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(57) Abrege(suite)/Abstract(continued):
and an occluder ball 71 disposed in the ball valve retainer region 69. During operation, the motor 12 forces tr
fluid housing 52 and causes the occluder ball 71 to move from a first position whereby the fluid cannot pass th
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e fluid in and out the
rough the port 60, to

a second position whereby the fluid moves annular to and generally around the occluder ball /1. This movement creates a slight

flow reversal that "breaks up” any blood clots that may form. The pumping system may be used as part o
bypass system, a ventricular assist device (VAD) and/or a heart pump.
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ABSTRACT

A pumping system 10, FIG. 1, provides a physiological
pulsatile flow and includes controller 121, a pump drive head
50 coupled to a motor 12 and a fluid housing 52 having at
least one port 60. The port 60 includes a ball wvalve
retainer region 69, a valve seat 73, and an occluder ball 71
disposed in the Dball wvalve retainer region 69. During
operation, the motor 12 forces the fluid in and out the fluid
housing 52 and causes the occluder ball 71 to move from a
first position whereby the fluid cannot pass through the port
60, to a second position whereby the fluid moves annular to
and generally around the occluder ball 71. This movement
creates a slight flow reversal that Y“breaks up” any blood
clots that may form. The pumping system may be used as part
of a cardiopulmonary bypass system, a ventricular assist

device (VAD) and/or a heart pump.
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Docket No.: 3008-083

TITLE

Fluid Pump

TECHNICAL FIELD

The present invention relates to pumps and more
particularly, relates to a fluid pump, particularly sulted to

sterile fluids, that uses an electromagnetic linear motor.

BACKGROUND INFORMATION

Fluid pumps have been used in the medical 1industry, for
example, to pump blood and other types of sterile fluids.
Some existing fluid pumps are driven pneumatically. Other
existing fluid pumps use stepping motors or screw type
motors. These existing fluid pumps are often expensive,
unrellable, too nolsy, can damage blood and blood products,
and/or unable to accurately control the fluid flow. Proper
control of the pump and the fluid flow 1is particularly

important when the fluid pump 1is used, for example, 1in a
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ventricular assist device (VAD), to pump blood which 1s
susceptible to clotting.

Accordingly, there 1s a need for a fluid pump driven by a
reliable linear motor that 1s capable of accurately
controlling the pumping. There 1s also a need for an
1nexpensive fluid pump that is capable of providing the

desired flow of fluid, for example, to prevent clotting in

blood.

SUMMARY

In accordance with one aspect of the present invention, a
pumping system is provided. The pumping system comprises at
least one linear electromagnetic motor including a core
defining an air gap, at least one coil wrapped around at
least a portion of the core proximate the air gap, and a
magnet member, comprised of one or more magnets, located in
the air gap and movable in a linear direction. Additionally,
one oOr more magnets can be stationary and the wire coil can
move through the air gap. At 1eas£ one pump drive head 1s
coupled to the moving member such that the pump drive head is
movable 1n the linear direction. The pumping system further
comprises at least one fluid housing defining a fluid chamber

for containing a fluid. The fluid housing has a movable wall

and one oOr more ports. The pump drive head contacts and
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moves the flexible membrane to drive the fluid through the
port (s) .
According to another aspect of the present invention, a
fluid pump 1is provided. The fluid pump comprises a fluid
5 housing defining a fluid chamber for containing a fluid.
Inlet and outlet ports extend from the fluid housing and
include or are coupled to valves, for example passive valves
such ball wvalves, which allow fluid to flow in only one
direction through the inlet and outlet ports. The fluid pump
10  preferably includes a flexible membrane with a pump drive
head molded therein.
According to a further aspect of the present invention, the
fluid pump having the valves, as defined above, can be used
in the pumping system with the linear motor establishing a

15 physiologically pulsatile flow of fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present
invention will be better understood by reading the following
detailed description, taken together with the drawings

20 wherein:

FIG. 1 1s a schematic perspective view of a linear motor

pumplng system, according to one embodiment of the present

invention:
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FIG. 2 1is a partially cross-sectional side view of the
linear motor pumping system shown in FIG. 1;

FIG. 3 1s a schematic side view of a linear motor pumping
system, according to another embodiment of the present
invention;

FIG. 4 1s a schematic perspective view of a linear motor
pumpling system, according to a further embodiment of the
present invention;

FIG. 5 1s a schematic perspective view of a linear motor
pumping system, according to yet another embodiment of the
present invention;

FIG. 6 1s a cross-sectional view of a flexible wall used in
a fluid pump, according to one embodiment of the present
invention;

FIG. 7 1s a crosgss-sectional view of the flexible wall shown
in FIG. 6 in a compressed position;

FIG. 8 1s a perspective view of a blood pump, according to
one embodiment of the present invention;

FIG. 9 1s a partially cross-sectional view of the blood
pump shown in FIG. 8;

FIG. 10 1s a schematic perspective view of a blood pump
used with a patient, according to one embodiment of the
present invention;

FIG. 11 1is a schematic perspective view of a minimally

invasive extracorporeal ventricular assist device used with a

- 4 -
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patient, according to another embodiment of the present
invention; and

FIG. 12 1s a schematic perspective view of an 1ntegrated
cardiopulmonary bypass system, according to yet another

embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

A linear motor fluid pumping system 10, FIGS. 1 and 2,
according to one aspect of the present invention, is used to
pump a fluid such as a ligquid or a gas. The pumping system
in accordance with the present invention is particularly well
suited to pumping sterile fluids such as blood. The fluid
pumping system 10 1is capable of providing a consistent and
controlied fluid flow and maintaining the fluid in a sterile
environment. Thus, the fluid pumping system 10 is ideally
suited for pumping sterile fluids in medical applications,
for example, to pump blood in a ventricular assist device
(VAD), as will be described in greater detail below. The
fluid pumping system 10 can be used, however, to pump many
other types of fluids in other applications.

The linear motor fluid pumping system 10 includes a linear
motor 12 and a pump 16. The linear motor 12 1s preferably a
linear electromagnetic motor, such as the type disclosed in
greater detail in U.S. Patent No. 5,216,723. This linear

motor 12 preferably provides relatively quiet, high torque,
— 5 —
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low speed linear motion. The linear motor 12 includes a core
20 defining an air gap 22. One or more colls 24 are wrapped
around a portion of the core 20 proximate the air gap 22. A
magnet member 26 1s positioned in the air gap 22 and 1is
movable 1n a linear direction as indicated generally by arrow
28 .

A magnet member support 30 1is preferably coupled between
the magnet member 26 and the core 20. The magnet member
support 30 1s flexible and supports the magnet member 26 in
the air gap 22 while allowing linear movement of the magnet
member 26. The magnet member support 30 preferably includes
a linear bearing or other similar guidance system. A power
cord 40 1s connected to the core 20 to provide an electrical
current to the coil(s) 24 for driving the linear motor 12, as
will be described in greater detail below.

Although the exemplary embodiment shows one configuration

for the 1linear motor 12, other configurations are also

possible.

In one embodiment, a pump drive head 50 is coupled to the
magnet member 26. The pump head is mechanically coupled to
the moving magnet, such that the magnet can apply a force to

the pump head 1in two directions, producing alternating

pressure and vacuum 1in the pump chamber. The magnet member
26 thereby moves the pump drive head 50 in the 1linear

direction shown generally by arrow 28, to directly engage the
_6_.
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pump 16. Although this embodiment shows the pump drive head
50 having a dome shape, other shapes and configurations are
within the scope of the present invention.

The pump 16 includes a fluid housing 52 defining a fluid
chamber 54 containing the fluid to be pumped. The £fluid
housing 52 preferably includes a movable wall 56 on at least
one side. The pump drive head 50 contacts and moves the
movable wall 56 to contract and/or expand the fluid chamber
54, thereby forcing the fluid out of and/or drawing the fluid
into the fluid chamber 54.

In one preferred embodiment, the housing 52 1s made of a
plastic material and the movable wall 56 1is a flexible
membrane made of an elastomer. By using the flexible
membrane as the movable wall 56, the movable wall 56 returns
to 1its original position when the pump drive head 650
retracts. Although the exemplary embodiment shows a
generally dome-shaped housing 52, other shapes are within the
scope of the present invention.

One or more ports 60, 62 extend from the fluid housing 52
to allow the fluid to pass into and/or out of the £fluid
housing 52. 1In one embodiment, a separate inlet port 60 and
outlet port 62 extend from the fluid housing 52. An inlet

tube 64 and an outlet tube 66 are coupled to the respective

inlet port 60 and outlet port 62 to direct the fluid to the
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desired 1location, as will be described in greater detail
below.

The 1inlet port 60 and outlet port 62 preferably 1include
check valves to allow the fluid to flow in only one direction
through the ports 60, 62. According to one preferred
embodiment, the ports 60, 62 include ball wvalves 70, 72. The
ball valve 70 allows the fluid to flow only into the fluid
housing 52 and the ball valve 72 allows the fluid to flow
only out of the housing 52. Alternatively, the ports 60, 62
may contalin any other valve designs known to those skilled in
the art such as, but not limited to, active and passive
valves, for example, gate wvalves, pinch wvalves, magnetic
valves, bi-leaflet wvalves, butterfly wvalves, solenoids, or
the like to control or regulate the flow in and out of ports
60, 62 and fluid housing 52. Further, the ports 60 may be
sized (length and/or volume) to achieve a desired amount of
pulsatile flow.

One preferred embodiment of the ball wvalves 70, 72 includes
three molded parts including a valve retainer region 69, a
valve seat 73 and an occluder ball 71. When there 18 a
positive pressure differential in the direction of flow, the
occluder ball 71 is forced against the valve retainer 69, and
flow 1s allowed to move annular to and generally around the
occluder ball 71. When this pressure differential 1s

reversed, the occluder ball 71 i1s forced against the wvalve

- 8 -
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seat 73 and flow 1is stopped, but not before causing some
“reversal” 1n the flow of the fluid being pumped and thereby
establishing a "“pulsatile” fluid flow which is analogous to
the normal physiological flow created by a beating heart.
The use of the ball wvalves 70, 72 allows a substantially
continuous, one-way pulsatile flow of fluid through the pump
l6. The amount of “reversal” can be adjusted by varying the
distance between the valve retainer 69 and the valve seat 73
which the occluder ball 71 travels and/or the volume of the
ports 60, 62.

When used to pump blood, this substantially continuous
physiologically pulsatile flow avoids clotting caused by low
blood flow and thus lowers the risk of thrombosis and reduces
the need for anti-coagulation medication. Further, it has
been found that the pulsatile flow provided by the present
invention actually causes a slight “reversal” in the flow of
the fluid. This reversal of the fluid flow serves to “break
up” boundary layers within the blood, improving circulation
and preventing the formation of any blood clots that may form
in those areas where such formation is common. Peak flow
pressures open the smallest capillaries resulting in improved
end organ perfusion. Physiologically pulsatile flow provided
by the pump mimics the natural physiologically pulsatile flow
generated by a normal human heart, which is understood to Dbe

better.
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When current is applied to thevlinear motor 12, the magnet
member 26 moves the drive head 50 against the movable wall 56
of the fluid housing 52. The movement of the movable wall 56
causes fluid to be pumped to and/or from the fluid chamber
54 . Because the linear motor 12 is directly coupled to the
fluid pump 16 without unnecessary mechanical linkages, there
1s a direct correlation between the current applied to the
linear motor 12 and the fluid pressure. Varying the current
applied to the linear motor 12 varies the stroke rate and
force of the magnet member 26. Thus, the flow rate and
pressure of the fluid medium can be dynamically controlled by
simply controlling the electrical current provided to the
linear motor 12. In other words, the flow and pressure can
be varied during the stroke.

Other advantages of the linear motor fluid pumping system
10 1include the ability to reliably determine the force
applied by the linear motor, the pressure or vacuum drawn by

the pump, and the position of the movable wall 56.

Ultrasonic flow transducers can be used to measure the

pressure and flow into and/or out of the fluid pump 16.

In one application, the 1linear motor 12 is driven, for

example, with a sine wave having a frequency of about 1 Hz.

The sinusoidal current results in the consistent

reciprocating motion of the magnet member 26. The sine wave
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can be generated, for example, using a function generator
(not shown) .

The linear motor pumping system 10 can also provide a
programmable flow profile. The force generated by the
motor, and therefore the pressure generated within the pump,
is directly related to the applied current. If a specific
pressure waveform 1s required for a given application, it can
be directly produced by generating a specific current
waveform from a source controlling the current such as a
microprocessor and/or a programmable function generator.

An alternative embodiment of the fluid pump 16’, FIG. 3,
includes a first fluid housing 80 coupled to a second fluid
housing 82 by way of a tube or air umbilical 84 containing a
fluid. The first fluid housing 80 defines a fluid chamber
containing an actuation fluid (e.g., air) and includes a
movable wall similar to the fluid housing 52. The second
fluid housing 82 defines a fluid chamber containing the fluid
being pumped {(e.g., blood) and includes inlet and outlet
ports similar to the fluid housing 52.

When the pump drive head 50 engages the movable wall of the

first fluid housing 80, the actuation fluid is forced out of
the first housing 80 and through the tube 84. The actuation
fluid causes the second fluid housing 82 to force the fluid
through the outlet port. This embodiment allows the linear

motor 12 and first fluid housing 80 to be located in a remote

- 11 -
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location (e.g., in a console) while the second fluid housing
82 1s located proximate a patient.

According to further embodiments shown in FIGS. 4 and 5,

two pumps l6a, 1léb are used 1n the linear motor fluid pumping

5 system. The two pumps 1l6a, 16b can be mounted on opposite
sides of a single linear motor 12, as shown in FIG. 4, for
example, to create a biventricular assist device (BiVAD).
Reciprocating movement of the linear motor causes
reciprocating movement in the actuator chambers which

10 alternates vacuum and pressure to maintain a single direction
of flow of the fluid.

The two pumps 1l6a, 16b can also be used with two separate
linear motors 12a, 12b, as shown in FIG. 5, for example, to
create a biventricular assist device (BiVAD). Although both

15 of these embodiments show concepts of making a BiVAD, the
embodiment in Fig. 4 shows the two pumps 16a/16b coupled with
each other through one linear motor, while in Fig. 5, they
are decoupled and reguire two motors.

According to one preferred embodiment, the pump drive head

20 90, FIGS. 6 and 7, 1is molded within the movable wall 92 of
the pump 16. This embodiment provides direct coupling to the
magnet member of the linear motor (not shown) such that the

pump drive head 90 can both push and pull the movable wall 92

in order to drive fluids. The pushing and pulling action of

25 the pump drive head 90 moves the moveable wall 92 between an

_12_
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outward or expanded position (FIG. 6) and an 1inward Or
compressed position (FIG. 7). This facilitates the fluid
flow back into the fluid housing 52 through the 1inlet port
60. Although the exemplary embodiment shows the movable wall
92 as a flexible membrane having the pump drive head 90
molded therein, other forms of movable walls are also within
the gcope of the present invention. By wmolding the pump
drive head within the movable wall 92, the linear motor can
accelerate the movable wall 92 very quickly (i.e., much more
quickly  than a centrifugal pump, for example, can
accelerate), thus the pump 16 1is capable of generating
complex flow and pressure dynamics or patterns as will be
described in greater detail hereinbelow.

One embodiment of a Dblood pump 100 used in a VAD
(ventricular assist device), according to the present
invention, is shown in greater detail in FIGS. 8 and 9. The
blood pump 100 includes a ball valve assembly 102, a linear

motor 104, a blood chamber 106, and a drive head or membrane

pusher 108. The volume of the blood chamber 106 and the
volume of fluid moved by the stroke of the pusher 108 will
depend upon the patient. For example, a 50cc chamber may be
used for a child or neonate, with a 35cc stroke for the
child, and a 10-15cc¢ stroke for the neonate; whereas an 80cc

stroke and 120cc chamber may be used for an adult. The

electromechanical components are preferably outside of the

- 13 -—
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fluid compartment making the issue of upkeep, cleaning and
sterilizing the unit easier and less difficult.

According to various configurations, the blood pump 100 can
provide two-chamber continuous flow with proper valve

5 seqguencing or can provide pulsatile flow. If two pumps are

used in parallel, and they are controlled 180° out of phase,

the output 1s a near constant flow. No active valving
sequence would be required, again only the control and
sequencing of the pump motors.

10 FIG. 10 shows the linear motor pumping system in a VAD used
with a patient. In this example, the current to the linear
motor (not shown) can be controlled to provide pumping
consistent with the desired heart rate (e.g., 70 beats and 6
liters per minute for an adult).

15 In an alternative method of controlling the VAD, a
controller 121, FIG. 11, having a microprocessor running
software carrying out a control algorithm or an eguivalent
analog circuit prompts a user to input a diastolic pressure,
a systolic pressure, and a stroke volume. Using these

20 1nputs, the controller 121 then applies a predetermined
diastolic current to the motor during pump diastole to
maintain the desired diastolic pressure. After this position
1s reached, the controller 121 will apply a predetermined

systolic current to the motor to maintain the systolic

25 pressure. The systolic current will apply a relative pumping
- 14 -
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pressure to the chamber 114 forcing blood into the patient’s
system 122. Instead of applying the diastolic and systolic
currents for a specified time, the controller 121 may apply
the currents until a predetermined plunger position (stroke
volume) 1s reached. The time for each current will be
varlable, and dependent wupon the pump preload (atrial
pressure) and afterload (arterial pressure) respectively.
Thus, the controller 121 1is capable of generating a
physiological pulsatile flow as described above which mimics
the normal flow generated by a beating heart. However, the
controller 121 1is also capable of generating any sort of

pressure or flow dynamic or pattern by varying the current

wavetorm and plunger stroke (volume) of the pump. As a
result, the controller 121 is capable of generating
arbitrary, programmable, or super-physiological waveforms

wherein a higher (or lower) frequency waveform is generated
ln addition to, or over, the standard physiological waveform.

While the controller 121 is capable of generating these
complex waveforms, the pump 16 of the pumping system 10 must
also be capable of *responding quickly enough to actually
generate the desired flow patterns. The use of the linear
motor 12, 1in combination with the pump drive head 50 molded
into the movable wall 92 of the fluid housing 52 described
hereinabove, allows the pump 16 to respond or accelerate

quickly enough to generate the desired flow dynamics or

- 15 -
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patterns created by the controller 121. The controller 121
may also be combined, however, with any other pumping system
capable of generating the desired flow dynamics or patterns.

When any pumping system 1is being used to support both the
left and right ventricles, such as with a BiVAD or artificial
heart, the two pumps must remain in balance with each other.
This balance does not necessarily translate to equivalent
flow rates. Instead, 1t should correlate to eguivalent
atrial pressures. Since the controller 1in the present
invention 1is sensgsitive to atrial pressures, the pumps will
adjust as atrial pressure change, allowing for the left and
right atrial pressures to be maintained.

According to another embodiment, the present invention
includes a minimally invasive extracorporeal VAD system 110,
FIG. 11, for emergency cardiac support that provides a
physiological ©pulsatile flow. The minimally 1nvasive
extracorporeai VAD system 110 includes a pump 112, preferably
a moving magnet linear motor as described hereinabove, having
a fluid chamber 114 and a single valveless port 116. The
pump 112 1s connected to the patient 118 using a percutaneous
cannula 120 to the femoral artery 122. The timing of the
pump 112 may be controlled by reading the EKG 123 of the

patient 118 and providing feedback control of the pump 112 in

response to the EKG wvalues to the controller 121.
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During native heart systole, the pump 112 fills fluid
chamber 114. This filling applies a slight wvacuum to the
patient’s arterial system 124, decreasing afterload and
increasing cardiac output. During native heart diastole, the

5 pump 112 empties fluid chamber 114, increasing the pressure
of the patient’s 112 arterial system 124. By 1ncreasing
cardiac output and the pressure of arterial system 124,
sufficient cardiac support is provided to stabilize the
patient 118 and prepare the patient 118 for proper

10 lntervention, surgery or otherwise.

In yet another embodiment, the present invention includes

an 1integrated cardiopulmonary bypass (CPB) system 130, FIG.

12 having four pumps 132, 134, 136, 138 which are preferably

mounted to a support surface 140. The pumps 132, 134, 136,

15 138 may 1nclude any pump known to those skilled in the art,

but preferably include a pump having a linear motor and an

inlet and outlet port 144, 146 having the ball valve design
disclosed herein.

The 1ntegrated cardiopulmonary bypass (CPB) system 130 is

20 setup similar to a conventional CPB. Cannulation can be made

in the traditional manner (not shown). Venous blood 1is

preferably drained by gravity into a venous reservoir in a

traditional manner (not shown). The venous reservoir

monitors the volume and alarms if it is too low or too high.

25 Blood 1is pulled from the venous reservoir through tube 140 by
-~ 17 —
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applying a vacuum to the proximal pump chamber 142 using the
motor and the pump head (not shown). When pressure 1s
applied to the proximal pump chamber 142, blood is forced out
the outlet port 146’ through a heat exchanger 148 and
oxygenator 150. The heat exchanger 148 and oxygenator 150
are preferably connected to a temperature controlled water
bath (not shown) and oxygen source (not shown), respectively,
in the traditional manner. From the oxygenator 150, blocod is
pulled into the distal pump 134 through inlet port 144" in
the same manner described hereinabove. When pressure 1is
applied to the distal pump 134, Dblood is forced out the
outlet port 146", through an arterial filter 152 and returned
to the patient’s arterial system through tube 154.

A portion of the arterial blood is shunted over to the
cardioplegia blood pump 136 through tubes 161, 167 and ports
144'", 146'" and 1s then preferably mixed at junction 156
with a cardioplegia solution. The cardioplegia solution 1is
metered Dby cardioplegia pump 138 and 1is drawn from a
reservolr (not shown) through tubes 163, 165 and ports 144””",
146”" to Junction 156. The blood and cardioplegia are then
Cemperature controlled at the cardioplegia heat exchanger 158
and are pumped to the patient’s myocardium through tube 160
to provide myocardial protection.

The proximal and distal pumps 132, 134 can be coupled so

that they are always operating 180° out of phase. This will
- 18 -
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allow for filling of the distal pump 134 while the proximal
pump 132 1s emptying. That way, no compliance 1is requilred
between the two. The proximal pump 132 can be run at low
pressure since 1t 1s only pushing through the oxygenator 150
and heat exchanger 148, 1ncreasing the efficiency. The
distal pump 134 preferably operates at a higher pressure,
with the waveform programmed as such to deliver physioclogical
pulsatile flow to the patient in any manner described herein
without passing through the oxygenator 150 or heat exchanger
148 which could dampen the pulse. The cardioplegia pumps
136, 138 can be set to provide precigse pressure to the
antegrate or retrograde cardioplegia cannulae. As described
hereinabove, the use of the ports 144, 146 having the ball
valve configuration described above results in a slight
“reversal” in the flow of the blood (fluids). This reversal
of the fluid flow serves to “break up” boundary layers within
the blood, improving circulation and preventing the formation
of any blood clots that may form in those areas where such
formation 1is common.

Other embodiments of the linear motor pumping system are
also within the scope of the present invention. These other
empbodiments include, but are not limited to, using the linear
motor 12 to drive the reciprocating piston in an IV pump,
using the linear motor 12 to drive a syringe pump (e.g., for

anesthesia or insulin delivery), using the linear motor 12 in

- 19 -
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a dialysis machine, and using the 1linear motor 12 1in other

sterile fluid pumping applications, such as laparascopic,

cardiothoracic, cardiopulmonary by-pass and arthroscopic
surgery.
The linear motor 12 can also be used for valving. The

linear motor can be used to make active valves by using the
motor to selectively occlude or open a fluid pathway. This
fluid pathway could be a tube or a combination of a rigid and
flexible component.

Modifications and substitutions by one of ordinary skill 1n
the art are considered to be within the scope of the present

invention, which 1s not to be limited except by the following

claims.

- 20 -
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CLAIMS

The 1nvention claimed 1s:

1. A pump for pumping a fluid comprising:

at least one linear electromagnetic motor;

at least one pump drive head, coupled to said linear
electromagnetic motor, said pump drive head configured for
movement 1in a linear direction;

at least one fluid housing, responsive to said linear
movement of said at least one pump drive head, and defining a
deformable fluid chamber adapted to contain a fluid, whereiln
linear movement of said at least one pump drive head
generates a pressure on said fluid contained in said
deformable fluid chamber, said fluid housing including at
least a first and at least a second port, wherein said first
port 18 configured to allow said fluid to flow substantially
into said deformable fluid chamber and said second port is
configured to allow said fluid to flow substantially out of
sald deformable fluid chamber, wherein said pump drive head
1s configured to deform said deformable fluid chamber causing
a pressure differential within said deformable fluid chamber
and forcing said fluid in or out said deformable fluid
chamber through said first and second ports respectively,

wherein at least one of said at least a first and a second
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port 18 configured to allow for a slight reversal 1in the flow
of said fluid 1n or out said deformable fluid chamber; and

a controller, coupled to said at least one linear motor,
and configured to apply an energizing current to said linear
electromagnetic motor in a predetermined waveform based upon
a maximum positive energizing current value (systole) setting
established in said controller, a maximum negative energizing
current value (diastole) setting established in said
controller, a cycle rate setting established in said
controller, and the ratio of maximum positive to maximum
negative energizing current value established in said
controller such that said controller is configured to cause a
maximum volume of fluid for a given pressure at a
predetermined time and target pressure to be displaced within

said fluid chamber.

2. The pump as <claimed 1in <claim 1 wherein said linear
electromagnetic motor includes:
a core defining an air gap;
at least one coil disposed around at least a portion of
sald core proximate said air gap; and

a magnet member located 1n sald ailr gap and movable in

sald linear direction.
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3. The pump as claimed in claim 2 wherein said pump drive

head 1s coupled to said magnet member.

4, The pump as claimed in claim 1 wherein said pump includes:

at least a first and a second motor coupled to and
defining a first, second, third and fourth pump;

at least one pump drive head coupled to said at least a
first and second motor; and

a first, second, third, and fourth fluid housing,
wherein said fluid includes blood, and wherein said first
pump pumps sald blood from a wvenous reservolr into a heat
exchanger and an oxygenator, said second pump pumps said
blood from said oxygenator through an arterial filter
disposed proximate said outlet port of said second pump and
into a patient’s arterial system, said third pump pumps a
portion of said arterial blood from said outlet of said
second pump and mixXes said portion of said arterial blood
with a cardioplegia solution, and said fourth pump pumps said
mixture of blood and cardioplegia solution through a second
heat exchanger disposed proximate said outlet port of said

fourth pump and into said arterial system.

5. The pump as claimed in c¢laim 1 wherein said pump includes
a first and a second fluid housing and a first and a second

pump drive head coupled to a first and a second end of said
- 23 -
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motor respectively such that said first and said second pump
drive heads move 180 degrees out of phase with respect to

each other.

6. The pump as claimed in claim 1 wherein said fluid 1includes
blood and sailid pump 1ncludes a heart pump providing a
pulsatile and balance flow, wherein said heart pump further
includes a controller which applies a current to said motor
until said pump drive head reaches a predetermined position
with respect to said fluid chamber such that a predetermined
volume of blood 1s displaced within said fluid chamber and a
user adjustable, predetermined blood pressure is generated

within a patient’s arterial system.

7. The pump as claimed in claim 1 wherein said pump includes
an actuator housing coupled to said fluid housing by way of a
tube, said actuator housing defining an actuator chamber
having an actuation fluid and a deformable wall proximate
salid pump drive head, said fluid housing containing said
fluid to be pumped and including inlet and outlet ports,
wherein said pump drive head deforms said deformable wall of
said actuator chamber causing said actuation fluid to flow

through said tube and deform said deformable fluid housing,

thereby creating a pressure differential within said fluid

- 24 -
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housing which causes said fluid to be pumped to flow through

said i1nlet and outlet ports.

8. A cardiopulmonary Dbypass system comprising a first,
second, third and fourth pump and including:

at least a first and a second motor;

at least one pump drive head coupled to said at least a
first and second motors; and

a first, second, third, and fourth deformable fluid
housing each defining a deformable fluid chamber adapted to
contain a fluid, said fluid housings including an inlet and
an outlet port allowing said blood to pass generally i1into and
generally out of said fluid housing respectively, each port
including a ball valve having a first and a second position
wherein sald fluid can and cannot pass through said port,
whereln said pump drive head deforms said deformable fluid
chamber causing a pressure differential within said
deformable fluid chamber which causes said ball wvalves to
move from said first to said second position and creates a
slight reversal in the flow of said fluid, wherein said first
pump 1s adapted to pump said blood from a venous reservolir
into a heat exchanger and an oxygenator, said second pump 1is
adapted to pump said blood from said oxygenator through an
arterial fillter disposed proximate said outlet port of said

second pump and into a patient’s arterial system, said third

- 25 —
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pump 1s adapted to pump a portion of said arterial blood from
outlet of salid second pump and mixes said portion of said
arterial blood with a cardioplegia solution, and said fourth
pump 1s adapted to pump said mixture of Dblood and
cardioplegia solution through a second heat exchanger
disposed proximate said outlet port of said fourth pump and

into said arterial system.

9. The cardiopulmonary bypass system as claimed in claim 8
wherein said motors include a linear electromagnetic motor

coupled to sald pump drive heads such that said pump drive

heads are movable in a linear direction.

10. The cardiopulmonary bypass system as claimed in claim 9
whereln said linear electromagnetic motors include:

a core defining an air gap;

at least one coil disposed around at least a portion of
sald core proximate said air gap; and

a magnet member located in said air gap and movable in

sald linear direction.

11. The cardiopulmonary bypass system as claimed in claim 10

wherein said pump drive heads are coupled to said magnet

member.
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12. The cardiopulmonary bypass system as c¢laimed 1in claim 8
wherein a first and a second pump drive head are coupled to a
first and a second end of said first motor and move 180
degrees out of phase with respect to each other, wherein said
first and said second pump heads cause alternating pressure
differentials within said first and said second deformable

fluid housings of said first and said second pumps

respectively.

13. The cardiopulmonary bypass system as claimed in claim 8
wherein said pumps further include a controller which applies
a current to said motors until said pump drive heads reach a
predetermined position with respect to each of said
deformable fluid chambers such that a predetermined volume is
displaced within said deformable fluid chambers and a user

adjustable, predetermined blood pressure is generated within

a patient’s arterial system.

14. The cardiopulmonary bypass system as claimed in claim 8
wherein each of said pumps includes an actuator housing
coupled to said deformable fluid housings through a tube,
each of said actuator housings defining an actuator chamber

having an actuation fluid and a deformable wall proximate

said pump drive heads, wherein said pump drive heads deform

sald deformable walls of gaid actuator chambers causing said

- 27 -
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actuation fluid to flow through said tubes and deform said
deformable fluid housings, thereby creating a pressure
differential within said deformable £fluid housings which

causes salid fluids to be pumped to flow through said inlet

and outlet ports.

- 28 -
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