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3,107,630 
NON-MAGNETC ELECTRG-HYDRAULC PUMP 

Robert R. Johnson, Menlo Park, Robert J. Stahl, Red 
wood City, and Glenn A. Walters, Atherton, Calif., 
assignors to Textron Inc., Belmont, Calif., a corpora 
tion of Rhode island 

Original application Jan. 31, 1955, Ser. No. 485,00, now 
Patent No. 2,928,409, dated Mar. 5, 1960. Divided 
and this application Sept. 8, 1959, Ser. No. 838,660 

12 Claims. (C. 103-152) 
The present invention relates to an hydraulic pump of 

minute size and weight and characterized by a total 
absence of magnetic fields associated therewith. This is 
a division of our copending application for Non-magnetic 
Electro-hydraulic Transfer Valve, Serial No. 485,010 and 
filed January 31, 1955 now U. S. Patent No. 2,928,409 
granted March 15, 1960. 

In various applications, including electrically operated 
control systems, there has arisen a need for hydraulic 
pumping equipment which is very compact and light 
weight and which does not have any magnetic field as 
sociated therewith. For example, in airborne magnetic 
detection equipment used in geophysical explorations and 
in locating underwater ferromagnetic objects, such as sub 
marines, the magnetic detector element is very sensitive 
with respect to its orientation relative to the earth's mag 
netic field. Mechanism is required to continually adjust 
this orientation, preferably responsive to electrical control 
signals which can be provided by means previously known, 
however, this adjusting means must not in itself produce 
any appreciable magnetic field which would affect the 
magnetic detection equipment. It is conventional to 
mount such a detector element in gimbals and to control 
the orientation thereof by actuator means rotating shafts 
or performing other mechanical movements. The ma 
jority of conventional hydraulic pumping means are 
wholly unsuited to this application. Certain minute de 
vices capable of producing pumping actions are known 
in the art however, same generally operate upon a ma 
netostrictive principle requiring the establishment of mag 
netic fields. Such magnetic fields make these devices 
entirely unsuited for many applications, such as the one 
identified above. 
The present invention is particularly adapted to a multi 

tude of applications including those of electrically op 
erated control systems. It is herein contemplated that a 
pumping action shall be provided by a bending element 
that deforms elastically under electric stress and in the 
following description the term "piezoelectric" is employed 
in this respect for convenience. It is particularly noted 
that the term "piezoelectric' as herein employed embraces 
means for transducing electric fields into mechanical 
strain so as to include thereby electrostrictive effects. By 
the utilization of piezoelectric elements it is possible in 
accordance herewith to provide a pumping action from a 
unit of very small size and requiring no associated driving 
means. Additionally, the pump hereof includes a mini 
mum of moving parts and serves to seal all of such parts. 
within a single housing. 

It is an object of the present invention to provide an 
improved hydraulic pump of minute size employing the 
piezoelectric effect. 

It is another object of the present invention to provide 
an improved hydraulic pump having self-contained drive 
means in the form of a bending element that deforms 
elastically under electric stress. 

It is a further object of the present invention to provide 
an improved hydraulic pump having a pump diaphragm 
that is vibrated by electrical means without the use of a 
motor or any other moving parts except the diaphragm 
and which has no magnetic field associated therewith. 
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It is yet another object of the present invention to pro 
vide a diaphragm pump utilizing no conventional check 
valving and producing a high frequency cyclic pumping 
action. 

Various other possible objects and advanages of the 
present invention will become apparent to those skilled in 
the art from the following description of preferred em 
bodiments of the invention and systems in which same 
may be utilized. It is not intended to limit the present in 
vention by the terms of the following description, but 
instead, reference is made to the appended claims for a 
precise delineation of the true scope of this invention. 
The present invention, in brief, relates to a displace 

ment-type diaphragm pump provided with a pump dia 
phragm formed out of a bender assembly that deforms 
elastically under electric stress, such effect hereinafter 
being termed "piezoelectric.” This assembly is preferably 
comprised of a pair of plates or discs including a ceramic 
material capable of transducing electric fields into me 
chanical strain. The two discs or plates of the assembly 
are joined together into planar attachment, and metallic 
electrodes are provided upon the faces of the discs in a 
conventional manner. Application of an alternating cur 
rent voltage to these electrodes causes the center portion 
of the disc or plate to bend or bow outwardly in response 
to the voltage applied and the direction of bending is de 
pendent upon the polarity of applied voltage. Such a 
bender assembly is herein disposed within a pump housing 
to form a diaphragm therein whereby application of an 
alternating current voltage produces an oscillation of the 
diaphragm to in turn establish cyclic volume variations or 
displacements in the housing necessary for pumping ac 
tion. With the provision of suitable high frequency simpli 
fied valving in the pump housing, there is then provided 
thereby an improved hydraulic pump. 

It is additionally contemplated herein that particular 
combinations of the above-noted bender assembly or dia 
phragm may be incorporated in single or double housing 
arrangements in order to produce particular desired pump 
ing actions adapted for certain applications as identified 
below. 
As regards the pump valving herein employed, the use 

of conventional check valves in a diaphragm pump is 
made unnecessary by a novel valving arrangement where 
by oscillations of a pump diaphragm provides cyclic 
changes in an hydraulic circuit resistance. By the utiliza 
tion of two piezoelectric bender assemblies or diaphragms 
in a single pumping chamber and by the application of 
suitable energization thereto, such diaphragms are caused 
to oscillate out-of-phase, preferably in phase quadrature, 
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and the resultant changing hydraulic circuit resistances 
may be made to have a rectifying action which provides 
a unidirectional net fluid flow and thus makes possible the 
elimination of check valves. 
The present inention is illustrated, both as to physical 

construction of various preferred embodiments thereof 
and as to particular hydraulic system applications in the 
accompanying drawings, wherein: 
FIG. 1 is a schematic diagram of a control system in 

cluding a simplified embodiment of the novel pump of the 
present invention; 

FIG. 2 is a vertical sectional view through the hydraulic 
pump schematically illustrated in FIG. 1 of the drawing; 

FIG. 3 is a sectional view taken in the plane 3-3 of 
FIG. 2; 
FIG. 4 is a partial view of the piezoelectric diaphragm 

of the pump shown in FIGS. 2 and 3 and illustrating con 
structional details thereof; 

FIGS. 5 and 6 are schematic illustrations in section of 
a piezoelectric diaphragm as employed in the hydraulic 
pump of the present invention and illustrating in exagger 



3,107,630 

ated manner the diaphragm deflection with applied volt 
ages of opposite polarity; 

FiG. 7 is a schematic illustration of a dual pump as 
sembly incorporated in an hydraulic control system; 

FiG. 8 is a sectional view through the dual pump as 
sembly schematically illustrated in FIG. 7; 

F.G. 9 is a vertical sectional view taken in the plane 
9-9 of FIG.8; 

FIG. 10 is a schematic illustration of alternative pump 
chamber connections and valving for the dual pump as 
sembly of FIGS. 8 and 9; 

FiG. 11 is a schematic illustration of yet another hy 
draulic system application of the present invention and 
showing a further hydraulic pump embodiment connected 
thereto; 

FIG. 12 is a sectional view showing actual physical con 
struction of the pump schematically illustrated in FIG. I.1; 

FiG. 13 is a sectional view taken in the plane 3-3 
of FIG. 12; 

FIG. 14 is a fragmentary plan view illustrating an alter 
native diaphragm configuration and mounting system for 
the pump of the present invention; 

FIG. 15 is a schematic illustration of a further embodi 
ment of an hydraulic pump in accordance with the pres 
ent invention and connected to an hydraulic control sys 
tein exemplary of particular utility of the present inven 
tion; 

FiG. 16 is a group of curves useful in explaining the 
operation of the pump illustrated in FIG. 15; 
FIG. 17 is a sectional view illustrating actual physical 

construction of the combined control valve and actuator 
as employed in the hydraulic control circuit of FIG.15; 

FIGS. 18 and 19 are sectional views taken in the planes 
18-8 and 19-19, respectively, of FIG. 17; 
FIG. 20 is a schematic illustration of still another hy 

draulic control system utilizing a multi-element hydraulic 
pump in accordance with the present invention. 

Considering now certain specific embodiments of the 
present invention and systems operable therefrom, refer 
ence is made to FIG. 1 wherein there is shown a control 
system in which a variable output pump 1 circulates 
liquid through an hydraulic circuit including a constricted 
passageway 2 which offers resistance to flow of the liquid. 
Pump and passageway 2 are in parallel arms of the 
hydraulic circuit, as shown, and the constricted arm 
forms a fluid return circuit between the outlet and the in 
let of the pump. As is explained more fully herein 
after, pump i is operated by an alternating voltage sup 
plied by a suitable A-C. source such as a conventional 
Hartley vacuum tube oscillator 3. The output of pump a 
can be adjusted by changing the frequency of its operat 
ing voltage, for example, by adjusting variable capacitor 4 
to change the operating frequency of oscillator 3. In 
general, when the frequency is increased pump operates 
at a faster rate and circulates more liquid through the 
hydraulic circuit. The increased flow of liquid produces 
a larger pressure drop across restriction 2, with a corre 
sponding larger pressure rise across pump 1, and increases 
the hydraulic pressure in pipe 5. Responsive to the in 
creased fiuid pressure an hydraulic motor or actuator 
bellows 6 expands and moves a forked lever 7 to the left 
about its pivot 8. Stretched taut across the forked end 
of lever 7, there is a flexible band or wire 9 which en 
circles a drum 58 attached to a rotative shaft it. As 
lever 7 moves to the left, drum 18 and shaft i are ro 
tated counterclockwise. Conversely, when capacitor 4 is 
adjusted to decrease the operating frequency of oscillator 
3, pump 1 operates more slowly and circulates less fluid 
through the hydraulic circuit. In consequence, the pres 
sure in pipe 5 decreases, bellows 6 contracts in response 
to a bias force provided by a spring 12, and shaft if is 
rotated clockwise. Thus the control system shown pro 
vides means for changing the angular position of shaft ai 
responsive to adjustments of a variable capacitor 4; and 
with various modifications which will be readily apparent 
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to those skilled in the art, similar control systems can 
perform a variety of mechanical movements or other 
operations responsive to frequency changes in an electric 
control signal. Reservoir 3 provides a supply of extra 
liquid to take care of changes in the liquid capacity of 
the system due to movements of the parts, and also 
allows for expansion and contraction of the fluid due to 
temperature changes, ambient pressure changes and the 
like. Although useful in some applications, this simple 
control system has a low response speed because the rate 
at which beliows 6 collapses upon a reduction of the 
electric signal frequency is limited by the relatively slow 
leakage of fluid through constricted passageway 2. A 
control system which overcomes this difficulty is illus 
trated in FiG. 7 and described hereinafter. 

For a better understanding of pump i, reference is 
now made to FIGS. 2 through 6. Pump is a dia 
phragm-type displacement pump in which the diaphragm 
is a bender piezoelectric assembly. The diaphragm in 
cludes two piezoelectric plates 14 and 15, which prefer 
ably are discs of a piezoelectric ceramic material Such 
as barium titanate. Discs 4 and 15 are firmly ce 
mented, bonded or otherwise fixed together, in a double 
decker sandwich-like layered structure with three elec 
trodes 6, 17 and 8 so that each face of the piezoelec 
tric discs is immediately adjacent to one of the elec 
trodes as is best shown in F.G. 4. The electrodes may be 
metal foil sheets cemented to the crystals, but preferably 
are metallic films or coatings applying directly to the 
crystal faces. If desired, a thin coating of protective 
material may be placed over the two outer electrodes $6 
and 3. For making electrical connections to the elec 
trodes, a small terminal strip 19 is connected to center 
electrode 17, and another terminal 28 is connected to 
one of the outer electrodes 58. The two outer electrodes 
6 and 8 are connected together by a jumper 21, which 
may be a strip of metal foil extending around an edge 
of the crystal assembly, or may be any other good elec 
trical connection including portions of the metal pump 
housing. 
When an electric voltage is applied between two op 

posite faces of a piezoelectric ceramic disc such as barium 
titanate, the disc changes shape either by increasing in 
thickness and decreasing in diameter or by decreasing in 
thickness and increasing in diameter, depending upon 
the polarity of the applied voltage. In the piezoelectric 
pump diaphragm, discs 4 and 5 are so arranged that a 
voltage applied between terminals 19 and 20 causes the 
diameter of one disc to expand and the diameter of the 
other disc to contract simultaneously. Since the discs 
are bonded together these opposite changes in their re 
spective diameters cause the diaphragm assembly to bend 
or bow out at its center, either upward, as shown in FIG. 
5 and indicated by broken lines 22 of FIG. 1, or down 
ward as shown in FIG. 6 and indicated by broken lines 23 
of FIG. 1, depending upon the poiarity of the applied 
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Voltage. When alternating voltage is applied between 
terminals 9 and 20, the diaphragm bends upward and 
downward alternately, so that a center portion of the 
diaphragm oscillates up and down, thereby alternately 
increasing and decreasing the volume between the dia 
phragm and the pump housing to provide a pumping 
action in the usual manner of diaphragm-type displace 
ment pumps. Although displacements of the diaphragm 
are small for example, with a piezoelectric diaphragm one 
inch in diameter and an electric potential of several hun 
dred volts, the displacement at the center of the dia 
phragm may be in the order of 3 mils-the small arount 
of liquid pumped per stroke is compensated by the rela 
tively high cyclic rate at which the piezoelectric dia 
phragm pump can be operated-400 cycles per second, for 
example-so that a small pump, about one inch in di 
ameter, provides more than adequate purnping capacity 
to operate a small instrument-type hydraulic control 
Systein. 



The high cyclic rate and small flow per cycle in the 
piezoelectric diaphragm pump impose severe require 
ments on the pump's check valves, which must operate 
with unusual rapidity. One type of valve which may be 
used is shown in FIGS. 2 and 3. The inlet valve com 
prises a thin metal reed 24 which is biased by its own 
resilience into snug engagement with the inlet port 25. 
When the pump diaphragm moves downward, the reduced 
pressure on the back or lower side of reed 24 causes 
the reed to bend downward and permit liquid to flow in 
ward through the iniet port. When the crystal diaphragm 
moves upward, the increased pressure on the lower side 
of reed 24 forces it. Snugly against the inlet port and pre 
vents a backward flow of liquid. A similar reed 25 al 
lows liquid to flow out through the exhaust port, but pre 
vents liquid from flowing back into the pump from the 
exhaust port. These valves are capable of operating 
at a high cyclic rate, because the reeds are small and 
light, and the reeds can be prestressed to provide relia 
tively high spring tension and a correspondingly high 
natural frequency of vibration. To prestress the reeds, 
they are formed of metal strips which tend to assume 
a curved shape, such that reed 24 would bow upward if 
it were not in contact with the inlet port, and reed 26 
would bow downward if it were not in contact with the 
outlet port. To prevent reed 26 from blocking the outlet 
connection 27 when it opens fully, connection 27 may 
be made at a point off center to the valve chamber, as is 
shown in FIG. 3. if desired, a second outlet opening 27' 
can be provided on the other side of reed 26, as shown 
in FIG. 3, and the two outlet openings 27 and 27' can be 
connected together by any suitable fluid passageway or 
connection means. For ease of assembly and to permit 
repair of the valve, the pump housing preferably is made 
of two substantially disc-shaped sections 28 and 29, heid 
together by suitable means such as screws 30. To prevent 
the escape of fluid through the joint between sections 23 
and 29, an O-ring 31 fitting into a circular groove 32, or 
any other appropriate gasketing means may be employed. 
The diaphragm assembly is held in fixed relation to the 

pump housing by an O-ring 33 which fits a circular groove 
in the housing and presses against one face of the dia 
phragm near its periphery. The diaphragm is held tightly 
against O-ring 33 by a retaining ring 34. Mounting of 
the diaphragm in this simple manner is facilitated by the 
fact that the assembly bends by the outward bowing of 
its center portions without appreciable bending of its 
periphery from the original circular coplanar shape. This 
desirable characteristic is obtained by making each piezo 
electric plate circular or disc-shaped, and by using a 
ceramic piezoelectric material such as barium titanate 
which expands or contracts equally in all diametrical di 
rections. Brush Electronics Company’s Ceramic “A,” 
which is essentially barium titanate can be used with good 
results. Pump diaphragms can be made with piezoelectric 
plates having non-circular shapes, or with plates of natu 
ral piezoelectric crystals such as Rochelle salt which do 
not expand equally in all diametrical directions, but such 
assemblies generally require more elaborate mounting 
means since the peripheral portions do not in general 
remain coplanar when the diaphragm bends. 
The output of the pump can be changed, within limits 

of the pump's capabilities, by changing either the fre 
quency or the amplitude of the supply voltage. 
frequency is increased, more liquid is pumped because the 
pump operates at a higher cyclic rate. If the amplitude 
is increased, more liquid is pumped, or a higher output 
pressure is attained, because the diaphragm oscillations 
tend to become larger in amplitude, or to exert more 
pumping force on the liquid, and in general a larger 
amount of liquid is pumped during each cycle. 

FIG. 7 illustrates a dual pump arrangement and con 
nected system which is rendered relatively fast-acting and 
powerful by the opposed pumping action attained. Two 
pumps 35 and 36 are connected in parallel hydraulic cir 
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cuit arms between output pipes 37 and 38, so that pump 
35 tends to force liquid from pipe 37 into pipe 38 while 
pump 36 tends to force liquids from pipe 38 into pipe 37. 
When the pumping forces of pumps 35 and 36 are equal, 
there is no hydraulic pressure difference between the two 
pipes 37 and 38, and liquid merely circulates around the 
circuit loop in which the two pumps are connected in series 
aiding relation. However, when the pumping force of one 
pump is increased relative to that of the other pump, a 
pressure difference is established between pipes 37 and 38, 
the direction of which depends upon which pump has the 
greater pumping force. Consequently, by controlling the 
relative forces of pumps 35 and 36, the relative fluid pres 
sures in pipes 37 and 38 can be controlled accurately and 
varied rapidly. Since positive pumping action is available 
to change the pressure relations in either direction, the re 
sponse speed can be made quite high. 
Assume that pump 35 is operating while pump 36 is 

not. This operation increases the pressure in pipe 38 over 
that in pipe 37, and causes bellows 39 to expand. As 
bellows 39 expands, yoke 40 moves toward the right and 
compresses bellows 41. A flexible tape or wire 42 is 
stretched taut across yoke 40, as shown, and encircles a 
drum 43 attached to a rotative shaft 44. Consequently, 
as yoke 40 moves toward the right, shaft 44 rotates coun 
terclockwise. if shaft 44 is loaded, or if rapid motion is 
desired, a considerable pressure difference between pipes 
37 and 38 may be desirable. However, as soon as the 
pressure in pipe 38 exceeds that in pipe 37 by a sufficient 
amount to open the check valves of pump 36, fluid tends 
to flow through pump 36 and prevent the build-up of 
larger pressure differences. To overcome this tendency, a 
fluid passage 45 having a constriction which impedes the 
flow of fluid is placed in series with pump. 36 as shown, 
and by this means sufficient circuit resistance to the flow 
of fluids through pipe 36 can be provided to permit ade 
quately large pressure differences between pipes 37 and 
38. A passageway 46 having a constriction is placed in 
series with pump 35 to prevent an unduly large flow of 
liquid through pump 35 when pump 36 is trying to build 
up pressure in pipe 37. Although constrictions 46 and 
45 decrease the available output pressures of pumps 35 
and 36, this disadvantage can be overcome by designing 
the pumps with sufficient power to overcome the load in 
posed by the restrictions in their output connections. 

For best results the two pumps 35 and 36 are operated 
synchronously, and their relative outputs are controlled 
by adjusting the relative amplitudes of their supply volt 
ages. For example, both pumps may be operated from 
the same A-C. Supply 47, to which two rheostats or po 
tentiometers 43 and 49 are connected as parallel voltage 
dividers in the manner shown. For reasons which will be 
explained, one end of each voltage divider is an off-center 
tap on the rheostat, so that a portion of each rheostat 
is effectively disconnected from the circuit, or alternative 
ly is shorted out. Adjustable taps 50 and 51 are ganged 
together, so that as tap 50 moves in the increasing voltage 
direction, tap 51 moves in the decreasing voltage direc 
tion, and vice versa. Pump 35 receives its operating volt 
age from tap 50, and pump 36 receives its operating volt 
age from tap 55. It will be understood that amplifiers 
Inay be inserted between the rheostats and the pumps if 
desired, and that other equivalent means of controlling the 
relative voltage amplitudes may be employed. 
Assume that taps 50 and 51 are set at their midposi 

tions, as shown in the drawing. Small alternating voltages 
of equal amplitude are supplied to pumps 35 and 36, 
So that the two pumps operate with equal force and there 
is no pressure difference or net transfer of fluid between 
pipes 37 and 38. In other words, the pressure rise across 
each pump just balances the pressure drop across each 
constricted passageway. If the two taps 50 and 51 are now 
turned counterclockwise, the voltage to pump 35 is in 
creased in amplitude while that of pump 36 is decreased 
in amplitude, so that pump 35 applies more force to the 
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liquid than does pump 36. Until the actuator bellows 
39 and 41 begin to move, the two pumps must handle 
equal flow rates, since they are connected in a series hy 
draulic circuit loop, and since the flow rates in the two 
circuit arms remain equal the pressure drops across the 
two constricted passageways remain equal. However, the 
larger voltages supplied to pump 35 cause the piezoelectric 
diaphragm at this pump to exert more force on the liquid 
than the diaphragm at pump 36 exerts, and consequently 
a larger pressure rise occurs across pump 35 than occurs 
across pump 36. As a result, there is a pressure differ 
ence between pipes 37 and 38 which tends to move the 
hydraulic motor or actuator bellows 39 and 45. As the 
bellows move, pump 35 supplies the necessary transfer 
of fluid between pipes 37 and 38. When tap 51 reaches 
the off-center tap 52, the voltage supplied to pump 35 
becomes zero and this pump no longer operates. Now 
the pressure rise across pump 35 substantially balances the 
pressure drops across the two constricted passageways plus 
other pressure losses in the circuit. As taps 58 and 55 are 
turned further in the counterclockwise direction, pump 36 
remains out of operation, while increasingly large voltages 
are supplied to pump 35 so that its pumping force con 
tinues to increase, which also increases the circulating 
liquid flow rate and increases the pressure drops across 
the constricted passageways. This arrangement gives an 
exceptionally good operating characteristic, since near the 
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balance point the two pumps work in opposition for quick 
response and accurate control, but when a substantial 
pressure difference or transfer of fluid from one pipe to 
the other is required, one pump is shut off so that the 
other pump is not required to supply an unnecessarily 
large volume of fluid. When taps 50 and 51 are turned 
in the clockwise direction, a similar sequence of events 
takes place with pump 36 operating to establish a pres 
sure difference or to transfer fluid from pipe 38 to pipe 37. 
The pumps shown in FIG. 7 could be single-action 

pumps of the type described in connection with FIGS. 2 
through 6 inclusive, in which case they should be con 
nected to operate in opposite phase so that pump 36 is 
receiving fluid during the half-cycle when pump 35 dis 
charges fluid, and vice versa. Preferably, pumps 35 and 
36 are of a double-action type which will now be de 
scribed. 

Referring now to FIGS. 8 and 9, which illustrate a pre 
ferred construction of pump 35. Pump 36 may be iden 
tical. The pump housing consists of six substantially 
disc-shaped members 53, 54, 55, 56, 57 and 58, staked 
end-to-end as shown. A piezoelectric diaphragria. 59, of 
the type hereinbefore described in connection with FIGS. 
2 through 6, is positioned within a cavity between housing. 
members 55 and 56, and the diaphragm is held in place 
by a pair of O-rings 60 and 61, as shown. Fluid inlet 
connections are provided in members 53 and 53 at 62 
and 63, and fluid outlet connections are provided at 64 
and 65. When alternating voltage is supplied to the 
electrical terminals 66 and 67, piezoelectric diaphragm 
59 bends upward and downward alternately. When dia 
phragm 59 bends downward, liquid is drawn in through 
opening 62 and inlet valve 68 to the space above the 
diaphragm. At the same time, liquid is forced out of the 
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space below diaphragm 59 through outlet valve 65 and 
outlet opening 65. When diaphragm 59 bends upward, 
liquid is forced out through outlet valve 70 and outlet 
opening 64, while liquid is drawn in through inlet con 
nection 63 and inlet valve 7A. Consequently, liquid is 
both received and expelled during each half-cycle, so that 
the pump capacity is doubled and pulsations in the flow 
rate are reduced. 
A preferred construction of the check valves is best 

shown in FEG. 9. Valve 68 consists of a fiat nylon strip 
held in position by a pair of pins 72 and 73 which extend 
through slots in the nylon strip, as shown so that the 
nylon strip is free to flex and move by a small amount 
to uncover the inlet opening and permit the entrance of 
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3. 
fluid. Preferably, the nylon strip is prestressed-that is, 
the nylon strip would tend to assume a straight flat posi 
tion except that it is held in a curved position over the 
inlet port by pins 72 and 73. The nylon valve is fast 
acting, relatively silent in operation, and resists wear 
much better than metal valves. The other valves may be 
similar in construction to valve 68, except that the outlet 
valves are reversed in position, as shown in FiG. 3, to 
permit fluid to pass outward but not inward through the 
outlet connections 64 and 65. 

Referring again to FIG. 7, two circuit constrictions 
could be used in place of constriction 46, one constriction 
being placed in each of the output connections 64 and 65. 
The pump could then be simplified by omitting output 
valves 69 and 76, with only a moderate loss in pumping 
efficiency. For example, consider that output valve 79 
has been replaced by a circuit resistance such as a coin 
striction similar to 46. When diaphragm 59 moves up 
ward, inlet valve 68 is closed and fluid is forced out 

When diaphragm 59 moves 
downward, inlet valve 68 opens, and only a small annount 
of fluid flows backward into the pump through the con 
striction since the passageway through the inlet valve 
has a much lower circuit resistance. As another alterna 
tive, instead of placing a constriction in series with the 
outlet valves 69 and 70, a constriction or constrictions 
can be placed in series with the inlet valves 68 and 71. 
If a constriction is placed in series with each inlet valve, 
the inlet valves may be omitted, provided the outlet 
valves are retained. With this pump, at least one valve 
having unidirectional characteristics is required in each 
pump section to establish a direction of net fluid flow. 

FIG. 10 shows an arrangement whereby the pump 
shown in FGS. 8 and 9 can be connected as a single 
acting pump. The outlet connection 64 of the first pump 
section is connected by a direct hydraulic circuit to the 
inlet connection 63 of the second pump section, so that 
a single-action pump is obtained which has an inlet con 
nection 62 and an outlet connection 65. Being a single 
action pump, this modification expels liquid during only 
one-half of each cycle, but it has the unusual property 
that it receives liquid during the same half-cycle, rather 
than during alternate half-cycles, and thus always con 
tains the same volume of fluid. This property makes the 
pump useful in some applications. When two of the 
pumps like that shown in FIG. 10 are used in the control 
system shown in FIG. 7, the two pumps should be oper 
ated in phase rather than in phase opposition. 

FIG. 11 shows another control system in which a pump 
74, in accordance with the present invention, has two of 
the bender piezoelectric diaphragms, identified in the 
drawing by reference numerals 75 and 76 respectively, 
extending transversely across a cylindrical cavity in the 
pump housing and parallel to each other. Diaphragms 
76 and 76 are preferably operated by voltages from the 
same A-C. Supply but they are connected so that the 
two diaphragms vibrate in phase opposition-that is, so 
that diaphragms 75 and 76 both move inward toward 
each other at the same time, and then move outward 
away from each other at the same time. Check valves 
77 and 78 are so arranged that the direction of net fluid 
flow is from inlet opening 79 to the space or chamber on 
the right of diaphragm 76, through check valve 77 to the 
Space or chamber between diaphragms 75 and 76, through 
check valve 78 to the space or chamber on the left cf 
diaphragm 75, and thence to outlet opening 80. When 
the two diaphragms move toward each other, liquid is 
forced from the chamber between the diaphragms and 
through valve 78. Since diaphragm 75 is now moving 
to the right, substantially half of the liquid passing 
through valve 78 is absorbed in the increasing volume 
of the chamber to the left of diaphragm 75, while the 
remaining half is forced out through outlet 30. During 
the next half cycle, when diaphragms 75 and 76 are nov 
ing apart, check valve 78 is closed and liquid is forced 
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out through outlet opening 80 by the decrease in volume 
of the chamber to the left of diaphragm 75. Conse 
quently, the pump is in effect, double-acting since liquid 
is expelled during both half cycles of operation. 

In the control system connected to the embodiment 
of the pump illustrated in FIG. 11, pump 74 is operative 
with a substantially constant output pressure and the 
supply of fluid to an hydraulic motor or actuator 81 is 
regulated by a control or transfer amplifier valve 82 
(schematically illustrated) of the supply-and-waste type. 
Liquid flows from outlet 80 of the pump through a con 
stricted passageway 83 and an orifice 34 to the liquid 
returnpipe 85. Liquid also flows from outlet 80 through 
a constricted passageway 86 and an orifice 87 to the re 
turn pipe 85. A bender piezoelectric assembly. 88 is 
positioned between orifices 84 and 87 so that it acts as 
a differential flow controlling vane. The electrical ter 
minals 39 and 90 of the piezoelectric vane 88 are supplied 
with a control direct voltage by any suitable means such 
as the potentiometer 92 and battery 92 connected as 
shown. 
The hydraulic motor or actuator 8 has a vane 93. 

which is rotative with a shaft. 94 within a substantially 
circular housing which is divided into two sections by a 
stationary partition 95. A pipe or fluid passageway 96 
is connected from one side of the actuator housing to the 
outlet Side of constricted passageway 83, as shown, and 
another pipe or fluid passageway 97 is connected from the 
other side of the actuator housing to the outlet side of the 
constricted passageway 86. 
Assume that the movable tap of potentioneter 9i is 

placed at the center tap position 98. The voltage be 
tween terminals 89 and 90 is zero, and crystal 38 is in a 
neutral position Substantially midway between orifices 84 
and 87. Equal amounts of fluid now flow through the 
two orifices, and the pressure drops across constricted 
passageways 83 and 86 are equal. Consequently, equal 
hydraulic pressures are supplied through pipes 96 and 97 
to the two sides of the actuator 81 housing, and vane 93 
tends to remain stationary in whatever angular position 
it occupies. Now assume that the movable tap of poten 
tiometer 91 is moved away from the center tap position 
98. A voltage is applied between terminals 39 and 98, 
which causes bender piezoelectric assembly 88 to bend in 
one direction or the other, depending upon the voltage 
polarity. Assume that vane 88 bends toward orifice 84. 
This displacement of the piezoelectric vane increases the 
circuit resistance to fluid flow through orifice 84, and 
simultaneously decreases the circuit resistance to fluid 
flow through orifice 87. Consequently, less fluid flows 
through orifice 84 and the pressure drop across con 
stricted passageway 83 decreases, while more fluid flows 
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through orifice 87 and the pressure drop across con- . 
stricted passageway 86 increases. Now a higher pressure 
is supplied to the actuator through pipe 96 than is sup 
plied through pipe 97, and actuator vane 93 is rotated 
counterclockwise. As long as a control voltage is applied 
to crystal assembly 88 which causes it to bend toward 
orifice S4, vane 93 tends to continue rotating counter 
clockwise either until it reaches the mechanical limit of 
counterclockwise rotation or until rotation is stopped by 
Some load applied to shaft 94. Conversely, when a con 
trol voltage of the opposite polarity is applied between 
terminals 89 and 90, vane 8S bends toward orifice 87, and 
vane 93 rotates clockwise. When there is no load upon 
shaft 94 tending to rotate the shaft, vane 93 can be 
stopped in any position by adjusting the control voltage 
to return piezoelectric vane 38 to the neutral or balance 
position midway between orifices 84 and 37. If there is 
a load which tends to rotate shaft 94, vane 93 can, in 
general, still be stopped by adjusting the control voltage 
so that vane 88 is in a slightly off-center position which 
provides a difference in the fluid pressures supplied by 
pipes 96 and 97 which exactly balances the rotative force 
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of the load upon shaft 94. Thus the angular position of 
shaft 94 can be adjusted and controllied by moving the 
adjustable tap of potentiometer 9s, or by any other means 
Supplying an adjustable control voltage. 

Since pump 74 operates continuously, several control 
valves similar to valve 82 can be operated from the same 
pump. Additional control valves may be connected to 
the system as indicated at 99. The hydraulic accumula 
tor 100 is connected to the hydraulic circuit for the usual 
purposes. 

FIGS. 12 and 13 show a preferred construction of 
pump 74 and three control or transfer valves 82, 82 and 
82', each functionally similar to valve 82 of FIG. 11, 
combined in a unified assembly with a common housing 
i0i. The space within the right-hand side of housing 101 
is divided into three parts or chambers by two parallel 
horizontal partitions 102 and 103, having apertures and 
Supporting means to receive bender piezoelectric dia 
phragms 75 and 76, as shown. Partitions 103 and 102. 
have other apertures covered by check valves 77 and 78 
arranged to permit fluid flow in one direction only from 
one to another of the chambers separated by the parti 
tions. For rapid operation, valves 77 and 78 are small 
light discs of metal or nylon or other suitable material, 
held in place against the valve seats by prestressed springs 
i04 and 105. The accumulator 10, located within the 
upper chamber of housing 105, may be a length of resil 
ient tubing having its interior connected to the atmos 
phere and constructed so that its volume contracts re 
sponsive to pressure of the fluid in the upper chamber. 
Three transfer valves occupy the space within the left 

hand side of housing 101, as shown. The bender piezo 
electric vane 88 may be disc-shaped, but preferably it is 
rectangular and is supported at each end by small rubber 
pads 106 and 107, or other suitable means, so that the 
piezoelectric assembly can bend easily to deflect its cen 
ter portion to either side. To provide the desired bend 
ing action, the control vane 88 is made of two piezo 
electric plates having abutting faces cemented or other 
wise fixed together, and being arranged so that the plates 
respectively expand and contract responsive to an applied 
voltage. The plates may be made from piezoelectric 
crystals or piezoelectric ceramics, but ceramic materials 
such as barium titanate are generally preferable. 

Orifices 84 and 87 preferably are adjacent to the center 
'of the control vane, and are at the ends of respective fluid 
passageways which communicate with opposite sides of 
a recess containing control vane 88, as shown in FIG. 12. 
Constricted passageways 83 and 86 are formed by two 
Small plugs having capillary axial bores. Output con 
nections 96 and 97 are threaded to receive conventional 
fluid couplings for hydraulic tubing or pipes leading to 
an hydraulic motor or actuator. Two other control 
valves, identical to control valve 32, and side-by-side 
therewith, comprise bender piezoelectric control vanes 
i06 and 67 and output connections 08, 9.9, 10 and 
is , as shown in F.G. 13. Electrical connections to the 
piezoelectric pump diaphragms and to the piezoelectric 
control varies are made through a cable 12 and an elec 
trical connection box 13. 
To provide additional pumping capacity, two sets of 

pump diaphragms may be provided which are hydrauli 
cally connected in parallel. For example, as shown in 
FIG. 3, partition (3 has two apertures respectively 
receiving piezoelectric diaphragms 76 and 76, which are 
electrically connected in parallel and operate synchro 
nously to produce the same effect as a single diaphragm 
of larger size. In a similar manner, two or more piezo 
electric pump diaphragms may be located side-by-side in 
partition 102. Since the hydraulically parallel pump 
diaphragms operate synchronously, only one set of check 
valves 77 and 78 is required. 

For reasons hereinbefore explained, disc-shaped piezo 
electric pump diaphragms are preferred. However, dia 
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phragms of other shapes may be used. For example, in 
stead of using two disc-shaped diaphragms 76 and 76' 
as shown in F.G. 13, an elongated rectangular bender 
piezoelectric diaphragm £3.4 may be used as shown in 
F.G. 14. Since bending of the rectangular diaphragin 
114 results in some warping of its edges away from a 
flat plane, the mounting means and liquid seal around the 
periphery of the diaphragm 14 cannot be as rigid as is 
possible in the case of disc-shaped diaphragms. Accord 
ingly, a semi-flexible mounting means for diaphragm 114 
is provided, which may consist of fingers i35, is 6, 17 
and 18 which hold the corners of the diaphragm i£4 in 
place sufficiently for the bending action of the diaphragm 
to produce a pumping action. To prevent the leakage 
of liquid around the edges of the diaphragm, a resilient 
sealing means is employed, such as a thin rubber gasket 

9. 
Referring to FIG. 15, there is illustrated yet another 

pump embodiment in connection with an hydraulic con 
trol system suited for cooperation there with. A pump 
A29 is shown connected to a control or transfer amplifier 
valve E21 and an hydraulic motor or actuator 22. Pump 
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2 
curve E30 represents outward novement of diaphragm 
123-that is, the positive peaks of sine wave curve 139 
represents the points of maximum displacement of dia 
phragm 123 outward to the left and the negative peaks 
of since wave curve 139 represent the maximum displace 
ment of diaphragm 23 inward to the right. At points 
where curve 30 crosses the center line i31, diaphragm 
F23 is in its central undeflected position. The solid-line 
sine wave curve. 132 represents outward deflection of 
diaphragm 24-that is, the positive peaks of curve 32 
represent maximum deflection outward to the right of 
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crystal diaphragm 24 and the negative peaks of curve 
132 represent maximum deflection inward to the left of 
crystal diaphragm 24. Assuming that the hydraulic 
circuit resistance to fluid flow through the central aperture 
of a diaphragm varies linearly with outward displacement 

20 

120 has two disc-shaped bender piezoelectric diaphragms 
123 and 124 positioned parallel to each other across a 
cylindrical cavity of the pump housing and arranged in 
a pump structure such that piezoelectric assemblies 23 
and 124 not only act as pump diaphragins, but also act 
as the pump valving mechanism. These diaphragms are 
preferably made from two discs of piezoelectric ceramic 
material fixed together with suitable electrodes in the 
manner hereinbefore described. Each of the diaphragms 
23 and 24 has a central axial aperture defining a fluid 

passageway through which fluid flows from one to the 
other of the three spaces or chambers within the pump 
housing which are separated by the two diaphragms. For 
precise dimensioning of these apertures, Small hollow 
cylindrical liners 24' and 125, made of metal or other 
easily machined material, may be cemented in place with 
in the apertures of the piezoelectric assembly. A cylin 
drical mandrel 26, which may be affixed to the left 
hand end of the pump housing, as shown, is alined with 
the aperture in crystai diaphragm 23, and preferably 
extends within hollow aperture liner 24 a distance in 
the order of a few thousandths of an inch. A small clear 
ance is provided between liner 124' and mandrel 26. So 
that crystal diaphragm 123 can vibrate freely and so that 
a restricted flow of fluid between the aperture liner and 
the mandrel can occur. A mandrel 27 affixed to the 
right hand end of the pump housing is alined with the 
aperture in crystal diaphragm 24 and is similarly fitted 
to aperture liner 125. An alternating current Supply i28 
and a phase-splitting network 29, or any other means 
for supplying suitable alternating voltages in phase quad 
rature, supply operating voltages to the electrical termi 
nais of piezoelectric diaphragms 23 and 24 So that the 
two diaphragms vibrate in phase quadrature. As a result 
liquid is pumped from input connection 28 to output 
connection 29 in a manner which will now be explained. 

Because of the close fit between aperture liner 24 and 
mandrel 26, there is a substantial resistance to the flow 
of liquid through the aperture of diaphragm 23, AS 
the diaphragm vibrates, this resistance to fiuid flow de 
creases as the diaphragm moves inward to the right and 
the length of the restriction is decreased. Conversely, the 
resistance to fiuid flow through the aperture of diaphragm. 
123 increases as the diaphragm moves outward to the 
left and the length of the restriction between liner i24' 
and mandrel 26 is increased. if desired, either the man 
drel or the liner or both can be tapered to accentuate this 
resistance variation. A similar variation in resistance to 
the flow of fluid through the aperture of diaphragm 524 
occurs as this diaphragm vibrates-that is, the resistance 
decreases as diaphragm 24 moves inward to the left and 
increases as diaphragm 124 moves outward to the right. 

Referring now to FIG. 16, the broken-line sine wave 
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indicated by the "in" and "out' legends below curve 
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of the diaphragm, curves 30 and 32 aiso represent rela 
tive changes in the resistance to fluid flow through the 
aperture of diaphragm 223 and the aperture of diaphragm 
$24, respectively. In practice, the resistance variations 
are not in general strictly linear with displacement, but 
are somewhat non-linear in a manner and to a degree 
that depends upon the dimensions and design of the aper 
ture and the mandrel, but this does not substantially 
affect the principles involved in the operation of the pump, 
and an assumption that the resistance to displacement 
relationship is linear is sufficiently valid for the present 
discussion. 

Still referring to F.G. 16, it will be noted that curves 
130 and 532 are in phase quadrature, since the two piezo 
electric diaphragms are driven by quadrature-phased volt 
ages. Since curves i30 and 132 both represent outward 
displacements, changes in the volume of the space or 
chamber between the two diaphragms are proportional to 
the Sun of changes in the amplitudes of curves 30 and 
132. Consequently, these volume changes can be rep 
resented by broken-line sine wave curve 33, which in 
phase is half-way between curves 136 and 32. The posi 
tive peaks of curve 133 represent the maximum volume 
between diaphragms 123 and 124, and the negative peaks 
of curve 33 represent the minimum volume between the 
two diaphragms. The liquid flow rate out of the space 
between the two diaphragms is proportional to the rate 
of change of the volume between the diaphragms, and 
the outward flow rate is represented by the solid-line sine 
Wave curve i34 which lags curve 133 by 90 degrees. The 
negative half-cycles of curve 134, lying below center line 
135, represent fluid flow into the space between the two 
diaphragms and the positive half-cycles of curve 34, 
above the center line 35, represent fluid flow out of the 
Space between the two diaphragms, as is more clearly 

34. 
in the drawing. 

it has been pointed out that curve 130 represents the 
relative resistance to fluid flow through the aperture in 
diaphragm 23, while curve 132 represents the relative 
resistance to fluid flow through the aperture in diaphragin 
f24. When fluid flows into or out of the space between 
the two diaphragms, a part of the fluid flow passes through 
each of the two apertures, but the larger amount of flow 
is through the aperture having the smaller hydraulic cir 
cuit resistance. Now, comparing curves 138,132 and 134, 
it will be noted that curve 38 exceeds curve 32 during 
the entire half-cycle when fluid is flowing into the volume 
between the two diaphragms: accordingly, more fluid 
flows inward through the aperture in diaphragm 24 than 
flows inward through the aperture in diaphragm E23. 
Conversely, curve 32 exceeds curve 130 during the en 
tire half-cycle when fluid is flowing out of the space 
between the two diaphragms: accordingly, more fluid 
flows outward through the aperture in diaphragm 23 than 
flows outward through the aperture in diaphragm 24. 
Thus the net fluid flow has a unidirectional component 
which passes through inlet connection 123, through the 
aperture in diaphragm 124 to the space between the two 
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diaphragms, then through the aperture in diaphragm 123 
to outlet connection 129. Because some fluid fiows in 
the reverse direction, the ancunt of liquid pumped during 
each cycle is less than the change in volume between the 
two diaphragms, but this loss is compensated by the fact 
that pump 20 can be operated at much higher cyclic 
rates than is possible with a pump having mechanical 
check valves. Furthermore, the elimination of valve wear 
and maintenance is a distinct advantage. 

In FIG. 15, the two mandrels 26 and 27 are shown on 
the outer sides of the diaphragm outside the chainaber be 
tween the diaphragms, so that the hydraulic circuit resist 
ance of the apertures increases as the diaphragms move 
outward. Alternatively, the mandrels may be placed on 
the inner sides of the diaphragms, within the chamber be 
tween the diaphragms, so that the hydraulic circuit re 
sistance increases as the diaphragms move inward. But 
in this latter case, the direction of fluid flow through the 
pump will be reversed unless the phase sequence of the 
operating voltages, and hence the phase sequence of the 
diaphragm vibrations, is also reversed. In either case, 
the direction of flow through the pump can be reversed at 
will by reversing the phase sequence of the supply volt 
ages. With the arrangement shown in FIG.15, fluid 
flows from inlet 28 to outlet 129 when the outward wi 
bration of diaphragm 124 lags the outward vibration of 
diaphragm 123. 

If the electrical connections to either piezoelectric dia 
phragm were reversed, leaving the connections to the other 
piezoelectric diaphragm unchanged, the outward vibra 
tions of diaphragm 124 would lead the outward vibrations 
of diaphragm 123, and fluid would be pumped from con 
nection 129 to connection 128. In many applications, this 
characteristic whereby the pumping direction can be re 
versed electrically is extremely advantageous as will be 
pointed out hereinafter. 
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Referring again to FIG. 15, pump 120 circulates liquid 
from inlet opening 28 to outlet opening 29 and thus 
creates an hydraulic pressure difference between these 
two openings. From the pump outlet, fluid fows through 
a constricted passageway 136 and an orifice 137 of trans 
fer valve 121 to return pipe 138 and pumpinlet connec 
tion 128. Fluid also flows from pump outlet E23 through 
a constricted passageway 139 and an orifice 40 of trans 
fer valve 121 to return pipe 128. Transfer valve 12 in 
cludes a bender piezoelectric vane 141 positioned between 
orifice 137 and orifice 40 to control the relative flow 
rates through the two orifices and thus to control a differ 
ence in hydraulic pressures supplied through fluid passage 
Ways i42 and 143 to an hydraulic motor or actuator 22 
having a rotative drum and vane 44 connected to a 
rotative shaft 145. The hydraulic system preferably in 
cludes a conventional accumulator 146. 

Deflection of piezoelectric control vane. 41 is con 
trolled by a servo system which supplies to electric termi 
nals 146 and 147 of the bender piezoelectric vane Voltages 
of proper phase and polarity to adjust and control the 
angular position of shaft 145 in a desired manner. The 
simplified servo system illustrated in FIG. 15 consists of 
a first potentiometer 148 and a second potentiometer 149 
connected in parallel across a suitable voltage source such 
as battery 150. Potentiometer 148 has an adjustable tap 
151 connected mechanically or otherwise to rotate with 
shaft 145, so that changes in the angular position of shaft 
45 change the position of adjustable tap 15 on poten 

tiometer 148. Potentiometer 449 has an adjustable tap 
52 which is positioned by any suitable means, not 
shown, in accordance with input data in the servo system. 
For example, adjustable tap 152 can be positioned man 
ually in accordance with desired angular positions of 
shaft 145, and the mechanism illustrated will act auto 
matically to adjust the position of shaft 145 so that it 
corresponds to the desired position set up by the manual 
adjustment of tap 152. When taps 151 and 152 are in 
corresponding positions on the two potentiometers, the 
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4. 
voltage between the two taps is zero and zero control 
voltage is supplied to terminals 46 and 47. Conse 
quently, control vane 4. is in its neutral position sub 
stantially midway between orifices 37 and 40, equad hy 
draulic pressures are supplied through fluid passageways 
142 and 43 to opposite sides of actuator 22, and vane 
44 remains stationary. 
Now assume that the position of tap 152 is changed 

manually. A voltage exists between taps 51 and 152 
which is amplified by a conventional D.C. amplifier 153 
and supplied to the electrical terminals 46 and 147 of 
the piezoelectric vane 141. Responsive to this voltage, 
vane 141 bends to the right or to the left, depending upon 
the polarity of the applied voltage, and thus changes the 
relative hydraulic circuit resistances through orifices 137 
and i48 to provide a difference in the hydraulic pressures 
supplied to opposite sides of actuator 122. This moves 
Vane 144, rotates shaft 145, and readjusts the position of 
tap 151. When the shaft 145 has reached the desired 
angular position, the position of tap 15 again corre 
sponds to the position of tap 152 and control vane 141 
returns to its neutral position, whereupon motion of actu 
ator vane E.44 stops. 
A preferred construction of transfer valve 121 and 

actuator 22 is shown in FGS, 17, 18 and 19. Refer 
ring now to these figures, the valve and actuator housing 
is an assembly of substantially disc-shaped members 
stacked end-to-end and held together by suitable means 
Such as screws 154. The entire assembly may be about 
one inch in diameter, for example. The bottom member 
of the assembly has a fluid passageway 129 threaded at 
its outer end for connection through piping or other suit 
able means to outlet connection 29 of pump 120. Ex 
tending upward from passageway 129 are two fluid pas 
sageways respectively containing plugs with capillary 
bores, as shown, forming constricted passageways 136 
and 139. Inwardly extending passageways contain plugs 
having capillary bores forming orifices 137 and 140. For 
manufacturing convenience and to provide access for 
cleaning the orifices, these inwardly extending passage 
Ways also extend outward through the wall of the hous 
ing, and are closed by removable plugs 155 and 156. The 
Vertical passageways containing constrictions 136 and 
139 extend upward to join passageways 142 and 143 
which transmit the hydraulic pressures to actuator 122. 
Piezoelectric control vane 4 is contained in a central 
recess which communicates with return pipe 138, and into 
which orifices 137 and 140 extend from opposite sides. 
The control vane 14, is supported at its two ends by suit 
able means such as small rubber pads 157 and 158, as 
shown, so that the center of the control vane is adjacent 
to the orifices and can deflect readily in either direction. 
The control vane can be either disc-shaped or rectangular, 
and preferably is made from two plates of piezoelectric 
Ceramic material fixed together as a piezoelectric bender 
assembly. 

FIG. 20 shows a control system comprising a variable 
output reversible pump 159 and an hydraulic motor or 
actuator 60. One input-output connection of the pump 
is connected through a pipe or fluid passageway 56 to 
one side of actuator 169, and the other input-output con 
nection of the pump is connected by a pipe or fluid pas 
SageWay 162 to the other side of actuator 60, so that 
when the pump is operated to pump fluid in one direction 
Vane 63 of the actuator moves in one direction, and 
When the pump is reversed actuator vane 163 moves in 
the opposite direction. 
Pump 59 has the same general principles of operation 

as the pump 129 described in connection with FIG. 15, 
but pump 59 is a three-stage pump capable of delivering 
a correspondingly higher output pressure, and is electri. 
cally controlled in a somewhat different manner. In 
pump 59, there are four disc-shaped bender piezoelectric 
diaphragms of the type hereinbefore described, identified 
in the drawing by reference numerals 64, 165, 166 and 
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167, extending parallel to one another and transversely 
across a cylindrical cavity within a pump housing. The 
four diaphragms have alined central apertures, as shown. 
The three spaces or chambers within the pump housing 
between the four diaphragms constitute three pump 
stages, each of which increases the hydraulic pressure by 
approximately one-third of the total pressure increase. 
Between the piezoelectric diaphragms a 64 and 65 there 
is a stationary perforated metal diaphragm 168 having a 
Solid center portion alined with the central apertures of 
crystal diaphragms 164 and 65. Hollow aperture liners 
169 and 178 may be provided with flanges as shown on 
their ends adjacent to stationary diaphragm 168, so that 
a restricted passageway is provided between each of the 
aperture liners 169 and 170 and the solid central portion 
of diaphragm 168. Since these restricted passageways 
change in thickness as the diaphragms 64 and 65 vi 
brate, the fluid resistance through the apertures varies 
With diaphragm displacement in a manner analogous to 
the resistance variations provided by the mandred-and 
aperture construction used in pump 129 of Fig. 15. An 
other stationary perforated diaphragm 171 is provided be 
tween piezoelectric diaphragms 66, and 67, and the 
apertures of these diaphragms have liners 172 and 73 
cooperating with diaphragm 173 in the same manner as 
liners 69 and 178 cooperate with diaphragm ié8. 
With respect to the center pumping stage, comprising 

the Space or chamber between diaphragms 65 and 66, 
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the resistance through each aperture in diaphragms 265 
and ió6 is greatest when the diaphragm is at its position 
of maximum displacement outward from the center 
chamber, so that this pumping stage operates in substan 
tially the same manner as the pump 20 shown in FIG. 
15. In the two outer pumping stages, comprising the 
Space or chamber between diaphragms 64 and E65 and 
the Space or chamber between diaphragms 266 and 67, 
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the maximum resistance to fluid flow through a dia. 
phragm aperture occurs at the point of maximum dia. 
phragm displacement inward toward the pumping cham 
ber, so that these stages correspond to pumps like the 
modified form of pump 126 having the flow-obstructing 
nandrels placed inside the pumping chamber instead of 
outside the pumping chamber. So that the three stages 
of pump 59 will all pump in the same direction, it is 
necessary that the diaphragms of the center pumping 
stage vibrate in opposite phase sequence to the dia 
phragms of the two outer pumping stages. This is accom 
plished simply by connecting piezoelectric diaphragms 
64 and 66 electrically in parallel, so that these two 

diaphragms always move in the same direction at the 
same time, and by connecting diaphragms 65 and 67 
in parallel so that these two diaphragms always move in 
the same direction at the same time. For maximum 
pumping action, these two sets of parallel-connected 
piezoelectric diaphragms should be driven in phase 
quadrature, but for control purposes other phase relations 
are sometimes used, as will now be described. 

Piezoelectric diaphragms ió4 and 66 are connected 
directly to an alternating current supply 174. Piezoelec 
tric diaphragms 65 and 67 are connected to alternating 
current supply 74 through an adjustable phase shifter 
175, which preferably can be adjusted to provide any de 
sired phase shift between --90 and -90. Numerous 
phase-shifting circuit networks and other phase-shifting 
devices having suitable characteristics are well known in 
the art. When phase shifter 175 is adjusted for zero 
phase shift, all of the piezoelectric pump, diaphragms vi 
brate in the sanie direction at the same time, and under 
these conditions there is no unidirectional fluid flow 
through the pump and consequently there is no hydraulic 
pressure difference between pipes ié1 and 62 to operate 
actuator 16. When the phase shifter 175 is adjusted to 
produce a phase shift in one direction, the positive or 
leading phase direction for example, the resulting phase 
ciifferences in the diaphragm vibrations cause the cyclic 
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hydraulic resistance variations at the diaphragm aper 
tures to produce a rectifying effect on the fluid flow; and 
a unidirectional net fluid flow or pressure difference, or 
both, occurs which becomes a maximum when the phase 
shift is 90°. When phase shifter E75 is adjusted to pro 
duce a phase shift in the opposite direction, the negative 
or lagging phase direction for example, a unidirectional 
fluid fiow or pressure difference, or both, is established 
in the other direction, which also becomes maximum 
when the phase shift is 90°. Thus, by adjusting the phase 
shift produced by phase shifter 175 over a range of +90° 
to -90° phase shift, the output of pump 159 is changed 
from maximum flow or pressure in one direction through 
zero flow and pressure to maximum flow or pressure in 
the other direction, and there is provided extremely good 
control over the motion and positioning of actuator vane 
163. In other words, considering the voltage supplied to 
one set of piezoelectric pump diaphragms as a phase ref 
erence, the hydraulic output of the pump is substantially 
proportional to the quadrature component of the voltage 
supplied to the other set of pump diaphragms. 

In place of the phase shifter 175, piezoelectric dia 
phragins S5 and 67 may be driven by other voltages 
having the same frequency as that supplied by A.-C. Sup 
ply 74, and having a phase which changes in accordance 
with a desired control function. Alternatively, the volt 
age Supplied to the two diaphragms 165 and 167 may 
always be in phase quadrature to the voltage supplied by 
A.-C. Supply 174, but may vary in amplitude in accord 
ance with the desired control function and may reverse 
in phase to represent negative amplitude. Voltages hav 
ing such phase and amplitude relations are found in many 
control systems. Pump 59 converts such electrical sig 
mals directly into hydraulic signals, and thereby eliminates 
the electric motor or electronic phase comparator devices 
which have heretofore generally been required. 
The ovel non-magnetic electro-hydraulic pump de 

Scribed above in connection with various embodiments 
thereof is particularly adapted for hydraulic control sys 
stems for use with small instrument-type servo mech 
anisms such as are employed, for example, to adjust the 
orientation of the detector element in magnetic detection 
equipment. The high cyclic rate of operation which is 
possible with the piezoelectric diaphragm pump makes a 
very fast response speed feasible, and this fast response 
may be further enhanced, if desired, by use of the piezo 
electric vane transfer valve. No part of the system pro 
duces any appreciable magnetic field which would inter 
fere with magnetic measurements. The crystal assemblies 
are preferably operated at relatively high voltages, in the 
Order of several hundred volts, and at very low currents. 
Furthermore, these currents pass through only a single 
turn loop formed by the two leads to the crystal, and even 
the small magnetic effect of this single-turn loop can be 
Substantially cancelled out by twisting the leads together. 
Although the absence of magnetic field effects makes the 
control systems described especially useful with magnetic 
detection equipment, it will be appreciated that the pump 
hereof has a much wider range of usefulness, and that the 
inventive principles herein disclosed may be used and ap 
plied in many different ways. Accordingly, it should be 
understocd that the invention is not limited to specific 
applications and embodiments herein illustrated and de 
Scribed, and it is intended that the following claims should 
cover all changes and modifications which do not depart 
from the true spirit and scope of the invention. 
What is claimed is: - - 
1. A pump comprising a pump housing having a cy 

lindrical cavity, two vibratory diaphragms that deform 
elastically under electric stress, said diaphragms extend 
ing transversely across said cavity parallel to each other 
and enclosing a pumping chamber between the dia 
phragins, each of said diaphragms having a central aper 
ture defining a fluid passageway into said chamber, sta 
tionary obstructing means in said housing axially aligned 
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with and partially blocking each of said apertures to pro 
vide a resistance to fluid flow which varies cyclically with 
vibration of the diaphragm, and means supplying out-of 
phase variable voltages to said diaphragms for vibrating 
said diaphragms in out-of-phase relation with each other. 

2. A pump as in claim 1 in which the obstructing 
means are outside the space between the diaphragms so 
that the resistance to fluid flow through each of said aper 
tures increases as the corresponding diaphragm moves 
outward with respect to the pumping chamber. 

3. A pump as in claim 1 in which the obstructing 
means are within the space between the two diaphragms 
so that the resistance to fluid flow through each of said 
apertures increases as the corresponding diaphragm 
moves inward with respect to the pumping chamber. 

4. A pump as in claim 1 in which the two diaphragms 
are vibrated in phase quadrature. 

5. In combination, a pump as in claim 1, and means 
for reversing the phase displacement of said voltages to 
reverse the phase relationship of said vibrating di 
aphragms and reverse the direction of fluid flow through 
the pump. 

6. In combination, a pump as in claim 1, and means 
for changing the phase displacement of said voltages to 
change the phase relation between the two vibratory di 
aphragms to control the pump output. 

7. A pump comprising a pump housing having a cylin 
drical cavity, at least three vibratory diaphragms extend 
ing transversely across said cavity parallel with one an 
other, each of said diaphragms having a central aperture 
defining a fluid passageway, obstructing means within 
the space between the first and second in order of said 
diaphragms aligned with and partially blocking the re 
spective apertures thereof, stationary obstructing means 
outside the spaces between the diaphragms aligned with 
and partially blocking the aperture of the third in order 
of said diaphragms, inlet and outlet conduits opening into 
Said housing, cavity at opposite axial ends thereof, means 
causing said first and third diaphragms to vibrate in-phase 
with each other, and means causing said second diaphragm 
to vibrate out-of-phase with said first and third di aphragms. 

8. A pump as described in claim 7 wherein each said 
diaphragm is of a material that will deform elastically 
under electric stress and arranged so the center portion 
thereof is bowed perpendicular to its face as the diameter 
changes in dimension due to the application of voltage, 
Said means causing first and third diaphragms to vibrate 
comprising means applying an alternating voltage to 
both diaphragms, and said means to vibrate said second 
diaphragm comprising means applying an alternating 
voltage to said second diaphragm which is out of phase 
with the voltage applied to said first and third diaphragms. 

9. A pump comprising a housing having a cavity, a 
plurality of oscillatory diaphragms of a material that will 
deform elastically under electric stress, said diaphragms 
extending transversely across said cavity parallel to each 
other, each of said diaphragms having a central aperture 
defining a fluid flow passage, stationary obstructing means 
aligned with and partially blocking each aperture and 
arranged to vary the blocking effect dependent upon the 
position of Said diaphragm thereby creating a resistance 
to fluid flow which varies cyclically with the oscillation of 
Said diaphragm, inlet and outlet conduits opening into said 
housing cavity at opposite ends thereof, and means apply 
ing a varying electric stress to each said diaphragm to 
cause the diaphragm to oscillate. 

10. A pump comprising a housing having a longitudi 
nal cavity, a plurality of oscillatory diaphragms of a ma 
terial that will deform elastically under electric stress, 
each of said diaphragms extending transversely across 
said cavity parallel to each other and so arranged that 
each diaphragm will oscillate longitudinally in the cavity 
as the face of the diaphragm contracts or expands with 
changes in applied voltage, each of said diaphragms hav 
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18 
ing a central aperture defining a fluid flow passage, sta 
tionary obstructing means in said housing cavity longi 
tudinally aligned with and partially blocking each aper 
ture and arranged to vary the blocking effect dependent 
upon the position of said diaphragm thereby creating a 
resistance to fluid flow which varies cyclically with the 
oscillation of said diaphragm, inlet and outlet conduits 
opening into said housing to communicate with said cavity 
at opposite axial ends, and means for applying alternating 
voltages to the faces of each diaphragm. 

11. A pump as described in claim 10 wherein each said 
diaphragm consists of two flat discs of said deforming 
ma?terial and three flat electrode sheets stacked alternately 
and bonded together so that the face of each disc is adja 
cent to an electrode, the two electrodes on the outer faces 
being connected together, said discs being arranged so that 
one disc contracts in diameter and the other disc expands 
in diameter as voltage is applied, whereby the center por 
ition of said diaphragm is bowed one way or the other in 
an oscillatory motion perpendicular to its face as said 
alternating voltages are applied across the inner and outer 
electrodes. 

12. A pump comprising a housing having a cylindrical 
cavity, a first, second, third and fourth oscillatory dia 
phragm extending across said cavity parallel to each 
other, each said diaphragm consisting of two flat discs of 
a material which will deform elastically under electric 
stress sandwiched between and bonded to three flat elec 
trode sheets, the two electrodes covering the outer faces 
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of said discs being connected, said discs being arranged 
so that one disc contracts in diameter and the other disc 
expands in diameter as voltage is applied whereby the 
center portion of said diaphragm is bowed one way or the 
other in an oscillatory motion perpendicular to its face, 
each of said diaphragms having a central aperture defin 
ing a fluid flow passage, obstructing means within the 
Space between said first and second diaphragms and par 
tially blocking the apertures in both said diaphragms, ob 
structing means within the space between said third and 
fourth diaphragms and partially blocking the apertures in 
both said diaphragms, said obstructing means arranged to 
vary the blocking effect on said apertures dependent upon 
the position of the diaphragms whereby a varying fluid 
flow resistance is created at each aperture which varies 
cyclically with the oscillation of said diaphragm, means 
supplying a first alternating voltage to the electrodes of 
said first and third diaphragms, means supplying a second 
alternating voltage to the electrodes of said second and 
fourth diaphragms, and means to change the phase rela 
tionship between said first and second alternating voltages. 
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