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901 NORTH GLEBE ROAD, 11TH FLOOR A dlaphragm assembly (20) comprises at least tWo p1e~Zo 
ARLINGTON, VA 22203 (Us) electric d1aphragm members (22) arranged in a stacking 

direction (23). An interface layer (24) is situated between 
(73) Assignee? Pal‘ Technologies LLC, Hampton, VA adjacent piezoelectric diaphragm members (22). The inter 

(US) face layer (24) in the stacking direction (23) is displaceable 
(21) Appl_ No_. 11/104,669 but incompressible. The interface layer (24) permits lateral 

movement of the adjacent piezoelectric diaphragm members 
(22) Filed? APF- 13: 2005 (22) relative to the interface layer (24) in a direction per 

Publication Classi?cation pendicular to the stacking direction (23). The lnterface layer 
(24) can comprise, for example, an incompressible liquid or 

(51) Int_ C]_ a semi-liquid. A gasket (26) can be used to seal the incom 
H01L 41/08 (2006.01) pressible substance in the interface layer if necessary. 
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STACKED PIEZOELECTRIC DIAPHRAGM 
MEMBERS 

BACKGROUND 

[0001] 1. Field of the Invention 

[0002] The present invention pertains to piezoelectric dia 
phragms, and particularly to a piezoelectric diaphragm 
assembly With stacked diaphragms and/or a pump incorpo 
rating the same. 

[0003] 2. Related Art and Other Considerations 

[0004] A piezoelectric material is permanently-polarized 
and Will produce an electric ?eld When the material changes 
dimensions as a result of an imposed mechanical force. This 
phenomenon is knoWn as the piezoelectric effect. 

[0005] Layers of piezoelectric material can be stacked to 
form a multiple layer piezoelectric device. For example, 
US. Pat. No. 6,215,228 to Yamazaki discloses stacking 
multiple piezoelectric layers and multiple internal elec 
trodes. US. Pat. No. 5,245,734 to Issartel discloses stacking 
and pressing alternating layers of piezoceramic material and 
interdigital electrode material. Issartel also discloses bound 
ary discontinuities Within the electrode structure Which form 
areas in Which electrode edges do not make contact With the 
common electrical collectors of the piezoactuators and in 
Which the piezoceramic layers are prevented from touching 
one another. 

[0006] Examples of piezoelectric diaphragms and pumps 
incorporating the same are described and shoWn in PCT 
Patent Application PCT/US01/28947, ?led Sep. 14, 2001; 
US. patent application Ser. No. 10/380,547, ?led May 28, 
2003, entitled “Piezoelectric Actuator and Pump Using 
Same”; US. patent application Ser. No. 10/388,589, ?led 
Mar. 17, 2003, entitled “Piezoelectric Actuator and Pump 
Using Same”, and simultaneously ?led US. Provisional 
Patent Application (attorney docket: 4209-72), 
entitled “PIEZOELECTRIC DIAPHRAGM ASSEMBLY 
WITH CONDUCTORS ON FLEXIBLE FILM”, all of 
Which are incorporated herein by reference. 

[0007] One challenge in piezoelectric diaphragm technol 
ogy is to obtain not only responsiveness to an applied 
electrical signal, but also a suf?cient force as exerted 
through the piezoelectric diaphragm for acting upon a 
medium such as a ?uid, for example. What is needed, 
therefore, and an object of the technology disclosed herein, 
is a piezoelectric diaphragm assembly Which provides 
enhanced force. 

BRIEF SUMMARY 

[0008] A diaphragm assembly comprises at least tWo 
piezoelectric diaphragm members arranged in a stacking 
direction. An interface layer is situated betWeen adjacent 
piezoelectric diaphragm members. 

[0009] In one example embodiment the interface layer in 
the stacking direction is displaceable but incompressible. 
The interface layer permits lateral movement of the adjacent 
piezoelectric diaphragm members relative to the interface 
layer in a direction perpendicular to the stacking direction. 
The incompressible interface layer can comprise, for 
example, an incompressible liquid or a semi-liquid. A gasket 
can be used to seal the incompressible substance in the 
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interface layer if necessary. Due to the incompressible nature 
of each interface layer, the force applied by the displacement 
of a piezoelectric diaphragm member on a ?rst side of an 
interface layer is essentially totally transmitted by the inter 
face layer to another piezoelectric diaphragm member on a 
second side of the interface layer. As a result, When activated 
the stacked piezoelectric diaphragm members yield roughly 
the sum total of the forces of the individual piezoelectric 
diaphragm members bi-directionally and With minimum 
loss. 

[0010] In another embodiment the interface layer can be a 
plastic ?lm, such as a plastic ?lm disk, for example. 

[0011] The diaphragm assembly can be advantageously 
employed in many applications and devices, such as pumps, 
compressors, valve actuators, and the like 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The foregoing and other objects, features, and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments as illustrated in the accompanying draWings in Which 
reference characters refer to the same parts throughout the 
various vieWs. The draWings are not necessarily to scale, 
emphasis instead being placed upon illustrating the prin 
ciples of the invention. 

[0013] FIG. 1 is a vertical cross section vieW of an 
example embodiment of a piezoelectric diaphragm assem 
bly. 
[0014] FIG. 2 is a vertical cross section vieW of an 
example embodiment of a pump Which incorporates the 
piezoelectric diaphragm assembly of FIG. 1. 

[0015] FIG. 3 is a top vieW of the pump of FIG. 2. 

[0016] FIG. 4 is a vertical cross section vieW of an another 
example embodiment of a pump. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0017] In the folloWing description, for purposes of expla 
nation and not limitation, speci?c details are set forth such 
as particular architectures, interfaces, techniques, etc. in 
order to provide a thorough understanding of the present 
invention. HoWever, it Will be apparent to those skilled in the 
art that the present invention may be practiced in other 
embodiments that depart from these speci?c details. In other 
instances, detailed descriptions of Well-knoWn devices, cir 
cuits, and methods are omitted so as not to obscure the 
description of the present invention With unnecessary detail. 
Moreover, individual function blocks are shoWn in some of 
the ?gures. 

[0018] FIG. 1 shoWs a cross section of diaphragm assem 
bly 20 capable of applying high force bidirectionally. The 
diaphragm assembly 20 comprises at least tWo stacked 
piezoelectric diaphragm members 22 arranged in a stacking 
direction. The stacking direction, depicted by arroW 23, is 
essentially parallel to the thickness of each piezoelectric 
diaphragm member 22. If the piezoelectric diaphragm mem 
bers 22 Were considered as lying in planes, then the stacking 
direction 23 Would be essentially perpendicular to the plane 
of each piezoelectric diaphragm member 22. In some 
embodiments, hoWever, the piezoelectric diaphragm mem 
bers 22 may be slightly domed due either to formation 
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techniques or structural repercussions thereof. In any event, 
the stacking direction 23 is understood to be along the 
smallest dimension of the piezoelectric diaphragm members 
22. 

[0019] The particular example, non-limiting embodiment 
of diaphragm assembly 20 illustrated in FIG. 1 happens to 
comprise three piezoelectric diaphragm members 22. A 
lesser (tWo) or greater number of piezoelectric diaphragm 
members 22 may be provided in other embodiments. HoW 
ever, as the stack groWs to a greater number of piezoelectric 
diaphragm members 22, the mass of the stack Will increase 
and its mechanical properties may change (sti?fness, springi 
ness, dampening from the interface, etc.). These factors may 
affect speed and displacement at Which the stack can be 
driven. 

[0020] A degree of curvature of the piezoelectric dia 
phragm members 22 (relative to stacking direction 23) 
changes in accordance With applied voltage. For example, in 
the absence of an electrical signal or voltage, the piezoelec 
tric diaphragm members 22 may have a relatively ?at or 
slightly curved con?guration as shoWn in FIG. 1. On the 
other hand, When a voltage is applied, the degree of curva 
ture of the piezoelectric diaphragm members 22 increases, 
so that the centers of the piezoelectric diaphragm members 
22 displace or ?ex more prominently in the stacking direc 
tion 23. 

[0021] FIG. 1 further shoWs that an interface layer 24 is 
situated betWeen each adjacent piezoelectric diaphragm 
members 22. In the embodiment of FIG. 1, each interface 
layer 24 is, in the stacking direction 23, displaceable but 
incompressible. That is, each interface layer 24 can, in 
response to ?exure or displacement of its adjacent piezo 
electric diaphragm members 22, also ?ex or displace in the 
stacking direction 23. Yet due to the incompressible nature 
of each interface layer 24, the force applied by the displace 
ment of a piezoelectric diaphragm member 22 on a ?rst side 
of an interface layer 24 is essentially totally transmitted by 
the interface layer 24 to another piezoelectric diaphragm 
member 22 on a second side of the interface layer 24. 

[0022] Advantageously, While each interface layer 24 is 
incompressible, the interface layer 24 also permits lateral 
movement of the adjacent piezoelectric diaphragm members 
22 relative to the interface layer. Such lateral movement is 
in a direction perpendicular to the stacking direction 23, e.g., 
along the surfaces of piezoelectric diaphragm members 22 
Which contact the interface layer 24. In other Words, the 
interface layer 24 is not adhered or bonded to its adjacent 
piezoelectric diaphragm members 22, but rather the adjacent 
piezoelectric diaphragm members 22 can slip laterally With 
respect to the interface layer 24. By alloWing such slippage, 
the interface layer 24 does not dampen or impede the 
displacement of the piezoelectric diaphragm members 22 
When the piezoelectric diaphragm members 22 are activated 
by application of a voltage, for example. 

[0023] Each interface layer 24 is preferably air-tight. The 
interface layer 24 can, in example embodiments, comprise 
an incompressible substance. In one example embodiment, 
the incompressible substance of interface layer 24 comprises 
a liquid. In another example embodiment, the incompress 
ible substance of interface layer 24 comprises a semi-liquid 
such as cured Room Temperature Vulcanizing (RTV) sili 
cone adhesive. RTV is a common liquid adhesive that cures 
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to a rubber-like semi-solid. Any material can serve as 
interface layer 24 provided that it is incompressible and can 
?oW to some extent. Incompressibility provides bidirection 
ality bene?ts, and inexpandability. Most liquids, oils, 
greases, etc., can serve as the interface layer 24, although 
materials With a loW vapor pressure should be avoided as 
they may cause cavitation in the layer When a negative 
pressure occurs (as in the suction stroke of a pump, for 
example). Materials that can be laminated can also serve as 
the interface layer 24 and can be laminated into the stack 
rather than glued or assembled. 

[0024] When interface layer 24 comprises a liquid or some 
semi-liquids, a gasket 26 may be required at edges of 
peripheries of the diaphragm assembly 20 to seal the liquid 
or semi-liquid in the respective interface layer. FIG. 1 shoWs 
an illustrative embodiment Where gaskets 26 are required. 
Many ?exible adhesives/ sealants such as silicones (e.g., 
RTV), urethanes, epoxies, etc., can serve as the interface 
layer 24, and in so doing can eliminate the need for gaskets 
26 and also alloW for realizing stacks as standalone units or 
actuators (Without the need for something like a pump 
housing to hold together a stack comprising the piezoelectric 
diaphragm members, the interface layers, and gaskets). 
Thus, gaskets may not be required for some incompressible 
substances (e.g., RTV sealant), and therefore can be omitted. 

[0025] The thickness of the interface layer 24 can be a 
function of viscosity and mass of the interface material. For 
example, a very loW viscosity, loW-mass liquid and a light 
Weight oil can afford a much thinner interface than a silicone 
adhesive or laminating material. For adhesives and lami 
nates that comprise the interface layer 24, such adhesive 
interface layer or lamination interface layer should be 
dimensionally thick enough and ?exible enough to alloW for 
a certain degree of perpendicular movement (perpendicular 
to the stacking direction of the piezoelectric elements). 
Conceptually such adhesive interface layer or lamination 
interface layer can be considered as if they Were very thick 
?uids. While the adhesive or sealant or ?oWable lamination 
layer may restrict the perpendicular movement more than a 
less viscous medium such as oil, such layers do have 
o?fsetting advantages such as easier manufacturability. 

[0026] In one example, non-limiting embodiment, each 
piezoelectric diaphragm member 22 comprises a piezoelec 
tric material or core Which is laminated betWeen a metal 
substrate layer and an outer metal layer. In the lamination 
process, an adhesive bonding is employed to laminate the 
metal layers to the piezoelectric core. The metal substrate 
layer can be comprised of stainless steel and the outer metal 
layer can be comprised of aluminum. It Would be apparent 
to one skilled in the art that other materials could be used for 
the enclosing layers. The structure and fabrication of such an 
example piezoelectric diaphragm member is understood 
With reference to, e.g., one or more of PCT Patent Appli 
cation PCT/US01/28947, ?led Sep. 14, 2001; US. patent 
application Ser. No. 10/380,547, ?led May 28, 2003, entitled 
“Piezoelectric Actuator and Pump Using Same”; US. patent 
application Ser. No. 10/388,589, ?led Mar. 17, 2003, entitled 
“Piezoelectric Actuator and Pump Using Same”, and simul 
taneously ?led US. Provisional Patent Application 
(attorney docket: 4209-72), entitled “PIEZOELECTRIC 
DIAPHRAGM ASSEMBLY WITH CONDUCTORS ON 
FLEXIBLE FILM”, all of Which are incorporated herein by 
reference. 
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[0027] The incompressible interface layer 24 mechani 
cally locks adjacent piezoelectric diaphragm members 22 
together longitudinally (e.g., in the stacking direction 23). To 
yield maximum value, such locking is preferably bidirec 
tional in the stacking direction 23. However, the pieZoelec 
tric diaphragm members 22 are still free to move against 
each other laterally. Such lateral freedom may avoid, for 
example, any lamination stiffness in an embodiment in 
Which the pieZoelectric diaphragm members 22 are lami 
nated. The air-tight nature of the interface layer 24 yields 
bi-directional, longitudinal mechanical rigidity yet alloWs 
for the slight lateral movement (advantageous for avoiding 
lamination stiffness). As a result, When activated the stacked 
pieZoelectric diaphragm members 22 yield roughly or 
approximately the sum total of the forces of the individual 
pieZoelectric diaphragm members 22 bi-directionally and 
With minimum loss, e.g., minimum loss in terms of mass, 
friction, or ?oWability of the in interface layer. 

[0028] A diaphragm assembly 20 such as that of FIG. 1 
can be advantageously employed in many applications and 
devices, such as pumps, compressors, valve actuators, and 
the like. 

[0029] FIG. 2 shoWs an illustrative embodiment of an 
example pump 40 Which employs the diaphragm assembly 
20 of FIG. 1. Stacked pieZoelectric diaphragm members 22 
can be used as an actuator in pump 40 (for example 
replacing a single pieZoelectric diaphragm). Pump 40 of 
FIG. 2 comprises pump body 42, Which may be essentially 
cylindrical in shape and have a cavity therein. The dia 
phragm assembly 20 is inserted into the cavity to bear 
against a ring or gasket 44 Which extends around an interior 
circumference of the cavity. As such, the gasket 44 essen 
tially de?nes a thickness of a pump chamber 46, the pump 
chamber 46 being de?ned both by the pump body 42 and the 
inserted diaphragm assembly 20. An inlet port 50 and an 
outlet port 52 are provided, e.g., in pump body 42 for 
alloWing ?uid to enter and exit from pump chamber 46. On 
a back side of diaphragm assembly 20 (a side of diaphragm 
assembly 20 Which is opposite the pump chamber 46), the 
diaphragm assembly 20 is retained in the cavity of pump 
body 42 by a spacer or gasket 54. A pump lid 56 can be 
provided over the cavity for further retention of diaphragm 
assembly 20 therein. A vent or access hole 58 can be 
provided in pump lid 56. 

[0030] The diaphragm assembly 20 Works in conjunction 
With electrical signals Which are applied to the pieZoelectric 
diaphragm members 22 thereof. For example, metal layers 
of the pieZoelectric diaphragm members 22 may comprise 
electrodes to Which the electrical signals are applied. The 
pump 40 of FIG. 2 shoWs a drive circuit 60 Which generates 
the drive signals Which are applied to the pieZoelectric 
diaphragm members 22 through (unillustrated) electrical 
leads. 

[0031] In an example pump having a diaphragm assembly 
20 With tWo pieZoelectric diaphragm members 22 and an 
interface layer 24 of trapped silicone grease, a tWelve pound 
per square inch force Was delivered from a pump that 
otherWise (With one pieZoelectric diaphragm member) 
Would deliver a force in the range of seven to eight pounds 
per square inch. The volume output appeared to remain 
roughly constant. 

[0032] FIG. 4 shoWs another embodiment of a pump 40' 
having Wherein a plastic ?lm such as polyamide ?lm, te?on, 
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polyurethane, for example, serves as the interface layer 24' 
each adjacent pieZoelectric diaphragm members 22. The 
stack of pump 40' provides unidirectional advantage and is 
suitable for applications such as some pumping applications 
Which bene?t from increased pressure but do not require 
more suction. The plastic ?lm can have a disk shape, or any 
appropriate shape given the desired geometry and con?gu 
ration (of, e.g., the pump housing). Other elements of the 
pump 40' of FIG. 4 are essentially the same as those of FIG. 
2. 

[0033] The shape and siZe of the stack can vary, as can 
pump features such as pump housing con?guration (siZe, 
shape, inlet and outlet orientation and positioning, and the 
like). The drive circuit is not con?ned to any particular type 
of circuit. Suitable examples include those described in Us. 
patent application Ser. No. 10/816,000 (attorney docket 
4209-26), ?led Apr. 2, 2004 by Vogeley et al., entitled 
“Piezoelectric Devices and Methods and Circuits for Driv 
ing Same”, Which is incorporated herein by reference in its 
entirety, or by documents referenced and/ or incorporated by 
reference therein. 

[0034] The technology described herein thus advanta 
geously couples multiple pieZoelectric diaphragm members 
in such a Way as to yield mechanical actuators that deliver 
roughly the sum total of the forces of the individual pieZo 
electric diaphragm members and With minimum loss. In 
embodiments in Which the interface layer is incompressible, 
the mechanical actuators also have bidirectionally. 

[0035] Although various embodiments have been shoWn 
and described in detail, the claims are not limited to any 
particular embodiment or example. None of the above 
description should be read as implying that any particular 
element, step, range, or function is essential such that it must 
be included in the claims scope. The scope of patented 
subject matter is de?ned only by the claims. The extent of 
legal protection is de?ned by the Words recited in the 
alloWed claims and their equivalents. It is to be understood 
that the invention is not to be limited to the disclosed 
embodiment, but on the contrary, is intended to cover 
various modi?cations and equivalent arrangements. 

What is claimed is: 
1. A diaphragm assembly comprising: 

at least tWo pieZoelectric diaphragm members arranged in 
a stacking direction; 

an interface layer situated betWeen adjacent pieZoelectric 
diaphragm members, the interface layer in the stacking 
direction being displaceable but incompressible. 

2. The apparatus of claim 1, Wherein the interface layer 
comprises an incompressible liquid. 

3. The apparatus of claim 2, Wherein a gasket entraps the 
interface layer betWeen the adjacent pieZoelectric diaphragm 
members. 

4. The apparatus of claim 1, Wherein the interface layer is 
a semi-liquid. 

5. The apparatus of claim 4, Wherein a gasket entraps the 
interface layer betWeen the adjacent pieZoelectric diaphragm 
members. 

6. The apparatus of claim 1, Wherein each pieZoelectric 
diaphragm member comprises: 
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a piezoelectric core; 

a metal substrate laminated on a ?rst side of the pieZo 
electric core; and 

an outer metal laminated on a second side of the pieZo 
electric core. 

7. The apparatus of claim 1, Wherein the interface layer 
permits lateral movement of the adjacent pieZoelectric dia 
phragm members relative to the interface layer in a direction 
perpendicular to the stacking direction. 

8. A pump comprising: 

a pump body for at least partially de?ning a pumping 
chamber, an inlet port, and an outlet port; 

a diaphragm assembly situated in the pump body, the 
diaphragm assembly comprising: 
at least tWo pieZoelectric diaphragm members arranged 

in a stacking direction; 

an interface layer situated betWeen adjacent pieZoelec 
tric diaphragm members, the interface layer in the 
stacking direction being displaceable but incom 
pressible. 

9. The apparatus of claim 8, Wherein the interface layer 
comprises an incompressible liquid. 
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10. The apparatus of claim 9, Wherein a gasket entraps the 
interface layer betWeen the adjacent pieZoelectric diaphragm 
members. 

11. The apparatus of claim 8, Wherein the interface layer 
comprises a semi- liquid. 

12. The apparatus of claim 11, Wherein a gasket entraps 
the interface layer betWeen the adjacent pieZoelectric dia 
phragm members. 

13. The apparatus of claim 8, Wherein each pieZoelectric 
diaphragm member comprises: 

a pieZoelectric core; 

a metal substrate laminated on a ?rst side of the pieZo 

electric core; and 

an outer metal laminated on a second side of the pieZo 
electric core. 

14. The apparatus of claim 8, Wherein the interface layer 
permits lateral movement of the adjacent pieZoelectric dia 
phragm members relative to the interface layer in a direction 
perpendicular to the stacking direction. 


