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PUMP HAVING PISTONS AND VALVES
MADE OF ELECTROACTIVE ACTUATORS

ORIGIN OF INVENTION

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (35 USC 202) in which the
Contractor has elected to retain fitle.

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to a pump having pistons
and valves made of electroactive actuators. Specifically, the
invention relates to a miniature pump in which the valves
and pistons comprise novel actuators made of transducing
materials such as magnetostrictive or electroactive materi-
als.

2. Background Art

Conventional pumps use numerous moving parts that are
subject to wear and material fatigne which circumstances
customarily lead to failure of the parts and disablement of
the pump. Moving parts also result in pump failure because
of jamming or fracture of the parts and thermal mismatch of
parts, which increases as a source of failure if a large number
of parts are required for the pump.

Another problem with conventional pumps is that they are
difficult to miniaturize because of the complexity of the parts
and their interaction. Miniature pumps are increasingly
required for a wide variety of applications including con-
trolled liquid and gas supply, thermal management, cooling
systems and vacuum control devices. An example of a
vacuum pump application includes planet surface sampling
missions where soil, rocks and other geological materials are
collected. The samples are either analyzed remotely or
returned to earth, which return requires a miniature pump to
preserve the samples in either a vacuum or inert atmosphere.

The performance of conventional pumps also degrades
with decreasing temperature because of increases in thermal
mismatch of parts. Maintaining low temperature perfor-
mance is becoming increasingly important because of the
growing number of low temperature applications such as the
planetary missions mentioned previously. In addition to
sample collection, such missions use remote analysis
instruments, such as mass spectrometers, that require a
vacuum be formed in a sample chamber for analysis.

In addition, there are increasing applications that require
pumping mechanisms that are low cost, low in mass, con-
sume low power and operate reliably in low ambient pres-
sure.

Thus, it is an object of the invention to provide a pump
device with few moving parts to improve operating reliabil-
ity and to facilitate the miniaturization of the mechanism.

It is another object of the invention to provide a pump
whose performance is maintained at low temperature and
low ambient pressures.

Further, it is an object of the invention to provide a pump
having a small number of components that are light weight,
inexpensive and consume low amounts of power.

SUMMARY OF THE INVENTION

The present invention provides a pump for inducing a
displacement of a fluid from a first medium to a second
medium, including a conduit coupled to the first and second
media, a transducing material piston defining a pump cham-
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2

ber in the conduit and being transversely displaceable for
increasing a volume of the chamber to extract the fluid from
the first medium to the chamber and for decreasing the
chamber volume to force the fluid from the chamber to the
second medium, a first transducing material valve mounted
in the conduit between the piston and the first medium and
being transversely displaceable from a closed position to an
open position to admit the fluid to the chamber, and control
means for changing a first field applied to the piston to
displace the piston for changing the chamber volume and for
changing a second field applied to the first valve to change
the position of the first valve.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross section view of a pump according to the
present invention.

FIG. 2 is a table illustrating the steps in an operation cycle
of the pump of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

A pump 100 of the present invention is shown in FIG. 1.
A medium 105 contains a fluid that is to be transferred to a
medium 1190. A tube or conduit 115 connects the medium
105 to an transducing material valve 120, which is shown in
the open position. The valve 120 consists of a stack actuator
made from a transducing material such as a magnetostrictive
or electroactive material.

Stack actuators that would be suitable for the valve 120
are commercially available and designed to expand in height
when an electric or magnetic field is applied. For example,
the actuators may be formed with a stack of thin dielectric
wafers or layers instead of a single wafer because the
amount of expansion is related to the electric field induced
in the wafer. Since the field induced in each wafer is directly
related to the applied voltage and inversely related to the
thickness of the wafer, many thin wafers stacked together
will produce a greater expansion than a single wafer of
comparable thickness. The use of a stack also allows the
high electric field required to be induced with a low voltage
and current, for example less than 100 volts and several
milliamps.

Stack actuators of the type described can achieve dis-
placements of approximately 10 to 20 microns depending on
the type of transducing material and the length of the stack.
A typical electroactive actuator of this type is a piezoelectric
stack actuator made by Morgan Matroc, Inc. of Bedford,
Ohio. A piezoelectric stack actuator may be advantageous
for certain applications because the field-induced sirain
changes sign upon field reversal, which will provide a
greater difference in volume with which to induce the flow
of fluid. This behavior is in contrast to stack actuators made
of electrostrictive material in which the field-induced strain
is independent of field reversal. A typical magnetostrictive
actuator of this type is one sold by Etrema, Inc. of Ames,
Towa made from Terfenol-D. However, the choice between
a magnetostrictive and electroactive material for the actuator
will depend on design factors such as available voltage and
current, size and operating conditions such as temperature
and pressure.

Since many electroactive materials are brittle, a cap 122
may be disposed on a face of the actuator 120 contacting the
conduit 115, which cap is made of a stiff and deformable
material such as brass, teflon or nylon. The cap 122 will
prevent the actuator from being damaged when it contacts
the conduit 115 and also provide a seal to prevent the
passage of fluid.
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After passing the open valve 120, the fluid encounters one
or more transducing material pistons 125. The pistons 125
may be made of the same type of materials used to make the
valve 120, as described previously. The pistons may also
include caps 127, similar to the caps 122. Two opposing
pistons 125 are illustrated in FIG. 1 and are shown in
contracted positions, thus inducing the fluid to flow into the
expanded volume 130. In an expanded position, the pistons
125 would force fluid out of the chamber 130 in a pumping
action. Alternatively, one piston 125 could be used, but it
would produce a smaller volume of the pump chamber 130
resulting in a smaller volume of fluid pumped.

A second transducing material valve 135 may be posi-
tioned in the conduit 115 opposite the pistons 125. When the
valve 135 is in the closed position as shown in FIG. 1, it
prevents fluid from flowing into or out of the medium 110.
Again, the valve 135 may be a stack actuator and include a
cap 137, both as described previously.

Pressure sensors 140a, 1400 and 140c¢ are mounted on
either the walls of the conduit 115 adjacent the valves 120,
135 or piston 125, or on the face of the piston 125 if two
opposed pistons are used (as shown in FIG. 1). The sensors
140 provide sensor signals 145 indicating that either the
valves 120, 135 or piston 125 is in contact with the walls of
the conduit 115 or the opposed pistons 125 are in contact,
thus obstructing the flow of the fluid. These sensor signals
145 are used by a control circuit 150 described below to
provide a sequence of electric signals to the valves 120, 135
and pistons 125 to induce the flow of fluid by means of
dimensional changes of the valves 120, 135 and pistons 125.
Many conventional types of devices are suitable for use as
sensors 140, such as a force senmsitive resistor made by
Interlink, Inc. of Camarillo, Calif.

The sensors 140 may also be used to sense leaks or failure
of the pump 100 depending on the type or location of device
used. For example, the force sensitive resistor described
previously is capable of detecting pressures in the range of
0.1 to 150 psi. Thus, the sensors 140c¢ can be used to monitor
a pressure in the chamber 130 when the pistons 125 are not
contacting one another, i.e., in an intake step of the pump
100 operation. Further, the sensors 140a and 1406 can be
used to monitor the physical integrity of the conduit 115
during the operation of the pump 100.

A controller 150 receives the sensor signals 145 and
compares them to a preprogrammed sequence of control
signals 155a, 155b, and 155¢ to determine which control
signal should be transmitted to each of the valves 120, 135
or pistons 125 and at what time. The control signals 155
consist of an electric potential specified by the manufacturer
of the particular transducing material actuator, for example
less than 100 volts, at a frequency also limited by the
particular stack actuator. For example, a typical actuator of
this type can respond, i.e., expand and either relax
(electrostrictive) or contract (piezoelectric), at a frequency
of approximately 10 KHz.

In general, the operation of a pump 100 of the invention
uses the transducing material valves 120, 135 and one or
more transducing material pistons 125 each having a face
contacting either a wall of the conduit 115 or an adjacent
face of one of the valves 120, 135 or pistons 125. A
preprogrammed sequence of control signals 155 opens and
closes the valves 120, 135 and pistons 125 to induce the flow
of the fluid from medium 105 to medium 110.

FIG. 1 illustrates a first step in an operation cycle of the
pump 100. Specifically, a control signal 155a is first trans-
mitted by the controller 150 to valve 135 to expand the valve
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and close the portion of conduit 115 adjacent the valve 135
to prevent flow of the fluid to the medium 110. The sensor
140a transmits a sensor signal 145 to the controller 150
indicating that this portion of the conduit 115 has been
closed. A control signal 155b is then disengaged from valve
120 in order to allow it to remain in a relaxed state, thus
opening the portion of the conduit 115 adjacent to the valve
120 to allow the fluid to flow into the chamber 130. If the
valve 120 were a piezoelectric stack actuator, however, a
negative potential control signal 155b could be applied to
contract the valve 120, thus providing a larger cross section
opening of the conduit 115 through which to pass fluid.
Alternatively, the piezoelectric stack actuator could be dis-
posed so that the valve 120 would be in a relaxed or closed
position with no electric potential applied, and contracted or
opened when a negative potential is applied. This option has
the advantage of causing the pump 100 to be sealed when no
power is applied, as described subsequently.

After the valves 120, 135 are thus opened and closed,
respectively, a control signal 155¢ is then disengaged from
the pistons 125 to allow them to transition to a contracted
state, thus increasing the volume of the chamber 130. This
increased volume induces fluid to flow into the chamber.
After the pistons 125 have fully relaxed (or contracted if a
negative potential control signal 155¢ were applied to pis-
tons 125 made of piezoelectric stack actuators), a control
signal 155B is transmitted to valve 120 to expand the valve
and close the adjacent portion of the conduit 115 preventing
the fluid from flowing back to the medium 105. The sensor
1400 then transmits the sensor signal 145 to the controller
150 indicating that this portion of the conduit 115 has been
closed.

The control signal 155a previously applied to the valve
135 is then disengaged allowing the valve 135 to relax and
open the portion of the conduit 115 adjacent the valve,
allowing the fluid to pass to the medium 110. The control
signal 155¢ is then applied to the pistons 125 to expand and
reduce the volume of the chamber 130 which volume
reduction forces the fluid through the conduit 115 into
medium 110. The sensor 140c then transmits the sensor
signal 145 to the controller 150 indicating that the volume of
the chamber 130 has been minimized either by the faces of
the pistons 125 contacting one another (for two opposed
pistons) or by the face of one piston 125 contacting a wall
of the conduit 115. This action completes a full cycle of the
pump 100.

This operation cycle of the pump 100 is illustrated by the
input signal-output signal table shown in FIG. 2, which
relates the input signals 145 received by the controller 150
to the output signals 155 generated by the controlier 150
(shown in FIG. 1). At Step 1 the input signals 145 from
sensors 140B and 140A indicate open and closed positions
of valves 120 and 135, respectively, and the input signal 145
from the sensor 140C indicates a contracted position of the
pistons 125. When these Step 1 input signals are received by
the controller 150, the controller generates and transmits
output signal 155b to start closing valve 120 and output
signal 155a to start opening valve 135. These output signals
155b and 155a are maintained until the input signals indi-
cated at Step 2 are received.

At Step 2 the input signals 145 from sensors 140b and
140a indicate closed and open positions of valves 120 and
135, respectively, and the input signal 145 from the sensor
140c continues to indicate a contracted position of the
pistons 125. When these Step 2 input signals are received by
the controller 150, the controller generates and transmits an
output signal 155¢ to start expanding the pistons 125 to
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reduce the volume of the chamber 130, forcing the fluid into
the medium 110. This output signal 155¢ is maintained until
the input signals indicated at Step 3 are received.

At Step 3 the input signals 145 from sensors 140b and
140a continue to indicate closed and open positions of
valves 120 and 138, respectively, and the input signal 145
from the sensor 140c¢ indicates an expanded position of the
pistons 125. When these Step 3 input signals are received by
the controller 150, the controller generates and transmits
output signal 155b to start opening valve 120 and output
signal 1554 to start closing valve 135. These output signals
155b and 155a are maintained until the input signals indi-
cated at Step 4 are received.

At Step 4 the input signals 145 from sensors 14056 and
140q indicate open and closed positions of valves 120 and
135, respectively, and the input signal 145 from the sensor
140¢ continues to indicate an expanded position of the
pistons 125. When these Step 4 input signals are received by
the controller 150, the controller generates and transmits an
output signal 155¢ to start contracting the pistons 125 to
increase the volume of the chamber 130, inducing the fluid
to flow into the chamber 130 form the medium 105, This
output signal 155¢ is maintained until the input signals
indicated at Step 1 are received, at which time the cycle
repeats. The controller 150 (shown in FIG. 1) could be
implemented with a read-only-memory programmed with a
program in accordance with the table in FIG. 2.

To provide an example of the performance that can be
obtained with the pump 100, sample dimensions and oper-
ating parameters are provided. Piezoelectric stack actuators
could be used as valves 120, 135 and pistons 125, such as the
actuators made by Morgan Matroc, Inc. For example, if a
Model PZT-5H stack actuator were provided in a circular
configuration having a diameter of 20 mm and a height of 20
mm, a nominal positive expansion of approximately 20
microns would be obtained using a potential of approxi-
mately 250 volts at only 20 to 50 milliamps of current. If two
of these actuators were placed in an opposing configuration
of pistons 125 (as shown in FIG. 1), a total displaced volume
would be approximately 196 mm®. If these pistons 125 were
activated by control signals 155 having a frequency of
approximately 10 KHz, a pumping rate of approximately 2
liters per second can be attained.

As described previously, magnetostrictive materials may
also be used for the valves 120, 135 and pistons 125, and
have the advantage of operating at very low temperatures of
less than 100 degrees Kelvin. Such magnetostrictive actua-
tors expand under application of a magnetic field. For
example, a magnetostrictive actuator made by Etrema, Inc.
and having a length of 60 mm can achieve a 15 micron
displacement upon application of cuirent of approximately
seven amps at approximately 100 volts.

In addition to the objects described previously, a pump of
the invention may be configured to accomplish an additional
novel self-holding feature. At least one of the valves 120,
135 (shown in FIG. 1) may be selected to be in a closed
position when a zero electric potential is applied. For
example, one of the valves may be selected to be a piezo-
electric stack actuator that contracts to an open position
upon application of a negative electric field and relaxes to a
closed position upon removal of the field. This configuration
has the advantage that the pump would be sealed upon
removal of power. In addition, this feature has a fail-safe
component because if power were lost in an emergency, the
pump would be sealed to prevent leakage under these
conditions.
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Although the present invention has been described with
reference to preferred embodiments, workers skilled in the
art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
invention.

What is claimed is:

1. A pump for inducing a displacement of a fluid from a
first medium to a second medium, comprising:

a conduit coupled to said first and second media;

a transducing material piston defining a pump chamber in
said conduit and being transversely displaceable for
increasing a volume of said chamber to extract said
fluid from said first medium to said chamber and for
decreasing said chamber volume to force said fluid
from said chamber to said second medium;

a first transducing material valve mounted in said conduit
between said piston and said first medium and being
transversely displaceable from a closed position to an
open position to admit said fluid to said chamber; and

control means for changing a first field applied to said
piston to displace said piston for changing said cham-
ber volume and for changing a second field applied to
said first valve to change the position of said first valve.

2. The pump of claim 1 wherein said piston comprises one
of a magnetostrictive actuator and said first field comprises
a magnetic field.

3. The pump of claim 1 wherein said piston comprises an
electroactive actuator and said first field comprises an elec-
tric field.

4. The pump of claim 3 wherein said electroactive actua-
tor comprises one of an electrostrictive actuator and a
piezoelectric actuator.

5. The pump of claim 1 wherein said piston comprises a
stack actuator.

6. The pump of claim 1 wherein said piston further
comprises a pair of opposing pistons.

7. The pump of claim 1 wherein said piston further
comprises a cap made of a softer material than said piston.

8. The pump of claim 1 wherein said first valve comprises
a magnetostrictive actuator and said second field comprises
a magnetic field.

9. The pump of claim 1 wherein said first valve comprises
an electroactive actuator and said second field comprises an
electric field.

10. The pump of claim 9 wherein said electroactive
actuator comprises one of an electrostrictive actuator and a
piezoelectric actuator.

11. The pump of claim 1 wherein said first valve com-
prises a stack actuator.

12. The pump of claim 1 wherein said first valve further
comprises a cap made of a softer material than said valve.

13. The pump of claim 1 wherein said conduit has an
interior surface and said first valve has a face opposing said
interior surface and further comprising:

a pressure sensor disposed between said valve face and

said interior surface.

14. The pump of claim 1 wherein said conduit has an
interior surface and said piston has a face opposing said
interior surface and further comprising:

a pressure sensor disposed between said face and said

interior surface.

15. The pump of claim 6 wherein one of said pistons has
a face opposing said other piston and further comprising:

a pressure sensor disposed between said face and said
other piston.

16. The pump of claim 1 further comprising:
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a second transducing material valve mounted in said
conduit between said piston and said second medium
and being transversely displaceable from a closed posi-
tion to an open position to admit said fluid to said
second medium; and

wherein said control means further comprises means for
changing a third field applied to said second valve to
change the position of said second valve.
17. The pump of claim 1 wherein the changing of said
chamber volume is caused by a movement of said piston.
18. The pump of claim 1 wherein the changing of said
chamber volume is caused by a change in size of said piston.
19. A pump for inducing a displacement of a fluid from a
first medium to a second medium, comprising:’
a conduit coupled to said first and second media;

a first transducing material valve mounted in said conduit
and transversely displaceable from a closed position to
an open position to admit said fluid to said chamber;

a transducing material piston defining a pump chamber in
said conduit between said first valve and said second
medium and transversely displaceable from a first
position to a second position to extract said fluid from
said first medium into said chamber and from said
second position to said first position to force said fluid
from said chamber to said medium; and

control means for changing a first field applied to said
piston to displace said piston and for changing a second
field applied to said first valve to change the position of
said valve.

20. The pump of claim 19 wherein said piston comprises
one of a magnetostrictive actuator and said first field com-
prises a magnetic field.

21. The pump of claim 19 wherein said piston comprises
an electroactive actuator and said first field comprises an
electric field.

22. The pump of claim 21 wherein said electroactive
actuator comprises one of an electrostrictive actuator and a
piezoelectric actuator.

23. The pump of claim 19 wherein said piston comprises
a stack actuator.

24. The pump of claim 19 wherein said piston further
comprises a pair of opposing pistons.

25. The pump of claim 19 wherein said first valve
comprises a magnetostrictive actuator and said second field
comprises a magnetic field.
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26. The pump of claim 19 wherein said first valve
comprises an electroactive actuator and said second field
comprises an electric field.

27. The pump of claim 19 wherein said electroactive
actuator comprises one of an electrostrictive actuator and a
piezoelectric actuator.

28. The pump of claim 19 wherein said first valve
comprises a stack actuator.

29. The pump of claim 19 further comprising:

a second transducing material valve mounted in said
conduit between said piston and said second medium
and transversely displaceable from a closed position to
an open position to admit said fluid to said second
medium; and

wherein said control means further comprises means for
changing a field applied to said second electroactive
valve to change the position of said second valve.

30. A pump for inducing a displacement of a fluid from a
first medium to a second medium, comprising:

a conduit coupled to said first and second media;

a transducing material piston defining a pump chamber in
said conduit and being transversely displaceable, said
piston comprising means for changing a volume of said
chamber;

a transducing material valve mounted in said conduit
between said piston and said first medium and trans-
versely displaceable from a closed position to an open
position; and

control means for changing fields applied to said piston
and said valve in a predetermined sequence to alter-
nately extract said fluid from said first medium into said
chamber and to force said fluid from said chamber into
said second medium.

31. The pump of claim 30 wherein said predetermined

sequence comprises:

applying a first set of fields to open said valve and to
increase said chamber volume to extract said fluid from
said first medium into said chamber; and

applying a second set of fields to close said valve and to
decrease said chamber volume to force said fluid from
said chamber to said second medium.
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