16 and so will be referred to as the “radial pressure oscillations” of the fluid within the cavity 16

as distinguished from the axial displacement oscillations of the actuator 60.

[0051] With further reference to Figures 3A and 3B, it can be seen that the radial
dependence of the amplitude of the axial displacement oscillations of the actuator 60 (the “mode-
shape” of the actuator 60) should approximate a Bessel function of the first kind so as to match
more closely the radial dependence of the amplitude of the desired pressure oscillations in the
cavity 16 (the “mode-shape” of the pressure oscillation). By not rigidly mounting the actuator 60
at its perimeter and allowing it to vibrate more freely about its center of mass, the mode-shape of
the displacement oscillations substantially matches the mode-shape of the pressure oscillations in

the cavity 16 thus achieving mode-shape matching or, more simply, mode-matching. Although
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the mode-matching may not always be perfect in this respect, the axial displacement oscillations
of the actuator 60 and the corresponding pressure oscillations in the cavity 16 have substantially
the same relative phase across the full surface of the actuator 60 wherein the radial position of
the annular pressure node 64 of the pressure oscillations in the cavity 16 and the radial position
of the annular displacement node 62 of the axial displacement oscillations of actuator 60 are

substantially coincident.

[0052] As the actuator 60 vibrates about its center of mass, the radial position of the
annular displacement node 62 will necessarily lie inside the radius of the actuator 60 when the
actuator 60 vibrates in its fundamental bending mode as illustrated in Figure 3A. Thus, to ensure
that the annular displacement node 62 is coincident with the annular pressure node 64, the radius
of the actuator (r,ct) should preferably be greater than the radius of the annular pressure node 64
to optimize mode-matching. Assuming again that the pressure oscillation in the cavity 16
approximates a Bessel function of the first kind, the radius of the annular pressure node 64 would
be approximately 0.63 of the radius (a) of the central portion of the end wall 22. Therefore, the
radius (ract) of the actuator 60 should preferably satisfy the following inequality: »,_, > 0.63r.

[0053] The isolator 30 may be a flexible membrane that enables the edge of the actuator
60 to move more freely as described above by bending and stretching in response to the vibration
of the actuator 60 as shown by the displacement at the peripheral displacement anti-node 63" in
Figure 3A. The flexible membrane overcomes the potential dampening effects of the cylindrical
wall 11 on the actuator 60 by providing a low mechanical impedance support between the
actuator 60 and the cylindrical wall 11 of the disc pump 10, thereby reducing the dampening of
the axial oscillations at the peripheral displacement anti-node 63' of the actuator 60. Essentially,
the flexible membrane minimizes the energy being transferred from the actuator 60 to the
cylindrical wall 11 with the outer peripheral edge of the flexible membrane remaining
substantially stationary. Consequently, the annular displacement node 62 will remain
substantially aligned with the annular pressure node 64 to maintain the mode-matching condition
of the disc pump 10. Thus, the axial displacement oscillations of the driven end wall 22 continue
to efficiently generate oscillations of the pressure within the cavity 16 from the central pressure
anti-nodes 65, 67 to the peripheral pressure anti-nodes 65', 67" at the internal sidewall as shown
in Figure 3B.
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[0054] Referring to Figure 4, the disc pump 10 of Figure 1 is shown with the valves 29,
32, both of which are substantially similar in structure as represented, for example, by a valve
110 having a center portion 111 shown in Figures 5 and 7A-7C. The valve 110 allows fluid to
flow in only one direction, as indicated by the arrows 124, and may be a check valve or any other
valve that allows fluid to flow in only one direction. Some valve types may regulate fluid flow
by switching between an open and closed position. For such valves to operate at the high
frequencies generated by the actuator 60, the valves 29, 32 have an extremely fast response time
such that they are able to open and close on a timescale significantly shorter than the timescale of
the pressure variation. One embodiment of the valves 29, 32 achieves this by employing an
extremely light flap valve, which has low inertia and consequently is able to move rapidly in

response to changes in relative pressure across the valve structure.

[0055] Referring to Figure 5, the valve 110 is a flap valve for the disc pump 10 according
to an illustrative embodiment. The valve 110 comprises a substantially cylindrical wall 112 that
is ring-shaped and closed at one end by a retention plate 114 and at the other end by a sealing
plate 116. The inside surface of the wall 112, the retention plate 114, and the sealing plate 116
form a cavity 115 within the valve 110. The valve 110 further comprises a substantially circular
flap 117 disposed between the retention plate 114 and the sealing plate 116, but adjacent the
sealing plate 116. In this sense, the flap 117 is considered to be “biased” against the sealing plate
116. The peripheral portion of the flap 117 is sandwiched between the sealing plate 116 and the
ring-shaped wall 112 so that the motion of the flap 117 is restrained in the plane substantially
perpendicular the surface of the flap 117. The motion of the flap 117 in such plane may also be
restrained by the peripheral portion of the flap 117 being attached directly to either the sealing
plate 116 or the wall 112, or by the flap 117 being a close fit within the ring-shaped wall 112, in
an alternative embodiment. The remainder of the flap 117 is sufficiently flexible and movable in
a direction substantially perpendicular to the surface of the flap 117, so that a force applied to
either surface of the flap 117 will motivate the flap 117 between the sealing plate 116 and the

retention plate 114.

[0056] The retention plate 114 and the sealing plate 116 both have holes 118 and 120,
respectively, which extend through each plate. The flap 117 also has holes 122 that are generally
aligned with the holes 118 of the retention plate 114 to provide a passage through which fluid
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may flow as indicated by the dashed arrows 124 in Figure 5. The holes 122 in the flap 117 may
also be partially aligned, i.e., having only a partial overlap, with the holes 118 in the retention
plate 114. Although the holes 118, 120, 122 are shown to be of substantially uniform size and
shape, they may be of different diameters or even different shapes without limiting the scope of
the invention. In one embodiment of the invention, the holes 118 and 120 form an alternating
pattern across the surface of the plates in a top view. In other embodiments, the holes 118, 120,
122 may be arranged in different patterns without affecting the operation of the valve 110 with
respect to the functioning of the individual pairings of holes 118, 120, 122 as illustrated by
individual sets of the dashed arrows 124. The pattern of holes 118, 120, 122 may be designed to
increase or decrease the number of holes to control the total flow of fluid through the valve 110
as necessary. For example, the number of holes 118, 120, 122 may be increased to reduce the

flow resistance of the valve 110 to increase the total flow rate of the valve 110.

[0057] Figures 7A-7C illustrate how the flap 117 is motivated between the sealing plate
116 and the retention plate 114 when a force applied to either surface of the flap 117. When no
force is applied to either surface of the flap 117 to overcome the bias of the flap 117, the valve
110 is in a “normally closed” position because the flap 117 is disposed adjacent the sealing plate
116 where the holes 122 of the flap are offset or not aligned with the holes 118 of the sealing
plate 116. In this “normally closed” position, the flow of fluid through the sealing plate 116 is
substantially blocked or covered by the non-perforated portions of the flap 117 as shown in
Figures 7C. When pressure is applied against either side of the flap 117 that overcomes the bias
of the flap 117 and motivates the flap 117 away from the sealing plate 116 towards the retention
plate 114 as shown in Figures 7A, the valve 110 moves from the normally closed position to an
“open” position over a time period, i.e., an opening time delay (T,), allowing fluid to flow in the
direction indicated by the dashed arrows 124. When the pressure changes direction as shown in
Figure 7B, the flap 117 will be motivated back towards the sealing plate 116 to the normally
closed position. When this happens, fluid will flow for a short time period, i.¢., a closing time
delay (T.), in the opposite direction as indicated by the dashed arrows 132 until the flap 117 seals
the holes 120 of the sealing plate 116 to substantially block fluid flow through the sealing plate
116 as shown in Figure 7C. In other embodiments of the invention, the flap 117 may be biased
against the retention plate 114 with the holes 118, 122 aligned in a “normally open” position. In

this embodiment, applying positive pressure against the flap 117 will be necessary to motivate
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the flap 117 into a “closed” position. Note that the terms “sealed” and “blocked” as used herein
in relation to valve operation are intended to include cases in which substantial (but incomplete)
sealing or blockage occurs, such that the flow resistance of the valve is greater in the “closed”

position than in the “open” position.

[0058] The operation of the valve 110 is generally a function of the change in direction
of the differential pressure (AP) of the fluid across the valve 110. In Figure 7B, the differential
pressure has been assigned a negative value (-AP) as indicated by the downward pointing arrow.
When the differential pressure has a negative value (-AP), the fluid pressure at the outside
surface of the retention plate 114 is greater than the fluid pressure at the outside surface of the
sealing plate 116. This negative differential pressure (-AP) drives the flap 117 into the fully
closed position, wherein the flap 117 is pressed against the sealing plate 116 to block the holes
120 in the sealing plate 116, thereby substantially preventing the flow of fluid through the valve
110. When the differential pressure across the valve 110 reverses to become a positive
differential pressure (+AP) as indicated by the upward pointing arrow in Figure 7A, the flap 117
is motivated away from the sealing plate 116 and towards the retention plate 114 into the open
position. When the differential pressure has a positive value (+AP), the fluid pressure at the
outside surface of the sealing plate 116 is greater than the fluid pressure at the outside surface of
the retention plate 114. In the open position, the movement of the flap 117 unblocks the holes
120 of the sealing plate 116 so that fluid is able to flow through them and the aligned holes 122
and 118 of the flap 117 and the retention plate 114, respectively, as indicated by the dashed

arrows 124.

[0059] When the differential pressure across the valve 110 changes from a positive
differential pressure (+AP) back to a negative differential pressure (-AP) as indicated by the
downward pointing arrow in Figure 7B, fluid begins flowing in the opposite direction through
the valve 110 as indicated by the dashed arrows 132, which forces the flap 117 back toward the
closed position shown in Figure 7C. In Figure 7B, the fluid pressure between the flap 117 and
the sealing plate 116 is lower than the fluid pressure between the flap 117 and the retention plate
114. Thus, the flap 117 experiences a net force, represented by arrows 138, which accelerates

the flap 117 toward the sealing plate 116 to close the valve 110. In this manner, the changing
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differential pressure cycles the valve 110 between closed and open positions based on the

direction (i.e., positive or negative) of the differential pressure across the valve 110.

[0060] When the differential pressure across the valve 110 reverses to become a positive
differential pressure (+AP) as shown in Figures 7A, the flap 117 is motivated away from the
sealing plate 116 against the retention plate 114 into the open position. In this position, the
movement of the flap 117 unblocks the holes 120 of the sealing plate 116 so that fluid is
permitted to flow through them and the aligned holes 118 of the retention plate 114 and the holes
122 of the flap 117 as indicated by the dashed arrows 124. When the differential pressure
changes from the positive differential pressure (+AP) back to the negative differential pressure (-
AP), fluid begins to flow in the opposite direction through the valve 110 (see Figure 7B), which
forces the flap 117 back toward the closed position (see Figure 7C). Thus, as the pressure
oscillations in the cavity 16 cycle the valve 110 between the normally closed position and the
open position, the disc pump 10 provides reduced pressure every half cycle when the valve 110

is in the open position.

[0061] As indicated above, the operation of the valve 110 may be a function of the
change in direction of the differential pressure (AP) of the fluid across the valve 110. The
differential pressure (AP) is assumed to be substantially uniform across the entire surface of the
retention plate 114 because (i) the diameter of the retention plate 114 is small relative to the
wavelength of the pressure oscillations in the cavity 115, and (ii) the valve 110 is located near
the center of the cavity 16 where the amplitude of the positive central pressure anti-node 65 is
relatively constant as indicated by the positive square-shaped portion 80 of the positive central
pressure anti-node 65 and the negative square-shaped portion 82 of the negative central pressure
anti-node 67 shown in Figure 6. Therefore, there is virtually no spatial variation in the pressure

across the center portion 111 of the valve 110.

[0062] Figure 8B further illustrates the dynamic operation of the valve 110 when it is
subject to a differential pressure which varies in time between a positive value (+AP) and a
negative value (-AP). While in practice the time-dependence of the differential pressure across
the valve 110 may be approximately sinusoidal, the time-dependence of the differential pressure

across the valve 110 is approximated as varying in the square-wave form shown in Figure 8A to
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facilitate explanation of the operation of the valve 110. The positive differential pressure 80 is
applied across the valve 110 over the positive pressure time period (tp+) and the negative
differential pressure 82 is applied across the valve 110 over the negative pressure time period
(tp-) of the square wave. Figure 8B illustrates the motion of the flap 117 in response to this time-
varying pressure. As differential pressure (AP) switches from negative 82 to positive 80, the
valve 110 begins to open and continues to open over an opening time delay (T,) until the valve
flap 117 meets the retention plate 114 as also described above and as shown by the graph in
Figure 8B. As differential pressure (AP) subsequently switches back from positive differential
pressure 80 to negative differential pressure 82, the valve 110 begins to close and continues to

close over a closing time delay (T.) as also described above and shown in Figure §B.

[0063] The retention plate 114 and the sealing plate 116 should be strong enough to
withstand the fluid pressure oscillations to which they are subjected without significant
mechanical deformation. The retention plate 114 and the sealing plate 116 may be formed from
any suitable rigid material, such as glass, silicon, ceramic, or metal. The holes 118, 120 in the
retention plate 114 and the sealing plate 116 may be formed by any suitable process including
chemical etching, laser machining, mechanical drilling, powder blasting, and stamping. In one
embodiment, the retention plate 114 and the sealing plate 116 are formed from sheet steel
between 100 and 200 microns thick, and the holes 118, 120 therein are formed by chemical
etching. The flap 117 may be formed from any lightweight material, such as a metal or polymer
film. In one embodiment, when fluid pressure oscillations of 20 kHz or greater are present on
cither the retention plate side or the sealing plate side of the valve 110, the flap 117 may be
formed from a thin polymer sheet between 1 micron and 20 microns in thickness. For example,
the flap 117 may be formed from polyethylene terephthalate (PET) or a liquid crystal polymer

film approximately three microns in thickness.

[0064] To generate the displacement and pressure oscillations described above with
regard to Figures 3A and 3B, the piezoelectric actuator 60 is driven at its fundamental resonant
frequency, which is the fundamental bending mode that creates the pressure oscillations in the
cavity 16 to drive the disc pump 10. In one embodiment, the fundamental mode of resonance for
the piezoelectric actuator is about 21 kHz at an ambient temperature, ¢.g., 20°C. To enhance

pump efficiency, the resonant cavity frequency (f;) is approximately equivalent to the
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fundamental mode of resonance for the piezoelectric actuator. Like the resonant cavity
frequency (f.), however, the fundamental bending mode of the actuator 60 may also vary
depending on the temperature of the disc pump 10. This variability results from the thermal
effects on the piezoelectric materials that form the actuator 60, as well as the shape of the
actuator 60. For example, the resonant frequency of an illustrative piezoelectric actuator may

increase or decrease as temperature increases.

[0065] The graph of Figure 9 illustrates generalizations of the temperature dependence of
the resonant frequency of the actuator 60 and the temperature and size dependence of the
resonant frequency of the cavity 16. More specifically, the graph shows the temperature and size
dependence on the elements of the disc pump 10. For example, line 201 shows a percentage
increase or decrease (0fs) of the resonant frequency (fs) of the actuator 60 as a function of
temperature. Line 201 illustrates that the resonant frequency of an illustrative piezoelectric
actuator decreases gradually as temperature increases. In another embodiment that employs an
alternative piezoelectric material, the resonant frequency of the piezoelectric actuator may
increase as temperature increases. Line 202 shows a divergent increase in the resonant
frequency of the cavity 16 as temperature increases that might result from the increase in the
temperature of the fluid within the cavity 16. Figure 9 illustrates that, given a disc pump 10
having an actuator 60 with temperature-dependent properties similar to those shown in Figure 9,
there may be only a small range of temperatures over which both the actuator 60 and cavity 16
having matching or nearly-matching resonant frequencies, ¢.g., at 60°C. That said, line 203
illustrates the size-dependence of the resonant frequency of the cavity 16, and shows that as the
cavity 16 increases in size (e.g., the radius), the resonant cavity frequency (f;) decreases. Thus,
by varying the size of the cavity 16, temperature-dependent increases or decreases in the
resonant cavity frequency (f;) may be offset by increasing or decreasing the diameter of the
cavity 16. In this way, the resonant cavity frequency (f;) can be held constant or varied to match

the resonant frequency of the actuator 60 over a broader range of temperatures.

[0066] When the disc pump 10 does not include a mechanism for compensating for
temperature changes, the disc pump 10 may have a start-up temperature approximately equal to
the temperature of the ambient environment. The pump 10 may also have an operating

temperature that approaches the target temperature (T) as the disc pump 10 warms up as result of
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the energy dissipated during pump operation. The pump 10 may function at less than complete
efficiency in part because, at startup when the temperature of the pump 10 is below the target
temperature (T), the resonant frequency of the actuator 60 and the resonant cavity frequency (f;)
may be different. Additionally, both the resonant frequency of the actuator 60 and the resonant
cavity frequency (f.) may be different from the drive frequency which may correspond to the
resonant frequency of the actuator at the target temperature (T). When the pump 10 and fluid
within the pump cavity 16 heat beyond the target temperature (T), a similar divergence may
occur between the resonant cavity frequency (f;), resonant frequency of the actuator 60, and

drive frequency.

[0067] To offset or mitigate the thermal effects on operation of the disc pump 10, the
resonant cavity frequency (f;) may be maintained at a constant value despite variances in
temperature. Similarly, the resonant cavity frequency (f.) may be reduced as temperature
increases to account for the effects of variance in temperature. For example, it may be desirable
to alter the resonant cavity frequency (fc) so that the resonant cavity frequency (f.) and
fundamental mode of resonance of the actuator 60 remain roughly equal despite increases or
decreases in pump temperatures. Because the coil 40 described above has a variable diameter
defined by the inside wall 17, the size of the cavity 16 may be adjusted to vary the resonant
cavity frequency (f.) to accommodate the temperature variations occurring prior to achieving the
target temperature (T). In one embodiment, the coil 40 is configured to increase in diameter as
temperature increases, thereby increasing the volume of the cavity 16 and decreasing the
resonant cavity frequency (f;) to compensate for the increasing temperature of the disc pump 10.
By configuring the diameter of the coil 40 to increase with temperature at a predetermined rate,
the expansion of the cavity 16 causes a reduction in the resonant cavity frequency (f;) that

matches the temperature-related reduction in the resonant frequency of the actuator 60.

[0068] Referring again to Figures 1A-1E and more specifically 2A-2B, the inside wall 17
of the coil 40 has a variable diameter. In one embodiment, the coil 40 is formed from a bi-metal
material comprising two laminated metal layers, an inner layer 54 and an outer layer 56, as
shown in Figure 1C. The inner layer 54 is steel and has an inner thickness t;, and the outer layer
56 has an outer thicknesses t,. The steel, inner layer 54 of the coil 40 has a greater thermal

expansion coefficient than the copper, outer layer 56 of the coil 40. Because of the difference in
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the thermal expansion coefficients and the orientation of materials that form the inner layer 54
and outer layer 56, the diameter of the inside wall 17 of the coil 40 increases as the temperature
increases within the cavity 16. The thermal expansion characteristics of the coil 40 dynamically

alters the size of the cavity 16 in response to temperature changes within the cavity 16.

[0069] In an embodiment, the change in the diameter of the cavity 16 or the inside wall

17 is defined by the following equation:
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[Equation 2]

where 30 is the change in the diameter of the cavity 16 or the inside wall 17, AT is the change in
the temperature, E; is the Young’s modulus of the inner layer 54, E, is the Young’s modulus of
the outer layer 56, o is the coefficient of thermal expansion of the inner layer 54, o, is the
coefficient of thermal expansion of the outer layer 56, t; is the thickness of the inner layer 54, and
t, is the thickness of the outer layer 56. Knowing the value of the desired change in diameter
(0Q) that corresponds to a desired change in the resonant cavity frequency (f.), Equation 2 may
be used with a known AT to solve for a range of materials and material thicknesses that may be
used to form the coil 40 from suitable bimetallic materials. In fact, by varying the type and
thickness of the materials used, the coil 40 may be configured to expand or contract at a
predetermined rate that corresponds to anticipated changes of the temperature in the pump cavity

16.

[0070] By varying the size of the cavity 16 using the coil 40, the resonant cavity
frequency (f.) can be altered to dynamically match the resonant frequency of the actuator 60.
By selecting laminate layers of varying thicknesses that have different thermal expansion
characteristics, the coil 40 may be configured to increase in diameter as the operating
temperature of the disc pump 10 increases. For example, referring more specifically to Figures
1A and 1B, and 2A and 2B, the diameter (&) of the cavity 16 increases from a first diameter (Q)
when the actuator 60 is first energized to a second diameter (9,) when the disc pump 10 reaches
the target temperature (T). This correlation of the diameter of the internal sidewall to the pump

temperature allows for improved pump efficiency by synchronizing the resonant cavity
24



WO 2014/008354 PCT/US2013/049249

frequency (f.) and the fundamental resonant frequency of the actuator 60 because the resonant
cavity frequency (f.) decreases with temperature at approximately the same rate as the resonant

frequency of the actuator 60.

[0071] The ability to match the resonant cavity frequency (f;) of the cavity 16 to the
resonant frequency of the actuator 60 over a range of temperatures is of particular use when the
working duty cycle of the disc pump 10 is unknown. For instance, if the disc pump 10 is
coupled to a load such as a reduced-pressure wound dressing that has a leak, the disc pump 10
may remain operational almost constantly and heat up beyond the target temperature (T), which
may also cause a divergence between the resonant frequencies. Conversely, if the disc pump 10
is coupled to a small, well-sealed load, the disc pump 10 may never run long enough to

significantly warm and may remain constantly below the target temperature (T).

[0072] Although the coil 40 described above comprises a single piece of material having
a generally circular profile to define the inside wall 17 and internal sidewall, other embodiments
may be used to form the internal sidewall. For example, the internal sidewall may be formed
from a plurality of arcuate, coil segments (not shown) that are coupled to the cylindrical sidewall
11 at multiple points to form the cavity 16. In this embodiment, each arcuate segment may be
disposed within the cavity 16 to adjust the diameter of the cavity 16. The arcuate segments may
be biased using a combination of a radial grooves and biasing members as described above, cam
and pawl mechanisms, or torsion springs. Each arcuate segment may be temperature sensitive to
adjust the diameter of the cavity 16 so that the resonant cavity frequency (f;) of the cavity 16
matches the resonant frequency of the actuator 60 over a desired range of temperatures.
Alternatively, the biasing members may be temperature sensitive to adjust the diameter of the
cavity 16 in a similar fashion. In another embodiment, the disc pump 10 includes an alternative
mechanism for biasing the center of circular coil 40 toward the center of the cavity 16 that
comprises a circumferential groove about the periphery of the cylindrical wall 11 to house

spring-loaded pawls or cam mechanisms to exert a biasing force on the coil 40.

[0073] While the coil 40 described above comprises a bimetal laminate formed from, for
example, copper and steel, other materials may form the coil 40. For example, other materials

with differential thermal expansion characteristics may form the inside wall of the coil 40 having
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a variable diameter. Such other materials may include other metals or polymers, and phase
change alloys such as Nitinol. In one embodiment, one or more phase change alloys having
distinct trigger temperatures may be used to form the coil 40 so that the coil changes in shape as
the distinct trigger temperatures of the alloys are reached. In such an embodiment, the coil 40
may adapt to have one or more diameters that correspond to the trigger temperatures of the one

or more phase change alloys.

[0074] A representative disc pump system 100 that includes the coil 40 is shown in
Figure 10. The disc pump system 100 includes a battery 70 that provides power to a processor
72 and a driver 74. The processor 72 communicates a control signal 76 to the driver 74, which in
turn applies a drive signal 78 to the actuator 60 of the disc pump 10. In an embodiment, the
driver 74 is a drive circuit having an output electrically coupled to the actuator 60. The drive
circuit provides the drive signal 78 to the actuator 60 at a frequency (f), which may be the
fundamental resonant frequency of the actuator 60. The disc pump 10 may also include a sensor
75, such as a temperature sensor, to determine the temperature of the components of the disc
pump 10, including the actuator 60 and coil 40. The temperature sensor 75 is communicatively
coupled to the processor 72, which may apply temperature data received from the sensor 75 to
derive the control signal 76. Using the temperature data, the processor 72 may determine the
temperature related variance in the resonant frequencies of the actuator 60 and resonant cavity
frequency (f.). Based on this determination, the processor 72 may vary the control signal 76 to
cause the driver 78 to vary the drive signal 78 to account for any temperature related variances in

the resonant frequency of the actuator 60 and cavity 16.

[0075] It should be apparent from the foregoing that an invention having significant
advantages has been provided. While the invention is shown in only a few of its forms, it is not
so limited and is susceptible to various changes and modifications without departing from the

spirit thereof.
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CLAIMS

We claim:

1. A disc pump comprising:

a pump body having a substantially cylindrical sidewall closed at both ends by a first
end wall and a driven end wall having a central portion and a peripheral
portion extending radially outwardly from the central portion;

an internal sidewall disposed within cylindrical sidewall to define the diameter of a
cavity formed by the internal sidewall, the first end wall, and the driven end
wall, the diameter of the internal sidewall being changeable in response to a
change in temperature;

an actuator operatively associated with the central portion of the driven end wall to
cause oscillatory motion of the driven end wall at a frequency (f), thereby
generating displacement oscillations of the driven end wall in a direction
substantially perpendicular thereto resulting in a change in temperature, the
diameter of the internal sidewall being responsive to the change in
temperature;

an isolator operatively associated with the peripheral portion of the driven end wall to
reduce dampening of the displacement oscillations;

a first aperture disposed at any location in either one of the end walls other than at the
annular node and extending through the pump body;

a second aperture disposed at any location in the pump body other than the location of
the first aperture and extending through the pump body;

a valve disposed in at least one of the first aperture and the second aperture;

whereby the displacement oscillations generate corresponding pressure oscillations of
the fluid within the cavity of the pump body causing fluid flow through the

first aperture and second aperture when in use.
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The disc pump system of claim 1, wherein the internal sidewall has an inner diameter that
increases in response to an increase in temperature within the cavity and decreases in
response to a decrease in temperature within the cavity wherein the internal sidewall is

coupled to a surface of the pump body.
The disc pump system of claim 1, wherein the variable diameter sidewall comprises a coil.
The disc pump system of claim 1, wherein the variable diameter sidewall comprises a metal.

The disc pump system of claim 1, wherein the variable diameter sidewall comprises a

bimetal laminate.
The disc pump system of claim 5, wherein the bimetal laminate comprises copper and steel.

The disc pump system of claim 1, wherein the variable diameter sidewall comprises a

plurality of coil segments.

The disc pump system of claim 1, wherein the variable diameter sidewall comprises a phase

change alloy.

The disc pump system of claim 1, wherein the variable diameter sidewall comprises a coil

and wherein the coil is coupled at one end to the first end wall.

The disc pump system of claim 9, wherein the coil comprises a tab that is coupled to the first

end wall.

The disc pump system of claim 9, wherein:
the coil comprises a barbed end;
the end wall comprises a slot; and

the barbed end of the coil is inserted into the slot of the end wall.
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The disc pump system of claim 1, wherein the cavity has a resonant cavity frequency (fc)
approximately equal to the frequency (f), and wherein the variable diameter sidewall is
coupled to a surface of the pump body and has an inner diameter that varies proportionally

with the temperature within the cavity

The disc pump system of claim 12, wherein the rate of change in size of the inner
diameter changes the area of the cavity to substantially maintain the resonant cavity

frequency (f.) at the frequency (f) to offset the temperature changes of the cavity.

An internal sidewall for compensating for changes in the resonant frequency of a disc pump
cavity resulting from changes in temperature, the internal sidewall comprising:
a circular coil configured to expand in response to an increase in temperature and

contract in response to a decrease in temperature.
The internal sidewall of claim 14, wherein the circular coil comprises a metal.
The internal sidewall of claim 14, wherein the circular coil comprises a bimetal laminate.
The internal sidewall of claim 16, wherein the bimetal laminate comprises copper and steel.
The internal sidewall of claim 14, wherein the circular coil comprises a phase change alloy.
The internal sidewall of claim 14, wherein the circular coil includes a barbed end.

The internal sidewall of claim 14, wherein the circular coil comprises a tab at one end.
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21. A method for varying a resonant cavity frequency (f;) of a cavity of a disc pump, the
method comprising:

providing an internal sidewall, the internal sidewall comprising a circular coil, the
circular coil defining an inner diameter of the cavity that increases in
response to an increase in temperature and decreases in response to a
decrease in temperature;

coupling an end of the circular coil to an end wall of the cavity of the disc pump;

wherein the rate of increase in the inner diameter and rate of decrease in the inner
diameter effect a change in the resonant cavity frequency (f;) that is
equivalent to a rate of temperature-related change of a resonant frequency of

an actuator of the disc pump.

22. The disc pumps, systems and methods described herein.
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