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US 8,366,401 B2 
1. 

POSITIVE DISPLACEMENT PUMP SYSTEM 
AND METHOD WITH ROTATING VALVE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Embodiments of the present invention generally relate to 

pumps. More specifically, and not by way of limitation, 
embodiments of the present invention relate to positive dis 
placement pumps for the circulation of fluids. 

2. Description of Related Art 
Many natural and manmade fluids contain molecules that 

can be damaged or destroyed by excessive shearing strains or 
stagnation that can occur in devices that attempt to pump 
these fluids. Fluids containing molecules with high molecular 
weights such as proteins, long Stranded synthetic polymers, 
DNA, RNA, or fluids such as blood, which contain concen 
trations of delicate cells, are especially susceptible to being 
compromised by many conventional pumping techniques. 

Typical axial flow and centrifugal pumps operate by rotat 
ing an impeller at very high speeds, often exceeding 12,000 
RPM. The shearing stresses that can arise at these velocities 
can strain larger fluid molecules until they break, leading to 
destruction or undesirable alteration of the pumping medium. 
For instance, it is well documented that the pumping of blood 
using centrifugal and axial flow pumps shears the phospho 
lipid bilayer of erythrocytes and platelets to the point of lysing 
the cells and releasing their cytosolic proteins and organelles 
into the blood stream. This phenomenon, known as hemoly 
sis, is an issue in the field of artificial blood circulation 
because the releasing of hemoglobin into the blood stream 
can cause kidney failure in patients who receive this blood. 
Thus, there is useful need for pump designs that can provide 
fluid circulation without damaging a delicate pumping 
medium such as blood. 

Further objects and advantages of this system and method 
will become apparent from a consideration of the drawings 
and ensuing description. 

SUMMARY OF THE INVENTION 

Embodiments of the present disclosure provide systems 
and methods for pumping fluids. While certain embodiments 
may be particularly Suited for pumping delicate fluids with 
low shearing Strains, it is understood that embodiments of the 
present disclosure are not limited to pumping Such fluids. 
Other embodiments may be used to pump fluids that are not 
delicate or do not have low shearing strains. 

Certain embodiments comprise: a pumping chamber form 
ing a loop; a pump inlet in fluid communication with the 
pumping chamber, a pump outlet in fluid communication 
with the pumping chamber, a first piston disposed within the 
pumping chamber, a second piston disposed within the 
pumping chamber, an electric motor, and an electromagnet, 
wherein the system is configured such that during operation: 
the electromagnet is initially coupled to the first piston; the 
electric motor is initially coupled to the second piston; the 
electromagnet is Subsequently coupled to the second piston; 
and the electric motor is subsequently coupled to the first 
piston. In certain embodiments, the electromagnet is coupled 
to either the first or second piston when the electromagnet is 
energized and the electromagnet is not coupled to either the 
first or second piston when the electromagnetis de-energized. 
Certain embodiments further comprise a magnetic ring, and 
are configured such that during operation: the electric motor 
exerts a first magnetic force on the first piston; the magnetic 
ring exerts a second magnetic force on the first piston; and the 
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2 
first magnetic force opposes the second magnetic force. In 
certain embodiments, the magnetic ring and/or the pistons 
comprise a permanent magnet or Halbach array. In certain 
embodiments, the system is configured Such that during 
operation: the motor comprises a rotor with a magnetic link 
(which may comprise a permanent magnet or Halbach array) 
and the magnetic link is initially coupled to the second piston 
and Subsequently coupled to the first piston. 

Certain embodiments are configured such that during 
operation a portion of the magnetic link extends beyond a 
leading face of the piston. In certain embodiments, the system 
is configured such that during operation the pump inlet is 
inserted into a Ventricle and the pump outlet is in fluid com 
munication with the ascending aorta, the descending aorta, or 
a pulmonary artery. In certain embodiments, the system is 
configured Such that: the motor comprises a rotor coupled to 
a linking arm; the linking arm is coupled to a first magnet, 
wherein the first magnet is located on a first side of the piston 
during operation; the linking arm is coupled to a second 
magnet, wherein the second magnet is located on a second 
side of the piston during operation; and the first side is 
opposed to the second side. In certain embodiments, the first 
piston or the second piston comprise a hydrodynamic bearing 
Surface. 

Other embodiments comprise a method of pumping a fluid, 
the method comprising: providing a pumping chamber, 
wherein the pumping chamber contains the fluid; providing a 
pump inlet in fluid communication with the pumping cham 
ber; providing a pump outlet in fluid communication with the 
pumping chamber, providing a first piston disposed within 
the pumping chamber; providing a second piston disposed 
within the pumping chamber; providing an electric motor 
comprising a rotor, providing an electromagnet; coupling the 
electromagnet to the first piston; coupling the rotor to the 
second piston; holding the first piston in a first location with 
the electromagnet; rotating the rotor and moving the second 
piston closer to the first piston so that a portion of the fluid is 
forced out of the pump outlet; de-energizing the electromag 
net and uncoupling the electromagnet from the first piston; 
energizing the electromagnet So that it couples to the second 
piston; and coupling the rotor to the first piston. Certain 
embodiments further comprise rotating the rotor and moving 
the first piston closer to the second piston so that a portion of 
the fluid is forced out of the pump outlet. In certain embodi 
ments, the first location is between the pump inlet and the 
pump outlet. 

Still other embodiments comprise: a pumping chamber 
comprising an inner Surface forming a loop; a pump inlet in 
fluid communication with the pumping chamber, a pump 
outlet in fluid communication with the pumping chamber, a 
piston disposed within the pumping chamber; and a first 
electric motor magnetically coupled to the piston, wherein: 
the piston comprises a hydrodynamic bearing Surface config 
ured to repel the piston away from the inner Surface as the 
piston moves within the pumping chamber. In certain 
embodiments, the loop is centered about a central axis; the 
piston comprises an upper Surface, a lower Surface, an inner 
Surface, an outer Surface, a leading face, and a trailing face; 
and the inner Surface comprises an upper wall, a lower wall, 
an inner wall and an outer wall. 

In certain embodiments, during operation: a first lower gap 
exists between the lower surface and the lower wall proximal 
to the leading face; a second lower gap exists between the 
lower surface and the lower wall proximal to the trailing face; 
the first lower gap is larger than the second lower gap; a first 
upper gap exists between the upper Surface and the upper wall 
proximal to the leading face; a second upper gap exists 
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between the upper surface and the upper wall proximal to the 
trailing face; and the first upper gap is larger than the second 
upper gap. In certain embodiments, a portion of the lower 
Surface is not perpendicular to the central axis and a portion of 
the upper Surface is not perpendicular to the central axis. 

In certain embodiments, a first outer gap exists between the 
outer Surface and the outer wall proximal to the leading face; 
a second outer gap exists between the outer Surface and the 
outer wall proximal to the trailing face; and the first outer gap 
is larger than the second outer gap. Certain embodiments 
comprise a pinch valve between the pump inlet and the pump 
outlet. Certain embodiments also comprise a second piston 
disposed within the pumping chamber, and a second electric 
motor coupled to the second piston, wherein the second pis 
ton comprises a hydrodynamic bearing Surface configured to 
repel the second piston away from the inner Surface as the 
second piston moves within the pumping chamber. 

Certain embodiments comprise: a power Supply; a driver 
circuit electrically coupled to the electric motor and the power 
Supply; a microprocessor electrically coupled to the driver 
circuit; and a sensor for sensing a position of the piston within 
the pumping chamber, wherein: the driver circuit is config 
ured to selectively couple the power supply to the electric 
motor upon receiving a control signal; the sensor is electri 
cally connected to the microprocessor, the microprocessor is 
configured to interpret the position from the sensor, the 
microprocessor is configured to output the control signal to 
the driver circuit. In certain embodiments, a position and a 
velocity of the piston are controlled to produce a predeter 
mined waveform in an outlet flow from the pump outlet. 
Certain embodiments comprise a fluid within the pumping 
chamber and a sensor configured to measure a property of the 
fluid. In certain embodiments, the piston or inner Surface 
comprise one or more of the following: a nanoparticulate 
Surface, a microporous coating, or a fibrous flocking. In cer 
tain embodiments the nanoparticulate Surface, microporous 
coating, or fibrous flocking are configured to facilitate endot 
helial or pseudoneointimal protein or cell aggregation. 

Certain embodiments comprise a pacemaker and a micro 
processor, wherein: the pacemaker comprises one or more 
electrodes electrically coupled to a heart; the pacemaker is 
electrically coupled to the microprocessor, the pacemaker 
provides a depolarization output to the one or more elec 
trodes; and the heart is controlled to contract at a predeter 
mined time relative to an actuation stroke of the pump. Cer 
tain embodiments comprise a sensor, wherein the sensor is 
configured to sense a physiological parameter and the system 
is configured to increase or decrease a Volumetric flow rate 
from the pumping chamber based on the physiological 
parameter. In certain embodiments the sensor comprises one 
or more electrodes for measuring thoracic impedance, 
p-wave activity, renal sympathetic nerve activity, or aortic 
nerve activity. In other embodiments, the sensor comprises an 
accelerometer for sensing heart contraction, diaphragm 
motion, bodily inclination, or walking pace. 

Certain embodiments comprise a pump for circulating 
fluid comprising: a pumping chamber; a pump inlet in fluid 
communication with the pumping chamber, a pump outlet in 
fluid communication with the pumping chamber; a drive pis 
ton disposed within the pumping chamber, and a hollow valve 
sleeve configured to recess into the pump outlet. 

Other embodiments comprise: a pumping chamber form 
ing a loop; a pump inlet in fluid communication with the 
pumping chamber, a pump outlet in fluid communication 
with the pumping chamber, a piston disposed within the 
pumping chamber, an electric motor comprising a rotor 
coupled to a shaft; a magnet coupled to an end of the shaft; a 
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4 
sensorproximal to the magnet; and a control system, wherein: 
the electric motor is magnetically coupled to the piston; the 
magnet produces a magnetic vector that rotates with the rotor; 
the sensor is configured to sense the magnetic vector; and the 
control system is configured to determine the angular position 
of the rotor. In certain embodiments, the sensor is a 2-axis 
Hall effect sensor and the electric motoris an axial flux motor. 
In certain embodiments, the control system is configured to 
access a lookup table. 

Certain embodiments comprise a pumping chamber com 
prising an inner Surface forming a loop; a pump inlet in fluid 
communication with the pumping chamber, a pump outlet in 
fluid communication with the pumping chamber, a first piston 
disposed within the pumping chamber; and a series of elec 
tromagnets disposed around the pumping chamber, wherein: 
the series of electromagnets are configured to move the first 
piston around the pumping chamber; and the first piston com 
prises a hydrodynamic bearing Surface configured to repel the 
first piston away from the inner Surface as the first piston 
moves within the pumping chamber. Certain embodiments 
further comprise a second piston disposed within the pump 
ing chamber, wherein: the series of electromagnets are con 
figured to move the second piston around the pumping cham 
ber; and the second piston comprises a hydrodynamic bearing 
Surface configured to repel the second piston away from the 
inner Surface as the second piston moves within the pumping 
chamber. Certain embodiments further comprise a pinch 
valve between the pump inlet and pump outlet. 

Certain embodiments comprise a pumping chamber form 
ing a loop; an inlet and outlet in communication with the 
pumping chamber so as to form a first and second path around 
the loop; a drive piston disposed within the pumping cham 
ber, a valve piston disposed within the pumping chamber, a 
motor for actuating the drive piston, and a means for selec 
tively deploying or recessing the valve piston, wherein the 
system is configured such that during operation, the motor is 
coupled to the drive piston, the drive piston starts in a first 
position, the valve piston is coupled to a deploying or recess 
ing means, and the valve piston starts in a deployed position 
between the inlet and outlet so as to substantially occlude the 
second path, the drive piston is actuated so as to draw fluid 
from the inlet and force fluid through the outlet by means of 
moving through the first path, the valve piston is actuated to 
recess between the inlet and outlet port whereby the second 
path becomes opened, the drive piston is actuated to traverse 
the second path between the inlet and outlet, the valve piston 
is redeployed by the valve actuation means to Substantially 
occlude the second path. 

Certain embodiments further comprise one or more mag 
nets disposed within the valve piston and one or more elec 
tromagnets, and are configured such that during operation the 
electromagnets exerta force or torque on the valve magnets so 
as to control its position. Certain embodiments further com 
prise a valve piston with a cylindrical face or a valve piston 
that has an extruded C-shape. Further embodiments comprise 
a valve piston that rotates on a shaft or contact point that is in 
communication with a bearing. 

Certain embodiments further comprise a first set of one or 
more magnets disposed within the valve piston, a second set 
of on or more magnets attached to a motor, wherein the 
system is configured such that during operation the rotation of 
the motor induces rotation in the valve piston through the 
engagement of the first set of magnets with the second set of 
magnets. Certain embodiments further comprise the arrange 
ment of the first and second set of magnets So as to create an 
angular dependent magnetic gear ratio between the first and 
second set of magnets, wherein during operation of the sys 
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tem the rotational Velocity of the first set of magnets creates a 
rotational Velocity in the second set of magnets that varies 
with the rotational position of the first set of magnets. Certain 
embodiments further comprise a first set of one or more 
magnets disposed within the valve piston, a second set of one 
or more magnets attached to a motor, and a third set of one or 
more magnets disposed within a rotating disk residing 
between the motor and the valve piston, wherein the system is 
configured Such that during operation the motor rotates the 
disk by means of the second set of magnets engaging the third 
set of magnets, and the disk rotates the valve piston by means 
of the third set of magnets engaging the first set of magnets. 
Further embodiments comprise the first, second, and third 
magnet sets engaging in an angular dependent gear ratio. 

Certain embodiments further comprise a first set of mag 
nets disposed within the valve piston, and one or more per 
manent magnets, electromagnets, or pieces of permeable 
material disposed within the walls of the pumping chamber, 
wherein the system is configured Such that during operation 
the valve piston can be held in a predetermined position by the 
permanent magnets, electromagnets, or permeable material. 
Certain embodiments further comprise permeable material or 
permanent magnets embedded in the pumping chamber walls 
that produce an angular dependent permeability or magnetic 
field respectively, whereby the valve piston is induced to 
rotate by the permeable or magnetic material. 

Other embodiments comprise a method of pumping a fluid, 
the method comprising: providing a pumping chamber, 
wherein the pumping chamber contains the fluid; providing a 
pump inlet in fluid communication with the pumping cham 
ber; providing a pump outlet in fluid communication with the 
pumping chamber; providing a first fluid path between the 
inlet and outlet; providing a second fluid path between the 
inlet and outlet; providing a drive piston disposed within 
pumping chamber, providing a valve piston disposed Sub 
stantially within the first path between the inlet and outlet; 
providing a means for actuating the drive piston; providing a 
means for selectively recessing and deploying the valve pis 
ton; deploying the valve piston to Substantially occlude fluid 
from flowing in the first path between the inlet and outlet; 
moving the drive piston around the second path of the pump 
ing chamber so that a portion of the fluid is drawn into the 
pump inlet and a portion of the fluid is forced out of the pump 
outlet; recessing the valve piston between the inlet and outlet 
allowing the drive piston to move through the first path; 
deploying the valve piston to occlude the first path after the 
drive piston has passed. 

Embodiments of the present invention relate generally to 
the method of control of positive displacement pumps. More 
specifically, and not by way of limitation, embodiments of the 
present invention relate to the method of control of positive 
displacement ventricular assist devices (VADs). 
VADs are used in parallel of the failing heart. They remove 

blood from either the ventricle or atria and deliver it to the 
arterial tree, bypassing the aortic (or pulmonary valve), and 
possibly the mitral (or tricuspid) valve in the case of atrial 
inflow, thus the term parallel has been used. 
VADs provide support for patients with heart failure. At 

first, they were used for potential transplant patients as a 
bridge to transplant (BTT), but recent studies have shown that 
VADs provide sufficient ventricular unloading for the poten 
tial of ventricular recovery, or bridge to recovery (BTR). As 
VAD technology advances and has the potential to last 
upwards often years, or more, the use as a bridge to destina 
tion (BTD) is also being explored. Many of these patients 
require different levels and types of Support. For example, 
many of the BTT or BTD patients require full support, while 
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6 
the BTR patients may require partial Support with a weaning 
protocol in place to allow for ventricular recovery. 

Current positive displacement pumps do not aspirate and 
eject fluid simultaneously. These functions must be per 
formed in separate steps facilitated by prosthetic valves. They 
are typically run in a fill-to-empty or fixed rate mode, but they 
are occasionally run in a counter-pulsing mode where they fill 
during ventricular systole and eject during ventricular dias 
tole, though this mode is uncommon in clinical settings. The 
benefits of synchronous assist were first realized with the 
intra aortic balloon pump (IABP), which augments arterial 
pressure during diastole and reduces aortic pressure just prior 
to LV ejection. These actions effectively unload the LV and 
improve its pumping ability which increases cardiac output 
somewhat. But IABPs cannot be used for long term support, 
and they cannot significantly increase cardiac output. VADs, 
on the other hand, can provide sufficient long term Support but 
have rarely utilized synchronicity, despite claims of the ben 
efits it would provide in terms of ventricular unloading, coro 
nary perfusion, and cardiac output. 

Pulsatile VADs that do provide synchronous counterpulsa 
tion can actually provide too much support for a recovering 
Ventricle. As a result, atrophy of the myocardium has been 
observed, which significantly reduces the chances of Ven 
tricular recovery and weaning potential. 

Existing continuous flow VADS are generally not config 
ured to produce pulsatile flow or produce periods of zero flow. 
The body's natural pump, the heart, functioning in its healthy 
state is sensitive to the body's natural feedback mechanisms, 
namely heart rate, Ventricular preload, and Ventricular after 
load. 
The response to preload and afterload is typically referred 

to as the Frank-Starling law of the heart which says that 
preload (atrial pressure) increases lead to stroke Volume 
increases; preload decreases lead to stroke Volume decreases; 
afterload (arterial pressure) increases lead to stroke Volume 
decreases, and afterload decreases lead to stroke Volume 
increases. Through these mechanisms, the body finds a bal 
ance between the arterial and pulmonary systems. 

Current VAD technology does not allow for the proper 
response of these natural circulatory feedback mechanisms. 
Pulsatile VADs, which typically use a pusher-plate or com 
pressed air to drive the blood flow, are insensitive to outlet 
pressure, which could lead to over pumping in a fixed rate or 
fill-to-empty mode. Over pumping can lead to high blood 
pressure and stroke. 

Current continuous flow VADs are hypersensitive to the 
differential pressure across the pump compared to the normal 
functioning myocardium. Also, continuous flow blood pumps 
are mostly insensitive to variation in heart rate compared to 
the normal functioning myocardium. Furthermore, continu 
ous devices are mostly insensitive to Ventricular preload. This 
insensitivity has led to many cases of Ventricular Suction 
which can cause arrhythmias, hemolysis, thrombus release, 
myocardial tissue damage, and right heart failure. These dif 
ficulties have led to difficulty managing patients who receive 
these devices in the post-operative setting. Patients require 
frequent observation and pump speed adjustments to main 
tain beneficial physiological effects. 

There is a need for a blood pump which is appropriately 
sensitive to these natural feedback mechanisms provided by 
the body. 

In addition, certain prior art devices (for example, pumps 
similar to that disclosed in U.S. Pat. No. 6,576,0101 are 
limited in that the stroke volume cannot be varied while 
maintaining complete cycles of the pistons. In order to reduce 
the Volume ejected in a single stroke from the pump, the drive 
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piston must be partially cycled so that it displaces a fraction of 
the total stroke Volume. Upon the beginning of the next 
stroke, the partially actuated piston must be again moved the 
remainder of the fraction of rotation that it executed in the 
previous stroke. While this complicated means exists for 
reducing the stroke Volume, there is no apparent way to 
increase the stroke volume from that defined by the physical 
geometry of the pumping chamber. 

Furthermore, for purely positive displacement pumps, all 
of the stroke volume is directly controlled by the displace 
ment of the piston in the chamber, minus any leakage flow that 
moves around the pistons. This has a disadvantage in the 
setting of pumping blood in a ventricular assist or total arti 
ficial heart application in that the ejected Volume of the pump 
is invariant with changes in the inlet pressure (preload) and 
outlet pressure (afterload). Positive displacement pumps with 
this insensitivity to preload or afterload used in ventricular 
assist applications are capable of creating dangerously high 
blood pressures in some patients due to the inability for the 
pump to sense that the afterload resistance is too high and to 
cut back on the ejected stroke volume. Results of this hyper 
perfusion can be stroke, intracranial hemorrhage, and aneur 
ism rupture. 

In comparison, the flow rates of centrifugal or axial flow 
pumps are inherently very sensitive to the inlet and outlet 
pressure differential and will curb or increase flow accord 
ingly. In the application of pumping blood in a Ventricular 
assist setting, these pumps exhibit hypersensitivity to the 
pressure changes at the inlet and outlet, resulting in an exces 
sive diminution of flow when the outlet pressure increases. 
Results of this hypoperfusion in the setting of patient exer 
cise, when blood pressures increase and higher flow is 
needed, can result in fainting and inadequate organ perfusion. 
Pumps similar to those disclosed in U.S. Pat. No. 6,576,010 

are also limited in that the needed stroke volume directly 
controls the size of the pumping chamber and thus the size of 
the device. Since the stroke volume is contained within the 
toroidal chamber prior to actuation, there is no apparent way 
to increase the stroke Volume without increasing the pumping 
chamber size. This may be problematic in the application of 
implantable devices where size is a critical limitation. In 
general, pulsatile assist devices are larger than continuous 
flow devices because the entire stroke volumes of these 
pumps must be contained within the device. 
Pumps similar to those disclosed in U.S. Pat. No. 6,576,010 

are limited in that they aspirate and eject fluid at the same 
time. This feature has the disadvantage in that the inertia 
(inertance) of the fluid in both the inflow and outflow lines is 
coupled to the drive piston and must be accelerated each time 
a stroke is performed. This dynamic effect can generate sig 
nificant pressures on the pistons, which requires additional 
power for actuation and can lead to pump malfunction or 
diminished performance if the pressures exceed actuation and 
coupling limits. 

Furthermore, pumps similar to those disclosed in U.S. Pat. 
No. 6,576,010 are limited by the fact that when a piston 
crosses a port opening, it completely occludes the port area, 
which has the effect of rapidly increasing the resistance to 
flow through this area. If the fluid in the inflow or outflow 
lines have energy when the rapid increase in resistance 
occurs, a significant back pressure (fluid hammer) can arise 
which can generate pressures that make the pistons very hard 
to control. In order to prevent this fluid hammer, the energy of 
the fluid in the inflow and outflow lines should be signifi 
cantly reduced before the port is occluded, which requires 
power and time. Reducing the energy of the fluid in the inflow 
and outflow lines also reduces pumping capability. In an 
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application where the inflow or outflow inertances are large 
(e.g., long lines, dense fluid, Small cross sectional flow area), 
this type of pump can Suffer a significant reduction in pump 
ing efficiency and generate high dynamic pressures across the 
inlet and outlet ports. 

Embodiments of the present disclosure improve upon pre 
vious pulsatile assist devices by allowing a controllable por 
tion of the volume in the inflow cannula to be a part of the 
stroke Volume by shaping the port area and controlling the 
drive piston actuation to allow fluid energy to carry extra 
Volume through the pump each stroke. This configuration 
provides several benefits. For example, it allows for a variable 
stroke Volume through variation of the fluid energy with drive 
piston speed. This configuration can also allow for a reduction 
of the pumping chamber size without reducing the ejected 
stroke Volume. Such a configuration can reduce or eliminate 
fluid hammer effects by letting the energy of the fluid to do 
work against the outlet pressure instead of as a pressure on the 
piston faces. This configuration allows for a portion of the 
total stroke volume to be sensitive to preload and afterload, 
restoring the hearts native sensitivity to Such parameters. 

Furthermore, because the portion of the stroke volume that 
comes from the energy depends on the inlet and outlet pres 
Sure, embodiments of the present disclosure can be tuned to 
produce a precise sensitivity to preload and afterload that can 
be controlled by controlling the energy of the fluid using the 
drive piston velocity. This offers the advantage of restoring 
the native Frank Starling response observed of a healthy heart 
with a VAD. 

Certain embodiments of the present disclosure comprise a 
pumping chamber forming a loop; an inlet and outlet port in 
fluid communication with the loop; a first volume of fluid in 
the loop; a second volume of fluid in the inlet or outlet port; a 
drive piston residing within the loop; a valve piston residing 
between the inlet and outlet port; a means for actuating the 
drive piston; a means for recessing and deploying the valve 
piston, wherein actuation of the drive piston provides energy 
to the first and second volumes of fluid and ejects the first 
Volume of fluid by means of positive displacement, and 
wherein recession of the valve piston in relation to a prede 
termined drive piston position creates a shunt that allows the 
energy of the fluid to carry the second volume of fluid through 
the outlet port. Certain embodiments of the present invention 
further comprise a pumping chamber forming a loop; an inlet 
and outlet port in fluid communication with the loop; a first 
volume of fluid in the loop; a second volume of fluid in the 
inlet or outlet port; a first piston residing in the first path 
within the loop; a second piston residing in the second path of 
the loop; a means for actuating the first and second pistons, 
wherein actuation of the first piston provides energy to the 
first and second volumes of fluid and ejects the first volume of 
fluid by means of positive displacement, and wherein further 
actuation of the first piston into a position creates a shunt that 
allows the energy of the fluid to carry the second volume of 
fluid through the outlet port. 

Other embodiments comprise a method of pumping a fluid, 
the method comprising: providing a pumping chamber form 
ing a loop; providing a first fluid Volume disposed within 
loop; providing a pump inlet and outlet in fluid communica 
tion with the pumping chamber, providing a second fluid 
Volume disposed within pump inlet providing a first fluid path 
between the inlet and outlet; providing a second fluid path 
between the inlet and outlet; providing a first piston disposed 
within the first path of the pumping chamber; providing a 
second piston disposed within the second path of the pumping 
chamber; providing a means for actuating the first and second 
pistons; actuating the second piston into a position to Substan 
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tially occlude fluid from flowing through the second path 
between the inlet and outlet; actuating the first piston around 
the first path of the pumping chamber so that a portion of the 
fluid is drawn into the pump inlet and a portion of the fluid is 
forced out of the pump outlet, wherein energy is generated in 
the fluid from the actuation of the first piston; actuating the 
first piston into the second path between the inlet and outlet, 
creating a shunt between the outlet and inlet through the first 
path; allowing the energy of the fluid to expel the second 
volume of fluid into the outlet through the shunt created in the 
first path; actuating the second piston into a position in the 
first path wherein the shunt between the inlet and outlet 
through the first path is occluded. 

Certain embodiments comprise a pump system compris 
ing: a pumping chamber forming a loop; a pump inlet in fluid 
communication with the pumping chamber, a pump outlet in 
fluid communication with the pumping chamber; a drive pis 
ton disposed within the pumping chamber; a drive mecha 
nism coupled to the drive piston; a valve mechanism disposed 
between the pump inlet and pump outlet; a sensor configured 
to sense an external variable and to provide an output signal; 
and a microprocessor configured to receive the output signal 
from the sensor and to change an operating parameter of the 
pump in response to the output signal. In certain embodi 
ments, the operating parameter is a movement of the drive 
piston and/or a movement of the valve mechanism. 

In specific embodiments, the valve mechanism comprises a 
valve piston and/or a pinch valve. In certain embodiments, the 
sensor is configured to sense an external variable selected 
from the group consisting of Ventricular pressure, Ventricular 
depolarization, heart contraction, diaphragm motion, bodily 
inclination, and bodily movement. In particular embodi 
ments, the sensor comprises one or more electrodes. The 
sensor may comprise an accelerometer in certain embodi 
mentS. 

In certain embodiments, the pump system is configured 
such that the drive piston completes one revolution around the 
pumping chamber during a pump cycle, the sensor is config 
ured to detect a cardiac cycle of the patient, and the pump 
cycle is synchronized with the cardiac cycle of a patient 
during use. In specific embodiments, during use, the pump 
cycle comprises a portion of increased flow rate and the 
portion of increased flow rate is delayed for a period of time 
after a heart beat of a patient. In certain embodiments, the 
pump system is configured such that during use two or more 
pump cycles occur during one cardiac cycle of a patient. 

In certain embodiments, the pump system is configured 
Such that during use two or more cardiac cycles occur during 
one pump cycle of a patient. In particular embodiments, the 
pump system is configured Such that during use the pump 
system can detect if the cardiac cycle becomes irregular, and 
where the pump system operates in an asynchronous mode if 
the cardiac cycle becomes irregular. In certain embodiments, 
the pump system is configured to operate in a counterpulsa 
tion mode during use. 

Particular embodiments comprise a method for controlling 
the operation of a positive displacement pump, where the 
method comprises providing a system including: a pump 
having a pumping chamber forming a loop; a pump inlet in 
fluid communication with the pumping chamber; a pump 
outlet in fluid communication with the pumping chamber, a 
drive piston disposed within the pumping chamber, a drive 
mechanism coupled to the drive piston; a valve mechanism 
disposed between the pump inlet and pump outlet; a sensor; 
and a microprocessor. In particular embodiments, the method 
also comprises: sensing an external variable with the sensor, 
sending a first output signal from the sensor to the micropro 
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10 
cessor, sending a second output signal from the microproces 
Sor to the pump; and changing an operating parameter of the 
pump in response to the second output signal from the micro 
processor. 

In certain embodiments, the method comprises moving the 
drive piston in response to the second output signal. In par 
ticular embodiments, the method comprises opening or clos 
ing the valve mechanism in response to the second output 
signal. In certain embodiments, the external variable corre 
sponds to a cardiac cycle of a patient. In particular embodi 
ments, the external variable corresponds to a heartbeat of a 
patient, changing the operating parameter of the pump pro 
vides an increase in flow from the pump, and there is a delay 
between the heartbeat of the patient and the increase in flow 
from the pump. In certain embodiments, changing an operat 
ing parameter of the pump comprises varying the Velocity of 
the drive piston. In particular embodiments, changing an 
operating parameter of the pump comprises varying the accel 
eration of the drive piston. In certain embodiments, the sensor 
comprises one or more electrodes configured measuring ven 
tricular depolarization. In particular embodiments, the sensor 
comprises an accelerometer for sensing a heart contraction, a 
diaphragm motion, a bodily inclination, or bodily movement. 

Certain embodiments include a system comprising: a 
pumping chamber forming a loop; a pump inlet in fluid com 
munication with the pumping chamber, a pump outlet in fluid 
communication with the pumping chamber, a drive piston 
disposed within the pumping chamber, a drive mechanism 
coupled to the drive piston; and a valve piston disposed 
between the pump inlet and pump outlet, wherein the valve 
piston is configured to rotate between a first position within 
the pumping chamber and a second position outside of the 
pumping chamber. 

Certain embodiments comprise a magnetic gear configured 
to rotate the valve piston from the first position to the second 
position. In specific embodiments, the magnetic gear com 
prises a first set of one or more magnets coupled to the valve 
piston and a second set of one or more magnets coupled to the 
drive mechanism. In certain embodiments, the drive mecha 
nism is an electric motor. In particular embodiments, the 
valve piston has a cylindrical face. In certain embodiments, 
the valve piston comprises a C-shape. The valve piston may 
pivot on a bearing in particular embodiments, and there may 
be one or more magnets disposed within the valve piston in 
certain embodiments. 

In certain embodiments, one or more electromagnets are 
configured to deploy the valve piston to the first position and 
to recess the valve piston to the second position. Embodi 
ments may also comprise one or more permanent magnets, 
electromagnets, or pieces of permeable material disposed 
within a wall of the pumping chamber, where the system is 
configured Such that during operation, the valve piston can be 
held in a predetermined position by the one or more perma 
nent magnets, electromagnets, or pieces of permeable mate 
rial. 

Certain embodiments include a system comprising: a 
pumping chamber forming a loop; a drive piston disposed 
within the pumping chamber, a pump inlet in fluid commu 
nication with the pumping chamber; a pump outlet in fluid 
communication with the pumping chamber; a drive mecha 
nism coupled to the drive piston; a valve piston; and a mag 
netic gear configured to rotate the valve piston from a first 
position to a second position. In particular embodiments, the 
valve piston is disposed within the pumping chamber when 
the valve piston is in the first position and wherein the valve 
piston is disposed outside of the pumping chamber when the 
valve piston is in the second position. In certain embodi 
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ments, the valve piston is configured to Substantially occlude 
a fluid flow past the valve piston when the valve piston is in 
the first position. In particular embodiments, the valve piston 
is disposed between the pump inlet and the pump outlet. 

In certain embodiments, the magnetic gear comprises a 
first set of one or more magnets coupled to the valve piston 
and a second set of one or more magnets coupled to the drive 
mechanism. In particular embodiments, the drive mechanism 
is an electric motor. The valve piston may have a cylindrical 
face and/or comprise a C-shape in certain embodiments. In 
certain embodiments, the valve piston pivots on a bearing. 
One or more magnets are disposed within the valve piston in 
particular embodiments. 

Certain embodiments include a method of pumping a fluid, 
where the method comprises: providing a pumping chamber 
containing a fluid, providing a pump inlet in fluid communi 
cation with the pumping chamber; providing a pump outlet in 
fluid communication with the pumping chamber; providing a 
first fluid path between the pump inlet and the pump outlet; 
providing a second fluid path between the pump inlet and the 
pump outlet; providing a drive piston disposed within pump 
ing chamber, providing a valve piston disposed substantially 
within the first path between the inlet and outlet; providing a 
means for actuating the drive piston; providing a means for 
selectively recessing and deploying the valve piston; deploy 
ing the valve piston to substantially occlude fluid from flow 
ing in the first fluid path between the inlet and outlet; moving 
the drive piston around the second path of the pumping cham 
ber so that a portion of the fluid is drawn into the pump inlet 
and a portion of the fluid is forced out of the pump outlet; 
recessing the valve piston between the pump inlet and the 
pump outlet; moving the drive piston through the first fluid 
path; and deploying the valve piston to occlude the first fluid 
path after the drive piston has passed. 

In certain embodiments, the valve piston rotates in a first 
direction to recess and the opposite direction of the first 
direction to deploy. In particular embodiments, the valve 
piston rotates in a first direction to recess and rotates in the 
same direction as the first direction to deploy. In certain 
embodiments, the means for selectively recessing and 
deploying the valve piston comprises a magnetic gear. In 
particular embodiments, the magnetic gear comprises an 
angular dependent gear ratio. 

Embodiments may also include a method of pumping a 
fluid, where the method comprises providing a pump com 
prising a pumping chamber, a pump inlet, and a pump outlet, 
where the pumping chamber forms a loop; the pump inlet and 
the pump outlet are in fluid communication with the pumping 
chamber; and the pumping chamber comprises a first fluid 
path between the pump inlet and the pump outlet and the 
pumping chamber comprises a second fluid path between the 
pump inlet and the pump outlet. The method may also com 
prise providing fluid in the pumping chamber and in the pump 
inlet; providing a drive piston disposed within the first fluid 
path of the pumping chamber; providing a valve mechanism 
configurable in a first position to substantially occlude flow in 
the second fluid path and a second position to permit flow in 
the second fluid path; placing the valve mechanism in the first 
position; moving the drive piston within the first fluid path, 
where fluid is drawn from the fluid inlet into the pumping 
chamber; fluid drawn from the fluid inlet into the pumping 
chamber is trailing the drive piston; and fluid leading the drive 
piston is forced from the pumping chamber into the pump 
outlet. The method may also comprise positioning the drive 
piston so that a shunt is created in the first fluid path between 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
the pump inlet and the pump outlet; and allowing fluid trailing 
the drive piston to flow from the pumping chamber to the 
pump outlet. 

In certain embodiments, the valve mechanism comprises a 
valve piston, and the valve piston may rotate from the first 
position to the second position. In particular embodiments, a 
magnetic gear rotates the valve piston from the first position 
to the second position. In certain embodiments, the magnetic 
gear comprises an angular dependent gear ratio. In certain 
embodiments, the valve piston rotates in one direction when 
moving from the first position to the second position and 
rotates in the opposite direction when moving from the sec 
ond position to the first position. In certain embodiments of 
the method, the valve piston rotates in the same direction 
when moving from the first position to the second position 
and when moving from the second position to the first posi 
tion. 

Embodiments may also comprise a method of pumping a 
fluid, where the method comprises: providing a pumping 
chamber containing a fluid; providing a pump inlet in fluid 
communication with the pumping chamber, providing a 
pump outlet in fluid communication with the pumping cham 
ber, where the pumping chamber comprises a first fluid path 
between the pump inlet and the pump outlet and the pumping 
chamber comprises a second fluid path between the pump 
inlet and the pump outlet; providing a drive piston disposed 
within the first fluid path of the pumping chamber; providing 
a valve piston disposed within the second path of the pumping 
chamber; and providing a drive mechanism for actuating the 
drive piston. Embodiments of the method may also comprise 
providing a mechanism for moving the valve piston into and 
out of the second fluid path of the pumping chamber; actuat 
ing the drive piston around the first path of the pumping 
chamber so that energy is transferred from the drive piston to 
the fluid and so that a portion of the fluid is drawn into the 
pump inlet and a portion of the fluid is forced out of the pump 
outlet; moving the valve piston out of the second fluid path; 
actuating the drive piston so that a shunt is formed by the first 
fluid path between pump inlet and the pump outlet; allowing 
energy of the fluid in the pumping chamber to continue to 
draw fluid from the fluid inlet and expel fluid out of the fluid 
outlet; actuating the drive piston into a position in the first 
path, wherein the shunt formed by the first fluid path between 
pump inlet and the pump outlet is occluded; and moving the 
valve piston into the second fluid path. In certain embodi 
ments of the method, the pumping chamber forms a loop. 
Particular embodiments comprise providing a controller con 
figured to control the Velocity of the drive piston; and varying 
the velocity of the drive piston as the drive piston is actuated 
around the first path of the pumping chamber to control the 
amount of fluid trailing the drive piston that is expelled from 
the pumping chamber to the pump outlet. 

In particular embodiments, the mechanism for moving the 
valve piston into and out of the second fluid path of the 
pumping chamber comprises a magnetic gear with an angular 
dependent gear ratio. In specific embodiments, a portion of 
the fluid trailing the drive piston is expelled from the pumping 
chamber to the pump outlet when a shunt is formed by the first 
fluid path between pump inlet and the pump outlet. 

Embodiments also include a pump system comprising: a 
pumping chamber forming a loop; a pump inlet in fluid com 
munication with the pumping chamber, a pump outlet in fluid 
communication with the pumping chamber, a drive piston 
disposed within the pumping chamber; and a valve mecha 
nism disposed between the pump inlet and pump outlet. In 
particular embodiments, the pump inlet is in fluid communi 
cation with the pumping chamber regardless of the location of 
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the drive piston within the pumping chamber; and the pump 
outlet is in fluid communication with the pumping chamber 
regardless of the location of the drive piston within the pump 
ing chamber. 

In certain embodiments, the pump inlet intersects the 
pumping chamber in a first transition Zone with a first cross 
sectional area; the drive piston comprises an outer Surface 
with an outer Surface area; and the first cross-sectional area is 
greater than the outer Surface area. In particular embodi 
ments, the length of the first transition Zone is greater than the 
length of the outer surface of the drive piston. In certain 
embodiments, the width of the first transition Zone is greater 
than the width of the outer surface of the drive piston. 

In particular embodiments, the pump outlet intersects the 
pumping chamber in a second transition Zone with a second 
cross-sectional area; the drive piston comprises an outer Sur 
face with an outer Surface area; and the second cross-sectional 
area is greater than the outer Surface area. In particular 
embodiments, the length of the second transition Zone is 
greater than the length of the outer surface of the drive piston. 
In certain embodiments, the width of the second transition 
Zone is greater than the width of the outer surface of the drive 
piston. In particular embodiments, during use the pump inlet 
is in fluid communication with a ventricle and the fluid outlet 
is in fluid communication with an aorta. 

Embodiments also include pump system comprising: a 
pumping chamber comprising a wall forming a loop; a pump 
inlet in fluid communication with the pumping chamber; a 
pump outlet in fluid communication with the pumping cham 
ber; and a drive piston disposed within the pumping chamber. 
In certain embodiments, the drive piston comprises a leading 
face and a trailing face; the drive piston comprises a deform 
able surface extending between the leading face and the trail 
ing face; and the deformable surface is proximal to the wall of 
the pumping chamber. 

In particular embodiments, the deformable surface com 
prises polyurethane. In certain embodiments, the deformable 
Surface is configured to provide elastohydrodynamic lubrica 
tion between the drive piston and the wall of the pumping 
chamber during operation. In particular embodiments, the 
deformable surface is configured to deform at least 0.001 
inches, 0.0001 inches, or 0.00001 inches during operation. In 
certain embodiments, the drive piston comprises a non-de 
formable central portion. In particular embodiments, the non 
deformable central portion is magnetic. Certain embodiments 
comprise a valve piston configured to rotate into and out of the 
pumping chamber and a magnetic gear. 

Particular embodiments comprise a gap between the 
deformable surface and the non-deformable central portion. 
Certain embodiments further comprise a compressible fluid 
contained within the gap. In particular embodiments, the 
deformable Surface comprises an extension proximal to the 
trailing face of the drive piston. 

Embodiments may also comprise a method of pumping 
fluid, where the method comprises: providing a pump com 
prising a pumping chamber, a pump inlet, and a pump outlet, 
wherein the pumping chamber forms a loop and the pump 
inlet and the pump outlet are in fluid communication with the 
pumping chamber, providing fluid in the pumping chamber; 
providing a drive piston disposed within the pumping cham 
ber, wherein the drive piston comprises a deformable surface 
proximal to a wall of the pumping chamber, and moving the 
drive piston within the pumping chamber, wherein the 
deformable surface is deformed away from the wall of the 
pumping chamber as the drive piston moves within the pump 
ing chamber. 
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In certain embodiments, moving the drive piston within the 

pumping chamber provides elastohydrodynamic lubrication 
between the drive piston and the wall of the pumping cham 
ber. In particular embodiments, the drive piston comprises a 
leading face and a trailing face, and the deformable Surface 
extends between the leading face and the trailing face. In 
certain embodiments, the pressure of the fluid in a region 
between the leading face and the trailing face is increased 
sufficiently to deform the deformable surface when the drive 
piston is moving in the pumping chamber. In particular 
embodiments, the pressure of the fluid in a region between the 
leading face and the trailing face is increased at least 50, 100, 
200, 300, 400, 500, 600, 700, 800, 900 or 1,000 mmHg. 

Particular embodiments include a method comprising pro 
viding a non-deformable central portion of the drive piston. In 
certain embodiments, the non-deformable central portion is 
magnetic. In specific embodiments, the method comprises 
providing a valve piston configured to rotate into and out of 
the pumping chamber, and providing a magnetic gear config 
ured to control the position of the drive piston and the valve 
piston. Embodiments may also comprise providing a gap 
between the non-deformable central portion and the deform 
able surface of the drive piston. In particular embodiments, 
the gap comprises a compressible fluid. 
As used herein, the terms 'a' and “an are defined as one or 

more unless this disclosure explicitly requires otherwise. 
The term “substantially' and its variations are defined as 

being largely but not necessarily wholly what is specified as 
understood by one of ordinary skill in the art, and in one 
non-limiting embodiment the term “substantially refers to 
ranges within 10%, preferably within 5%, more preferably 
within 1%, and most preferably within 0.5% of what is speci 
fied. 
The terms “comprise' (and any form of comprise, Such as 

“comprises” and “comprising”), “have (and any form of 
have, such as “has and “having), “include’ (and any form of 
include, such as “includes” and “including”) and “contain' 
(and any form of contain, such as "contains and “contain 
ing') are open-ended linking verbs. As a result, a method or 
device that “comprises.” “has.” “includes” or “contains” one 
or more steps or elements possesses those one or more steps 
or elements, but is not limited to possessing only those one or 
more elements. Likewise, a step of a method or an element of 
a device that “comprises.”“has “includes” or “contains one 
or more features possesses those one or more features, but is 
not limited to possessing only those one or more features. 
Furthermore, a device or structure that is configured in a 
certain way is configured in at least that way, but may also be 
configured in ways that are not listed. 
The term “coupled, as used herein, is defined as con 

nected, although not necessarily directly, and not necessarily 
mechanically. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of one embodiment of the 
present disclosure. 

FIG. 2 is a section view of the embodiment of FIG. 1. 
FIG. 3 is a side view of one embodiment of the present 

disclosure. 
FIG. 4 is a side view of one embodiment of the present 

disclosure. 
FIG. 5 is a schematic of a control system used in certain 

embodiments of the present disclosure. 
FIG. 6 is a schematic of a driver circuit diagram used in 

certain embodiments of the present disclosure. 










































