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DISC PUMP VALVE WITH PERFORMANCE ENHANCING VALVE FLAP

BACKGROUND OF THE INVENTION

[0001] The present invention claims the benefit, under 35 USC § 119(e), of the filing
of U.S. Provisional Patent Application Serial Number 61/635,678, entitled “DISC PUMP
VALVE WITH PERFORMANCE ENHANCING VALVE FLAP,” filed April 19, 2012, by

Locke et al., which is incorporated herein by reference for all purposes.

Field of the Invention

[0002] The illustrative embodiments relate generally to a disc-pump valve for
managing fluid flow therethrough and, more specifically, to a valve having a flap that is
centrally biased between two plates and capable of movement between an open and a closed

position.

Description of Related Art

[0003] Conventional valves typically operate at frequencies below 500 Hz. For
example, many conventional compressors typically operate at 50 or 60 Hz. A linear resonance
compressor known in the art operates between 150 and 350 Hz. Some applications, require
valves that are capable of operating at much higher frequencies, 20 kHz and higher, for
example. Valves that operate at these high frequencies are not commonly available. For
example, many portable electronic devices, including medical devices, require pumps that are
relatively small in size to deliver a positive pressure or to provide a vacuum. Consequently,
these relatively small pumps require even smaller valves that must operate at very high
frequencies to be effective. Moreover, these valves must operate at frequencies beyond the
range of human hearing so that the valves are inaudible in operation. 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 pump.
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SUMMARY

[0004] A disc pump valve for controlling the flow of fluid through a disc pump
comprises a first plate having first plate apertures extending generally perpendicular through
the first plate and a second plate having second plate apertures extending generally
perpendicular through the second plate. The second plate apertures are substantially offset
from the first plate apertures. The disc pump valve also includes a sidewall disposed between
the first plate and second plate. The sidewall being closed around the perimeter of the first
plate and second plate to form a cavity between the first plate and the second plate. The disc
pump valve also includes a valve flap disposed and moveable between the first plate and
second plate. The valve flap comprises flap apertures substantially offset from the first plate
apertures and substantially aligned with the second plate apertures. In addition, the valve flap
comprises low-mass areas substantially offset from both the first plate apertures and the
second plate apertures. The valve flap is motivated between the first plate and the second
plate in response to a change in direction of the differential pressure of the fluid outside the
valve.

[0005] A method of manufacturing a disc pump valve for controlling the flow of fluid
through a disc pump comprises providing a first plate having first plate apertures extending
generally perpendicular through the first plate. The method further comprises providing a
second plate having second plate apertures extending generally perpendicular through the
second plate, the second plate apertures being substantially offset from the first plate apertures.
The method includes providing a sidewall disposed between the first plate and the second
plate to form a cavity between the first plate and the second plate, and providing a valve flap
between the first plate and the second plate. The valve flap comprises flap apertures
substantially offset from the first plate apertures and substantially aligned with the second
plate apertures and low-mass areas substantially offset from both the first plate apertures and
the second plate apertures.

[0006] A disc pump includes a pump body having a substantially elliptically shaped
side wall closed at one end by an end wall and the other end by a pair of internal plates
adjacent each other to form a cavity within the pump body for containing fluids. The disc
pump also includes an actuator formed by the internal plates wherein one of the internal plates
is operatively associated with a central portion of the other internal plate and adapted to cause

an oscillatory motion at a frequency (f) thereby generating radial pressure oscillations of the
2
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fluid within the cavity. A first aperture extends through the actuator to enable fluid to flow
through the cavity, and a second aperture extends through the end wall to enable the fluid to
flow through the cavity. The disc pump includes a disc pump valve disposed in at least one of
the first aperture and the second aperture. The disc pump valve has a first plate having first
plate apertures extending generally perpendicular through the first plate and a second plate
having second plate apertures extending generally perpendicular through the second plate.
The second plate apertures are substantially offset from the first plate apertures. A sidewall is
disposed between the first plate and the second plate to form a cavity between the first plate
and the second plate, and a valve flap is disposed between the first plate and the second plate.
The valve flap includes flap apertures substantially offset from the first plate apertures and
substantially aligned with the second plate apertures. In addition, the valve flap includes low-
mass areas that are substantially offset from both the first plate apertures and the second plate
apertures.

[0007] Other objects, features, and advantages of the illustrative embodiments are
disclosed herein and will become apparent with reference to the drawings and detailed

description that follow.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 shows an exploded, perspective view of an illustrative embodiment of
a disc pump valve;

[0009] Figure 2 shows a top view of the valve of Figure 1;

[0010] Figure 3 is a cross-sectional view of an illustrative embodiment of a disc pump
valve in a closed position;

[0011] Figure 4 is a broken cross-sectional view of the valve of Figure 3;

[0012] Figure SA shows a cross-sectional view of a disc pump utilizing a valve that is
similar to the valve of Figure 3;

[0013] Figure 5B shows a graph of pressure oscillations of fluid within the pump of
Figure 5A;

[0014] Figure 5C shows a broken cross-section view of the valve of disc pump of
Figure SA in an open position while fluid flows therethrough;

[0015] Figure 6A shows a pressure graph of an oscillating differential pressure applied
across the valves of Figures 1, 3, and 5C;

[0016] Figure 6B shows a fluid-flow graph of an operating cycle of the valve of
Figures 1, 3, and 5C between an open and closed position;

[0017] Figure 7 is a broken, cross-section view of the valve of Figure 1 in an open
position;

[0018] Figure 8 is a broken, cross-section view of the valve of Figure 1 as the valve
begins to transition from the open position to a closed position;

[0019] Figure 9 is a broken, cross-section view of the valve of Figure 1 in the closed
position; and

[0020] Figure 10 shows a top view of an illustrative embodiment of a disc pump valve

having both larger low-mass areas and smaller low-mass areas.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0021] 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
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 is
defined only by the appended claims.

[0022] A micropump, such as a disc pump, is a suitable application for a valve that
operates at a high frequency, e.g., beyond the range of human hearing. At such frequencies,
the pump may be extremely small in size and suitable for integration into a wide range of
portable electronic devices where pressure or vacuum delivery is required. The disc pump
may include an actuator, such as a piczoelectric actuator, to cause oscillatory motion and
displacement oscillations of a driven end wall within the disc pump. When the actuator
generates an oscillatory motion of the end wall, the displacement oscillations may generate
radial oscillations of the fluid pressure within the pump. These radial oscillations of fluid
pressure may cause fluid to flow through apertures in the pump base and apertures in the end
wall, which may be inlet apertures and outlet apertures, respectively. To genecrate a pressure
differential, the pump includes one or more valves that allow fluid to flow through the disc
pump in only one direction. For the valves to operate at the high frequencies generated by the
actuator, the valves have an extremely fast response time such that the valves are able to open
and close on a time scale significantly shorter than the time scale of the pressure variations.

[0023] Referring to Figures 1-2, a disc pump valve such as a valve 10 is shown
according to an illustrative embodiment. The disc pump valve 10 comprises a substantially
cylindrical wall 11 closed at one end by a retention plate 14 and at the other end by a sealing
plate 16. The cylindrical wall is formed of an annular member 12. The inside surfaces of the
cylindrical wall 11, retention plate 14, and the sealing plate 16 form a cavity 15 (not shown in

Figure 1 but analogous to the cavity 115 of Figures 3 and 4). The valve 10 further comprises a
5
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substantially circular valve flap 17 disposed between the retention plate 14 and the sealing
plate 16. In Figure 1, the valve flap 17 is biased to be adjacent the sealing plate 16 and offset
from the retention plate 14 when the valve is at equilibrium and there is no pressure
differential across the valve. In other embodiments, the valve flap may be biased adjacent the
retention plate 14 or centrally biased between the sealing plate 16 and retention plate 14.
[0024] The valve flap 17 is a thin layer that may be constructed of a polymer sheet,
such as a polymeric (e.g., Mylar) sheet having a thickness of about 1.5 to about 3 microns.
The valve flap 17 includes flap apertures 22, e.g., holes, that align with retention plate
apertures 18 of the retention plate 14 when the valve 10 is assembled. Conversely, the valve
flap 17 comprises a solid sheet in the areas that overlie sealing plate apertures 20 of the sealing
plate 16. The valve flap 17 includes reduced-mass regions in the areas of the valve flap 17
between the flap apertures 22 that do not overlie the sealing plate apertures 20 of the sealing
plate 116. For example, in Figure 1, the reduced-mass regions are shown as low-mass areas
21 located in regions of the valve flap 17 that are interstitial to the sealing plate apertures 20 of
the sealing plate 16 and retention plate apertures 18 of the retention plate 14 in a top view.
[0025] As described in more detail below, the valve 10 operates in response to the
radial pressure oscillations and corresponding airflow that result from the operation of a disc
pump. Within the disc pump, radial pressure oscillations within the portion of the disc pump
adjacent the valve 10 cause fluid flow and pressure differential fluctuations across the valve
10. As the pressure differential across the valve 10 fluctuates, the valve flap 17 is motivated
between the retention plate 14 and the sealing plate 16. For the valve 10 to be highly
responsive to the pressure differential fluctuations, the performance of the valve 10 may be
enhanced by reducing the mass of the valve flap 17. Thus, the valve flap 17 includes a
reduced-mass region that comprises the portion of the valve flap 17 outside the flap apertures
22 and outside that portion of the valve flap 17 covering the sealing plate apertures 20. The
mass of the valve flap 17 may be reduced in any portion of the reduced-mass region. In one
embodiment, for example, the mass of the valve flap 17 may be reduced by reducing the
thickness of the valve flap 17 in portions of the reduced-mass region to form low-mass areas
21 in portions of the reduced-mass region, as illustrated in the enlarged central portion of the
valve flap 17 shown in Figure 2. These low-mass areas may be, for example, indentations or
dimples that do not extend through the valve flap 17 or mass-reducing apertures such as holes

that vary in size depending upon the desired reduction in the mass of the valve flap 17.
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[0026] In an embodiment in which the reduced-mass regions comprise low-mass areas
21 of varying sizes, smaller low-mass areas 21 may be located near the periphery of the valve
flap 17 and larger low-mass areas 21 may be located near the center of the valve flap 17. This
variance in the size of the low-mass areas 21 may result in a more robust valve flap 17 near the
periphery of the valve 10 and lighter and more responsive valve flap 17 at the center of the
valve 10. Employing a similar rationale, the reduced-mass regions may comprise low-mass
areas 21 that vary in frequency from the center of the valve flap 17 toward the periphery of the
valve flap 17 in another embodiment. For example, the valve flap 17 may comprise a lower
frequency of low-mass areas 21 near the periphery of the valve flap 17 and a higher frequency
of low-mass areas 21 near the center of the valve flap 17.

[0027] Figures 3-4 show another illustrative embodiment of a valve 110 and a valve
flap 117 in a section view to illustrate the functionality of the valve 110. The valve 110 may
include the components of and operate in a manner similar to the valve 10 of Figures 1-2.
Similar components may have similar reference numerals that are indexed by 100. As
installed in the valve 110, the valve flap 117 has a peripheral portion attached to a cylindrical
wall 111 at the border of an annular member 112 so that the peripheral portion is immobilized
in a direction substantially perpendicular the surface of the valve flap 117. The remainder of
the valve flap 117 is sufficiently flexible so that when a force is applied to either surface of the
valve flap 117, the force overcomes the bias of the valve flap 117 and motivates the valve flap
117 either away from a sealing plate 116 or away from a retention plate 114. For example,
Figure 7 illustrates that the central portion of the valve 110 is in an open position when the
valve flap 117 is motivated away from the sealing plate 116, and Figure 9 illustrates that the
valve 110 is in a closed position when the valve flap 117 is motivated away from the retention
plate 114.

[0028] The retention plate 114 and the sealing plate 116 have retention plate apertures
118 and sealing plate apertures 120, respectively, which extend through each plate. The valve
flap 117 also has flap apertures 122 that are generally aligned with the retention plate apertures
118 of the retention plate 114 to provide a passage through which fluid, including a gas or
liquid, may flow as indicated by the dashed arrows 124 in Figure 5C. Alternatively, the flap
apertures 122 in the valve flap 117 may be partially aligned, i.e., having only a partial overlap,
with the retention plate apertures 118 in the retention plate 114. The retention plate apertures
118, the sealing plate apertures 120, and the flap apertures 122 may be of substantially

7
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uniform size and shape. In other embodiments, the retention plate apertures 118, the sealing
plate apertures 120, and the flap apertures 122 may be of different diameters as shown in
Figures 1-2. In still another embodiment, the retention plate apertures 118, the sealing plate
apertures 120, and the flap apertures 122 may have different shapes such as non-circular, for
example. In one embodiment, the retention plate apertures 118 and the sealing plate apertures
120 form an alternating pattern across the surface of the plates. In other embodiments, the
retention plate apertures 118, the sealing plate apertures 120, and the flap apertures 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 retention plate apertures 118, sealing plate
apertures 120, and flap apertures 122 as illustrated by individual sets of the dashed arrows 124
as shown in Figures 7-8. The pattern of retention plate apertures 118, sealing plate apertures
120, and flap apertures 122 may be designed to increase or decrease the number of holes to
control the total flow of fluid through the valve 110 as required. For example, the number of
the retention plate apertures 118, the sealing plate apertures 120, and the flap apertures 122
may be increased to increase the flow of fluid through the valve 110. Similarly, the number of
the retention plate apertures 118, the sealing plate apertures 120, and the flap aperture 122 may
be decreased to decrease the flow of fluid through the valve 110.

[0029] When the valve flap 117 is motivated away from the retention plate 114 so that
it rests against the sealing plate 116, as shown in Figure 4, the valve 110 is in a “closed
position.” In the closed position, the flap apertures 122 of the valve flap 117 are offset or not
aligned with the sealing plate apertures 120. In the closed position, the flow of fluid through
the sealing plate 116 is blocked or covered by the solid portions of the valve flap 117.
Conversely, when the valve flap 117 is motivated away from the sealing plate 116 so that it
rests against the retention plate 114, the valve in is the “open position.” In the open position,
the flap apertures 122 of the valve flap 117 are aligned with the retention plate apertures 118.
In the open position, the flow of fluid through the sealing plate 116 and the retention plate 114
is not blocked or covered by the solid portions of the valve flap 117.

[0030] As shown in Figure 5A, the valve 110 may be used in a disc pump 160 that
operates at extremely high frequencies, beyond the range of human hearing. At such
frequencies, the disc pump 160 may be extremely small in size and suitable for integration into
a wide range of portable electronic devices where pressure or vacuum delivery is required.

The disc pump 160 comprises a pump body 161 having a substantially cylindrical cavity 162

8
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formed by a side wall 163 and closed at both ends by substantially circular end walls 164, 165
for containing a fluid. The disc pump 160 further comprises an actuator 166 operatively
associated with the central portion of the end wall 165 to cause an oscillatory motion of the
end wall 165 in a direction substantially perpendicular thereto with maximum amplitudes at
about the center of the end wall 165, thereby generating displacement oscillations of the end
wall 165 when in use. The disc pump 160 further comprises an isolator 167 operatively
associated with the peripheral portion of the end wall 165 to reduce damping of displacement
oscillations caused by the connection of the end wall 165 to the side wall 163 of the cavity
162. The disc pump 160 further comprises a central aperture 168 disposed at about the center
of the end wall 164 and two secondary apertures 169 disposed between the center of the end
wall 165 and the side wall 163. When the actuator 166 generates an oscillatory motion of the
end wall 165, the displacement oscillations generate radial oscillations of the fluid pressure
within the cavity 162 of the pump body 161 causing fluid flow through the central aperture
168 and secondary apertures 169 as indicated by the arrow 170 and arrows 171. The disc
pump 160 also includes the valve 110 disposed in the central aperture 168 that allows fluid to
flow through the central aperture 168 in only one direction. For the valve 110 to operate at
high frequencies generated by the actuator 166, the valve 110 must have an extremely fast
response time such that it is able to open and close on a time scale significantly shorter than
the time scale of the pressure variations. An embodiment of the valve 110 is shown in the
exploded view of FIGURE 5C.

[0031] The valve 110, which is analogous to the valve 10 of Figure 1, is disposed
within the central aperture 168 so that the fluid is drawn into the cavity 162 through the central
aperture 168 as indicated by the arrow 170. The fluid is expelled from the cavity 162 through
the secondary apertures 169 as indicated by the arrows 171, thereby providing a source of
reduced pressure at the central aperture 168. The term “reduced pressure” as used herein
generally refers to a pressure less than the ambient pressure where the disc pump 160 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. The pressure is “negative” in the
sense that it is a gauge pressure, i.e., the pressure is reduced below ambient atmospheric

pressure. Unless otherwise indicated, values of pressure stated hercin are gauge pressures.
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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.

[0032] Figure 5B shows one possible pressure oscillation profile illustrating the
pressure oscillation within the cavity 162 resulting from the axial displacement oscillations of
the end wall 165. The solid curved line and arrows represent the pressure at one point in time,
and the dashed curved line represents the pressure one half-cycle later. In this mode and
higher-order modes, the amplitude of the pressure oscillations has center pressure oscillations
181 around the center of the cavity 162 and peripheral pressure oscillations 182 near the side
wall 163 of the cavity 162 corresponding to the center displacement oscillations and the
peripheral displacement oscillations (not shown) of the end wall 165. The amplitude of the
pressure oscillations is substantially zero at an annular pressure node 183 between the center
pressure oscillations 181 and the peripheral pressure oscillations 182. The radial dependence
of the pressure oscillations in the cavity 162 may be approximated by a Bessel function of the
first kind. The radial change of the pressure is referred to as the “radial oscillations” of the
fluid within the cavity 162 as distinguished from the axial pressure oscillations of the fluid
within the cavity 162.

[0033] The fluid flow through the central aperture 168 as indicated by the arrow 170
corresponds to the fluid flow through the retention plate apertures 118 and sealing plate
apertures 120 of the valve 110 as indicated by the dashed arrows 124 of Figure 5C. As
indicated above, the operation of the valve 110 is a function of the change in direction of the
differential pressure (AP) of the fluid across the entire surface of the retention plate 114 of the
valve 110 for this embodiment of a negative pressure pump. The differential pressure (AP) is
assumed to be substantially uniform across the entire surface of the retention plate 114
because it corresponds to the center pressure oscillations 181 that are generated by the
displacement oscillations of the end wall 165 and generally aligned by the central aperture
168.

[0034] When the differential pressure across the valve 110 reverses to become a
positive differential pressure (+AP), as shown in Figure 7, the valve 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 valve flap 117 unblocks the sealing plate apertures 120 of the
sealing plate 116 so that fluid is permitted to flow through them and the aligned retention plate
apertures 118 of the retention plate 114 and the flap apertures 122 of the valve flap 117. When

10
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the differential pressure changes back to the negative differential pressure (-AP), fluid begins
to flow in the opposite direction through the valve 110 (see, e.g., Figure 8), which forces the
valve flap 117 back toward the closed position (see, ¢.g., Figure 9). Thus, as the pressure
oscillations in the cavity 162 cycle the valve 110 between the closed and open positions, the
disc pump 160 provides a reduced pressure every half cycle when the valve 110 is in the open
position.

[0035] The differential pressure (AP) is assumed to be substantially uniform across the
entire surface of the retention plate 114 because it corresponds to the center pressure
oscillations 181 as described above. Consequently, the cycling of the differential pressure
(AP) between the positive differential pressure (+AP) and negative differential pressure (-AP)
values can be represented by a square wave over a positive pressure time period (tps) and a
negative pressure time period (tp), respectively, as shown in Figure 6A. As differential
pressure (AP) cycles the valve 110 between the closed and open positions, the disc pump 160
provides a reduced pressure every half cycle when the valve 110 is in the open position subject
to an opening time delay (T,) and a closing time delay (T.) as shown in Figure 6B. When the
differential pressure across the valve 110 is initially negative with the valve 110 closed (see
Figure 9) and reverses to become a positive differential pressure (+AP), the valve flap 117 is
motivated away from the sealing plate 116 against the retention plate 114 into the open
position (see Figure 9) during the opening time delay (T,). In this position, the movement of
the valve flap 117 unblocks the sealing plate apertures 120 of the sealing plate 116 so that
fluid is permitted to flow through them and the aligned retention plate apertures 118 of the
retention plate 114 and the flap apertures 122 of the valve flap 117, thereby providing a source
of reduced pressure outside the central aperture 168 of the disc pump 160 over an open time
period (t,). When the differential pressure changes back to the negative differential pressure (-
AP), fluid begins to flow in the opposite direction through the valve 110 (see Figure 8) which
forces the valve flap 117 back toward the closed position after the closing time delay (T.).
The valve 110 remains closed for the remainder of the half cycle or closed time period (t).

[0036] Upon start-up and during steady-state operation, the valve flap 117 is motivated
between fully open and fully closed positions as shown in Figures 7-9. In steady-state
operation, the operation of the valve 110 is a function of the change in direction of the
differential pressure (AP) of the fluid across the valve 110. In Figure 8, the differential

pressure has been assigned a negative value (-AP) as indicated by the downward pointing
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arrow. In this embodiment, when the differential pressure has a negative value (-AP), the fluid
pressure on a retention plate side 134 of the valve 110 is greater than the fluid pressure on a
sealing plate side 136 of the valve 110. This negative differential pressure (-AP) drives the
valve flap 117 into the fully closed position shown in Figure 9. In the close position, the valve
flap 117 is pressed against the sealing plate 116 to block the sealing plate apertures 120 in the
sealing plate 116, thereby 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 7, the valve flap 117 is motivated
away from the sealing plate 116 and against the retention plate 114 into the open position. In
this embodiment, when the differential pressure has a positive value (+AP), the fluid pressure
on the sealing plate side 136 of the valve 110 is greater than the fluid pressure on the retention
plate side 134 of the valve 110. In the open position, the movement of the valve flap 117
unblocks the sealing plate apertures 120 of the sealing plate 116 so that fluid is able to flow
through the sealing plate apertures 120 and the flap apertures 122 that align with the retention
plate apertures 118, as indicated by the dashed arrows 124.

[0037] When the differential pressure changes back to a negative differential pressure
(-AP) as indicated by the downward pointing arrow in Figure &, fluid begins flowing in the
opposite direction through the valve 110 as indicated by the dashed arrows 132, which forces
the valve flap 117 back toward the closed position shown in Figure 9. In Figure &, the fluid
pressure moving between the valve flap 117 and the sealing plate 116 is lower than the fluid
pressure between the valve flap 117 and the retention plate 114. Thus, the valve flap 117
experiences a net force, represented by arrows 138, which accelerates the valve flap 117
toward the sealing plate 116 to close the valve 110. In this manner, the changing 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.

[0038] Returning now to the valve 110 of Figure 3, the retention plate 114 and the
sealing plate 116 should be strong enough to withstand the fluid pressure oscillations to which
the plates 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 retention plate apertures 118 and sealing plate apertures 120 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
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sealing plate 116 are formed from sheet steel between about 100 and about 200 microns thick,
and the retention plate apertures 118 and sealing plate apertures 120 are formed by chemical
etching. The valve flap 117 may be formed from any lightweight material, such as a metal or
polymer film. In one embodiment, when fluid pressure oscillations of about 20 kHz or greater
are present on either the retention plate side 134 or the sealing plate side 136 of the valve 110,
the valve flap 117 may be formed from a thin polymer sheet between about 1 micron and
about 20 microns in thickness. For example, the valve flap 117 may be formed from
polyethylene terephthalate (PET) or a liquid crystal polymer film approximately 3 microns in
thickness.

[0039] In order to obtain an order of magnitude estimate for the maximum mass per
unit area of the valve flap 117 according to one embodiment, the pressure oscillation across
the valve 110 is again assumed to be a square wave as shown in Figure 6A and that the full
pressure differential is dropped across the valve flap 117. Further assuming that the valve flap
117 moves as a rigid body, the acceleration of the valve flap 117 away from the closed
position when the differential pressure reverses from the negative to the positive value may be
expressed as follows:

[0040] X = £ [Equation 1]
m

[0041] where xis the position of the valve flap 117, ¥ represents the acceleration of
the valve flap 117, P is the amplitude of the oscillating pressure wave, and m is the mass per
unit area of the valve flap 117. Integrating this expression to find the distance, d, traveled by
the valve flap 117 in a time ¢, i.c., the opening time delay (T,), from the point of pressure

reversal yields the following:

[0042] d= itz [Equation 2]
2m

[0043] In one embodiment of the invention, the valve flap 117 should travel the
distance between the retention plate 114 and the sealing plate 116, the valve gap (vq,) being
the perpendicular distance between the two plates, within a time period less than about one
quarter (25%) of the time period of the differential pressure oscillation driving the motion of
the valve flap 117, i.e., the time period of the approximating square wave (Z,..;). Based on this
approximation and the equations above, the mass per unit area of the valve flap 117 (m) is

subject to the following inequality:
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2

P tpres . P
, or alternatively m < —
2d 16 2d,,, 16f

8ap

[0044] m< [Equation 3]

[0045] where d,, is the flap gap, i.e., the valve gap (vgqy) minus the thickness of the

valve flap 117, and f is the frequency of the applied differential pressure oscillation (as

illustrated in Figure 6A). In one embodiment, P may be 15kPa, f may be 20kHz, and d,,

may be 25 microns, indicating that the mass per unit area of the valve flap 117 (m) should be
less than about 60 grams per square meter. Converting from mass per unit area of the valve
flap 117 (m), the thickness of the valve flap 117 is subject to the following inequality:

< P 1 1
fla 2
i 2d 161 pg,

[0046] o [Equation 4]

[0047] where p,,, is the density of the valve flap 117 material. Applying a typical

material density for a polymer (e.g., approximately 1400 kg/m’), the thickness of the valve
flap 117 according to this embodiment is less than about 45 microns for the operation of a
valve 110 under the above conditions. The square wave shown in Figure 6A is an
approximation of the oscillating pressure waveform across the valve 110 as a result of, for
example, the back pressure created when used in the disc pump 160. Therefore, a smaller
portion of the pressure oscillation may be applied to the valve 110, thereby reducing the
accelerating pressure difference and the initial acceleration of the valve flap 117 so that the
opening time delay (T,) increases. To compensate for the decreased acceleration of the valve
flap 117, the thickness of the valve flap 117 may be reduced to satisfy the inequality of
Equation 4. The valve flap 117 is thinner so that it accelerates more quickly to ensure that the
opening time delay (T,) less than about one quarter (25%) of the time period of the differential
pressure oscillation ().

[0048] Minimizing the pressure drop incurred as air flows through the valve 110 is
important to maximizing valve performance as it affects both the maximum flow rate and the
stall pressure that are achievable. Reducing the size of the valve gap (vg.,) between the plates
or the diameter of the retention plate apertures 118 and sealing plate apertures 120 increases
the flow resistance and increases the pressure drop through the valve 110. According to
another embodiment of the invention, the following analysis may employ steady-state flow

equations to approximate flow resistance through the valve 110 to improve the operation of
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the valve 110. The pressure drop for flow through a hole, such as a retention plate aperture
118 or sealing plate aperture 120, can be estimated using the Hagan-Pouisille equation:
128 ugt

[0049] APy = —p}lm [ Equation 5]
n-dhole

[0050] where p is the fluid dynamic viscosity, q is the flow rate through the hole and
tolate 18 the plate thickness.

[0051] When the valve 110 is in the open position as shown in Figure 7, the flow of
fluid through the gap between the valve flap 117 and the sealing plate 116 (the gap is the same
value as the flap gap d,,,) will propagate generally radially through the gap after exiting the
sealing plate aperture 120 before contracting radially into the retention plate aperture 118. If
the pattern of the retention plate apertures 118 and sealing plate apertures 120 is a square array
with a sealing length, s, between the holes on one plate to the holes on the other plate as shown
in Figures 2 and 4, the total pressure drop of the valve 110 may be approximated by the

following equation:

2
[0052] Ap,,, = 6’{1 1{2[ il +1j J[Equation 6]
T hole

gap

[0053] Thus, the total pressure drop (approximately Apgp + 2% Appoe) can be very
sensitive to changes in the diameter of the retention plate apertures 118 and sealing plate
apertures 120 and the flap gap d,,, between the valve flap 117 and the sealing plate 116. It
should be noted that a smaller flap gap d,,, Which can be desirable in order to minimize the
opening time delay (T,) and the closing time delay (T.) of the valve 110, may increase the
pressure loss. According to the equation above, reducing the flap gap dys, from 25 microns to
20 microns doubles the pressure loss.

[0054] Consideration also should be given to maintaining the stress experienced by the
valve flap 117 within acceptable limits during operation of the valve 110, which typically
requires a larger diameter for the sealing plate apertures 120. Equating the equations above for
hole and gap pressure drops suggests a flap gap dg., value at which the valve gap pressure
drop is equal to the hole pressure drop. In practice, this calculation sets an upper limit on the
flap gap dg.p. In one embodiment, the flap gap d,,, falls within an approximate range between
about 5 microns and about 150 microns, although more preferably within a range between

about 15 and about 50 microns depending on other factors as described below in more detail.
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[0055] Figure 9 illustrates a portion of the valve 110 of Figure 3 in the closed position.
In this position, the valve flap 117 is subjected to stress as the valve flap 117 seals and blocks
the sealing plate aperture 120, causing the valve flap 117 to deform in the shape of a dimple
extending into the opening of the sealing plate apertures 120. The level of stress on the valve
flap 117 in this configuration increases with the diameter of the sealing plate apertures 120 for
a given valve flap 117 thickness. The valve flap 117 material will tend to fracture more easily
if the diameter of the sealing plate apertures 120 is too large, thus leading to failure of the
valve 110. In order to reduce the likelihood that the valve flap 117 material fractures, the hole
diameter of the sealing plate aperture 120 may be reduced to limit the stress experienced by
the valve flap 117 in operation to a level which is below the fatigue stress of the valve flap 117
material.

[0056] The maximum stress experienced by the valve flap 117 material in operation

may be estimated using the following two equations:

Ap. 1! } .
[0057] Lmelioe _ g Y g @j [Equation 7]

Et* 'y

2 2
[0058] Tmliele _ g L g, (XJ [Equation 8]
Et t t

[0059] where 1 1s the radius of the hole of the sealing plate aperture 120, t is the
valve flap 117 thickness, y is the valve flap 117 deflection at the center of the hole, Apmax 18
the maximum pressure difference experienced by the valve flap 117 when sealed, E is the
Young’s Modulus of the valve flap 117 material, and K, to K4 are constants dependant on the
details of the boundary conditions and the Poisson ratio of the valve flap 117. For a given
valve flap 117 material and geometry of the sealing plate apertures 120, Equation 7 can be
solved for the deformation, y, and the result then used in Equation 8 to calculate stress. For
values of y << t, the cubic and squared y/t terms in Equations 7 and 8 respectively become
small and these equations simplify to match small plate deflection theory. Simplifying these
equations results in the maximum stress being proportional to the radius of the sealing plate
apertures 120 squared and inversely proportional to the valve flap 117 thickness squared. For
values of y>>t or for flaps that have no flexural stiffness, the cubic and squared y/t terms in the
two equations become more significant so that the maximum stress becomes proportional to
the radius of the hole to the power 2/3 and inversely proportional to the valve flap 117
thickness to the power 2/3.
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[0060] In one embodiment of the invention, the valve flap 117 is formed from a thin
polymer sheet, such as Mylar having a Poisson ratio of 0.3, and is clamped to the sealing plate
116 at the edge of the sealing plate apertures 120. The constants K; to K4 can be estimated as
5.86, 2.86, 4.40, and 1.73, respectively. Using these values in Equations 7 and 8 and assuming
that the thickness of the valve flap 117 is about 3 microns with a Young’s Modulus of 4.3GPa
under 500mbar pressure difference, the deflection (y) of the valve flap 117 will be
approximately 1um for a hole radius of 0.06mm, about 4um for a hole radius of 0.lmm, and
about 8um for a hole radius of 0.15mm. The maximum stresses under these conditions will be
16, 34, and 43MPa, respectively. Considering the high number of stress cycles applied to the
valve flap 117 during the operation of the valve 110 at high frequencies above the audible
range, the maximum stress per cycle tolerated by the valve flap 117 should be significantly
lower than the yield stress of the valve flap 117 material in order to reduce the possibility that
the valve flap 117 suffers a fatigue fracture, especially at the dimple portion of the valve flap
117 extending into the sealing plate apertures 120. Based on fatigue data compiled for a high
number of cycles, it has been determined that the actual yield stress of the valve flap 117
material should be at least about four times greater than the stress applied to the valve flap 117
material (e.g., 16, 34, and 43MPa as calculated above). Thus, the valve flap 117 material
should have a yield stress as high as 150MPa to minimize the likelihood of such fractures for a
maximum hole diameter in this case of approximately 200 microns.

[0061] Reducing the diameter of the sealing plate apertures 120 beyond this point may
be desirable as it further reduces valve flap 117 stress and has no significant effect on valve
flow resistance until the diameter of the sealing plate apertures 120 approach the same size as
the flap gap d,,,. Further, reduction in the diameter of the sealing plate apertures 120 permits
the inclusions of an increased number of sealing plate apertures 120 per unit area of the valve
110 surface for a given sealing length (s). However, the size of the diameter of the sealing
plate apertures 120 may be limited, at least in part, by the manner in which the plates of the
valve 110 were fabricated. For example, chemical etching limits the diameter of the sealing
plate apertures 120 to be equal to or greater than the thickness of the plates in order to achieve
repeatable and controllable results. In one embodiment, the sealing plate apertures 120 in the
sealing plate 116 are between about 20 microns and about 500 microns in diameter, and in
other embodiments more preferably between about 100 and about 200 microns in diameter

depending on the other factors described above.
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[0062] The performance of a disc pump 160 that includes the valve 110 can be
enhanced by optimizing the valve 110 because the efficiency of the disc pump 160 is directly
linked to the performance of the valve 110. The valve 110 performance, in turn, is directly
related to the response time (i.e., the opening time delay T, and closing time delay T.) of the
valve flap 117 within the valve 110. The response time may be reduced by decreasing the
mass of the moving portion of the valve flap 117 by, for example, including low-mass areas
121. Including the low-mass areas 121 in the valve flap 117 may reduce the magnitude of the
pressure differential required to move the valve flap 117 from the closed position to the open
position, and from the open position to the closed position. In addition, reducing the mass of
the valve flap 117 may reduce the stress applied to portion of the valve 110 that supports the
valve flap 117, thereby effectively strengthening the supporting structure of the valve 110.

[0063] Because the disc pump 160 operates at a low-ultrasonic frequency, the valve
flap 117 may benefit from having minimal inertia to enable a quick response time. In other
embodiments of a disc pump valve, features may be included in other valve components, e.g.,
the retention plate 114 and sealing plate 116, to reduce the response time of the valve flap 117.
For example, a valve 110 may have relief holes formed in the retention plate 114 or sealing
plate 116 to reduced sticking of the valve flap 117 to the retention plate 114 or sealing plate
116. Sticking may increase the response time of the valve and is understood to be a function
of the contact area between the valve flap 117 and the retention plate 114 or sealing plate 116.
In an embodiment, the low-mass areas 121 in the valve flap 117 reduce sticking and alleviate
the need for such relief holes in the retention plate 114 and sealing plate 116. An added
benefit of removing relief holes from the retention plate 114 and sealing plate 116 is increased
strength of the respective plates.

[0064] In other embodiments, pump performance may be improved by using lighter
materials to form the valve flap 117 and increasing the size of the gap between the retention
plate 114 and sealing plate 116. Using lighter materials that undergo more deformation to
accommodate a larger gap risks shortening the lifetime of the pump. In the embodiment
described above with regard to Figure 1, low-mass areas 21 are included to lighten and
increase the flexibility of the valve flap 17, without requiring the use of a lighter, weaker flap
material. The low-mass areas 21 of the valve flap 17 may supply a number of benefits,
including reducing the minimal pressure required to open the valve 10 by reducing sticking.

Reducing sticking decreases the magnitude of the pressure differential required to open and
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close the valve 10, and thereby increases air flow through the valve 10. As such, in an
embodiment, the low-mass areas 21 in the valve flap 17 are placed at optimal locations to
enable stretching of the valve flap 17 to accommodate a larger gap between the retention plate
14 and the sealing plate 16.

[0065] Modifying the stretch properties of the valve flap 17 by incorporating low-mass
areas 21 of varying sizes and locations on the valve flap 17 can also increase the speed and
range of motion of the valve flap 17 in the areas of the valve flap 17 where fluid flow and
material flexibility is desired. Placement of the low-mass areas 21 away from locations where
a stronger material is desired, such as near the portion of the valve flap 17 that attaches to the
sealing plate 16 and annular member 12, enables the valve flap 17 to retain strength. The
inclusion of low-mass arcas 21 results in the ability to increase flexibility in some portions of
the valve flap 17 while maintaining strength in other portions of the valve flap 17, thereby
enabling a wider range of materials and valve flap 17 dimensions. For example, materials may
be selected to offer better wear, stretch, or grain characteristics, thereby improving the ability
of the disc pump 160 to achieve greater flows with a valve design which has a larger valve
gap, perhaps beyond 60 microns. The low-mass areas 121 may also enable the use of stiffer
materials to form the valve flap 117 because the low-mass areas 121 would negate the
negative consequences, such as increased weight and a slower response time, that are typically
associated with the use of a stiffer material.

[0066] Figure 10 shows an alternative embodiment of a valve 210 that is similar to the
valve of Figures 1-9. In the embodiment of Figure 10, low-mass areas of varying sizes may be
located on the valve flap 217 to maximize the effectiveness of the valve flap 217. For
example, larger low-mass areas 223 may be located near the center of the valve flap 217 where
the valve flap 217 experiences less stretching but more displacement as the valve flap 217
moves between sealing plate and retention plate (not shown). Conversely, smaller low-mass
areas 221 may be located closer to the periphery of the valve flap 217 where the valve flap 217
experiences less displacement but more stretching. These smaller low-mass areas 221 and
larger low-mass areas 223 may include apertures, indentations, or a combination thereof. In
the embodiment of Figure 10, the smaller low-mass areas 221 remove less material, resulting
in increased strength in the portion of the valve flap 217 that undergoes more stretching but
less displacement, and increased flexibility in the portion of the valve flap 217 that undergoes

more displacement.
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[0067] In another embodiment, the low-mass areas may comprise thinned areas, such
as dimples or indentations that are formed by, for example, etching techniques. To form such
dimples or indentations, the valve flap material may be partially etched to reduce the thickness
of the valve flap 217 by a predetermined amount without forming an aperture in the valve flap
217. The etched areas may provide localized areas having high strength and high mass or
etched areas having less strength and less mass. Using partially etched regions to form the
low-mass areas may also increase the sealing ability of the valve flap 217 by increasing the
localized pressure on un-etched areas of the valve flap 217 that contact the sealing plate 216
and support the valve flap 217. Thus, the stiffness properties of the valve flap 217 across the
footprint of the valve flap 217 can be modified and optimized to enhance contact and sealing
around the sealing plate apertures 220.

[0068] 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 just limited but is susceptible to various changes and modifications without departing from

the spirit thereof.
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CLAIMS

We claim:

1. A disc pump valve for controlling the flow of fluid through a disc pump, the disc pump
valve comprising:

a first plate having first plate apertures extending generally perpendicular through
the first plate;

a second plate having second plate apertures extending generally perpendicular
through the second plate, the second plate apertures being substantially
offset from the first plate apertures;

a sidewall disposed between the first plate and the second plate, the sidewall being
closed around the perimeter of the first plate and the second plate to form a
cavity between the first plate and the second plate; and

a valve flap disposed and moveable between the first plate and the second plate, the
valve flap having flap apertures that are offset from the first plate apertures
and aligned with the second plate apertures, and a plurality of low-mass
areas offset from both the first plate apertures and the second plate apertures;

whereby the valve flap is motivated between the first plate and the second plate in
response to a change in direction of the differential pressure of the fluid

outside the valve.
2. The disc pump valve of claim 1, wherein the low-mass areas comprise apertures.

3. The disc pump valve of claim 1, wherein the low-mass areas comprise apertures of varying

sizes.

4. The disc pump valve of claim 1, wherein: the low-mass areas comprise apertures varying
in size from smaller apertures to larger apertures, the smaller apertures being located near
the periphery of the valve flap and the larger apertures being located near the center of the

valve flap.
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10.

11.

12.

The disc pump valve of claim 4, wherein: the low-mass areas comprise apertures varying
in frequency, the valve flap comprising a lower frequency of apertures near the periphery

of the valve flap and a higher frequency of apertures near the center of the valve flap.

The disc pump valve of claim 1, wherein: the low-mass areas comprise apertures varying
in frequency, the valve flap comprising a lower frequency of apertures near the periphery

of the valve flap and a higher frequency of apertures near the center of the valve flap.
The disc pump valve of claim 1, wherein the low-mass areas comprise indentations.

The disc pump valve of claim 1, wherein the low-mass areas comprise indentations of

varying sizes.

The disc pump valve of claim 1, wherein: the low-mass arcas comprise indentations that
vary from smaller indentations to larger indentations, the smaller indentations being
located near the periphery of the valve flap and the larger indentations being located near

the center of the valve flap.

The disc pump valve of claim 9, wherein: the low-mass arcas comprise indentations
varying in frequency, the valve flap comprising a lower frequency of indentations near the
periphery of the valve flap and a higher frequency of indentations near the center of the

valve flap.

The disc pump valve of claim 1, wherein the low-mass areas comprise indentations
varying in frequency, the valve flap comprising a lower frequency of indentations near the
periphery of the valve flap and a higher frequency of indentations near the center of the

valve flap.

A method of manufacturing a disc pump valve for controlling the flow of fluid through a
disc pump, the method comprising:
providing a first plate having first plate apertures extending generally perpendicular
through the first plate;
providing a second plate having second plate apertures extending generally
perpendicular through the second plate, the second plate apertures being

substantially offset from the first plate apertures;
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13.

14.

15.

16.

17.

18.

19.

providing a sidewall disposed between the first plate and the second plate to form a
cavity between the first plate and the second plate; and

providing a valve flap between the first plate and the second plate, the valve flap
comprising flap apertures substantially offset from the first plate apertures
and substantially aligned with the second plate apertures, and low-mass
areas substantially offset from both the first plate apertures and the second

plate apertures.

The method of claim 12, wherein the low-mass areas comprise a first plurality of apertures

of a first size.

The method of claim 13, wherein the low-mass areas further comprise a second plurality of

apertures of a second size, the second size being larger than the first size.

The method of claim 14, wherein the first plurality of apertures is located closer to the

periphery of the valve flap than the second plurality of apertures.

The method of claim 12, wherein the low-mass areas comprise apertures varying in
frequency, the valve flap comprising a lower frequency of apertures near the periphery of

the valve flap and a higher frequency of apertures near the center of the valve flap.

The method of claim 12, wherein the low-mass areas comprise apertures varying in
frequency, the valve flap comprising a lower frequency of apertures near the periphery of

the valve flap and a higher frequency of apertures near the center of the valve flap.

The method of claim 12, The disc pump valve of claim 1, wherein the low-mass areas

comprise indentations.

The method of claim 18, wherein the indentations comprise etched regions.
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20. A disc pump comprising:

a pump body having a substantially elliptically shaped side wall closed at one end
by an end wall and the other end by a pair of internal plates adjacent each
other to form a cavity within the pump body for containing fluids;

an actuator formed by the internal plates wherein one of the internal plates is
operatively associated with a central portion of the other internal plate and
adapted to cause an oscillatory motion at a frequency (f) thereby generating
radial pressure oscillations of the fluid within the cavity;

a first aperture extending through the actuator to enable fluid to flow through the
cavity;

a second aperture extending through the end wall to enable the fluid to flow through
the cavity; and

a disc pump valve disposed in at least one of the first aperture and second aperture,
the valve comprising:

a first plate having first plate apertures extending generally perpendicular
through the first plate,

a second plate having second plate apertures extending generally perpendicular
through the second plate, the second plate apertures being substantially
offset from the first plate apertures,

a sidewall disposed between the first plate and the second plate to form a cavity
between the first plate and the second plate, and

a valve flap between the first plate and the second plate, the valve flap
comprising flap apertures substantially offset from the first plate
apertures and substantially aligned with the second plate apertures, and
low-mass areas substantially offset from both the first plate apertures

and the second plate apertures.

21. The disc pump method of claim 20, wherein the low-mass areas comprise a first plurality

of apertures of a first size.

22. The disc pump method of claim 21, wherein the low-mass areas further comprise a second

plurality of apertures of a second size, the second size being larger than the first size.
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23.

24.

25.

26.

27.

The disc pump method of claim 22 wherein the first plurality of apertures is located closer

to the periphery of the valve flap than the second plurality of apertures.

The disc pump method of claim 20, wherein the low-mass areas comprise apertures
varying in frequency, the valve flap comprising a lower frequency of apertures near the
periphery of the valve flap and a higher frequency of apertures near the center of the valve

flap.

The disc pump method of claim 20, wherein the low-mass areas comprise apertures
varying in frequency, the valve flap comprising a lower frequency of apertures near the
periphery of the valve flap and a higher frequency of apertures near the center of the valve

flap.
The disc pump method of claim 20, wherein the low-mass areas comprise indentations.

The disc pump method of claim 26 wherein the indentations comprise etched regions.
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