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(54) Title: REDUNDANT-IMPELLER ARTIFICIAL HEART

(57) Abstract: An artificial heart for use in a human recipient includes a housing

within which a quartet of turbine pump segments are operative. The quartet of
turbine pump segments is configured to provide a pair of redundant input and
output turbine pump segment pairs each input and output pair being coupled by
a curved passage providing a redundancy which, in turn, enhances the safety
factor provided by the artificial heart* A controller is powered by a rechargeable
battery and is operative to apply appropriate drive signals to the motor drives
of the turbine pump segments. The battery may be implanted along with the
controller to avoid the need for any external connections to the artificial heart.
An inductively coupled battery charger for use outside the recipient's body is
positioned proximate the battery charger to provide inductively coupled charging
for use in driving the artificial heart.
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REDUNDANT-IMPELLER ARTIFIOIAL HEART
SPFECIFICATION

Ficld of the fuvention

{8001} This invention relates generally to apparatus for sustaining and
continuing life for patients having failing or failed hearts and particularly to
artificial heart replacensent devices used therein. This invention also further
relates to United Btates patent US 9,314,559, issued to Steve Smith and Peter
DeSilva, entitled FOUR CHAMBER REDUNDANT-IMPELLER ARTIFICIAL

HEART, the disclosure of which is hereby incorporated herein by reference.
Background of the Invention

16002] For many years, practitioners in the medical treatment and medical
device arts have endeavorsd to provide artificial heart devices constructed (o
replace a failed or failing heart within a recipient. The most basic need is the
creation of a replacement pumping device which is capable of performing the

hasic blood pumping and circnlation functions of the natural heart,
8] g

{0003] Early attempts to provide a sustaingble heart replacement werg
severely limited by the available technologies and the state of the art at that time.
Devices proved to be genstally too large and unwieldy and, for the most part,
impractical. With the continuing advances in the related technofogies and
creative arts, beart replacement devices became smaller, more reliable and, in
some instances, at least partially implantable within the recipient. Such
“implantable” devices have generally remained hybrid devices in that the actual
pump may be implanted within the recipient while additional support apparatus
remains external o the patient and remains connected to the implanted devics by

g plurality of connecting wires and hoses,
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[3004] Because of the complexity of human body systems and the
complications and consequences of heart replacement device failure, the
requiremeitts for an implantable artificial heart remain daunting. Since the long
term objectives of practitioners in the medical arts include a practical implantable
artificial heart that a recipient may rely upon for long periods of life independent

and free of medical supervision , reliability beconies of paramount importanece.

{8865] Accordingly, and by way of example, a successtud artificial heart
replacement device must, above all, be long lasting and reHable. The dire
consequences to the device recipient brought about by device failure make this
requirehient ail too apparent. In addition, however, the device must be small
enough to be implantable within the recipient’s chest and efficient enough 1o
maintain adequate blood circulation to sustain normal Jife functions. The device
must avoid undue stress upon the recipient’s circulatory and pulmonary systems.
The device muyst also be capable of adjusting 1o and compensating for different
recipient activity tevels and stresses. Additional requirements such as avoidance
of blood cell damage by the pumping spparatus and the prevension of the blood
clot forming stagnation regions yake further demands upon the heart

replacement device.

{66661 o addition, becsuse such artificial heart devices are implanied
within the human recipient's chest cavity, it is essential thal the size, shape and
orientation of the artificial heart devive the conducive to the confines of the
recipient’s body. Accordingly, it is an inportant aspect of the acceptability and
practical atility of snch artificial heart devices that the device minimize the

intrusive potential of the device implant.

j8087] One such artificial heart device which emibodies great promise, is
shown in the above-referenced and incomarated US Patent 9.3 14,999 which sets
forth an artificial heart for use ina human recipient that includes a housing within
which a quartet of turbing pﬁ-mp segments ave operative. Thequartet of turbine

pump segments provides a redundancy which in turn enhances the safety factor
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provided by the artificial heart. A controller 1s powered by a rechargeable battery
and is operative to apply appropriate drive signals to the motor drives of the
turbine pump segments, The battery may be inplanted along with the controller
o gvoid the need for any external connections 16 the artificial beart. An
inductively coupled battery charger for use outside the recipient’s body is
positioned proximate the battery charger to provide inductively coupled charging

for use indriving the artificial heas.

6008} While practitioners in the medical treatment and imedical device arts
have created a virtually endless number of proposed artificial heart replacement
devices, there remains nonetheless acontinuing unresolved need in the att for an
improved, implantable, reliable and effective artificial heart replacement device
which meets the stringent, unforgiving and vital requirenients and challenges

posed by a truly fully functioning completely implantable heart replacement

device.
Simmary of the Tovention
{0009] Accordingly, Ut is a general object of the present invention to

provide an artificial heant replacement device which is reliable. implantable and
effective. It is a more particular object of the present invention to provide an
artificial heart the is sized and shaped to readily £t within the nterior of a human
chest cavity and abdomen. It is a moore particular object of the present invention
to provide an improved artificial heart replacerment device which avoids the need
for external component apparatus and which signals events or anomalies within

the svstem while shifting to backup remedial life sustaininie operafion,
! f=3 =

{0016} in accordance with the present invention, thers is provided an
artificial heart comprising: 8 housing having a first input, s fivst output, a second
wput and a second outputy a {ivst turbine pump operative to flow blood from the
first input to the first output; 2 second turbine pumy operative fo How blond from

the first input to the first cutput; g third turbine pump operative to flow bleod
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from the second input to the second output; and & fourth turbine pump operative
to flow blood from the second input to the second output. The artificial beart of
the present invention includes an outer housing enclosure that defines a generally
planar sorface upon which the first and second inputs and the fiest and second
outputs ave supported. A first curved blood flow passage is coupled hetween the
first and second turbine pumps and a second curved blood flow passage is

coupled between the third and fourth turbine putp.

{0011) The present invention improves the art by providing an artificial
heart comprising: a housing having a first input connector, a first output
connector, g second input connector and a second output connector; a first turbine
pump, having a first pump taput coupled to the first input connector, and having a
first pump output, the first tarbine pump operative to flow blood from the first
input connector to the first output conneator; a second turbine parap, having a
second pump input, and having a second psmp output cotpled to the first output
comnector, the second turbine pump operative to flow blood from the first nput
connector to the first output connector; a third turbine pump, having a third pump
input coupled to the second input connector, and having a third pump output, the
third turbine pump operative to flow blood from the second input connector to the
second output connector; a fourth turbine pusmip, having a fourth pump input, and
having a fourth pump output coupled 1o the second output connector, the fourth
turbine pump operative to How blood from the second input connector to the
second ostput connector: a fust curved blood flow passage coupling the first
pump output to the second pump input; aud a second curved blood flow passa

£

£
o

coupling the third pump cutput to the fourth pump inpat.

186124 The use of dual pump drives and dual turbine pumps is configured
to provide punp redundancy should a pump fail. In such case, the remaining
operative motor/pump drives the turbine conpled thereto with sufficient
capability and circulation to maintain life in the recipient untii remedial
intervention may be performed. The inputs to the pumps and outputs from the

pumps support sensors coupled to a dual microprocessor drive controller. Bach
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micvoprocessor-drive controfler is operatively coupled to both of the redundant
pump drive motors. Sensors are also provided to moniter the operation of sach
pump system. A pair of battery modules each including an inductively coupled
charging device are implanted within the patient abdomen and operatively
coupled 1o the processor controller and the drive motors. A pair of nductive
battery charging modules arg supported upon an abdominal belt and coupled to a
source of operative electrical power. Battery charging is accomplished by
inductive coupling through the body tissue between the external charging
modules and the implanted battery and charger apparatus, The dual redendant
micro controller is also implanted within the recipient™s body.

{B013] In a preferred fabrication of the present invention artiticial heart, the
first and second turbing pumps ay well as the third and fourth turbine puinps are
arranged in series patrs within the blood flow, The turbine pumps are supporsted
within a housing defining a pair of curved blood flow passages each blood flow
passage coupling the fwo turbine pumips tn one of the series pairs of turbine
pumps. In the preferred fabrication of the present invention, each of the curved

blood flow passages define venturl portions,

Brief Deseription of the Drawings

{0014 The features of the present invention which are believed 1o be novel
are set forth with particularity in the appended claims. The invention, together
with further objects and advantages thereof, may best be understood by reference
to the following deseription taken in conjunction with the accompanying
drawings, in the several figures of which like reference numerals identify like

elements and in which:

0615 Figure 1 sets forth a side elevation view of the present invention
] g f

redundant-impeller artificial heart;
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0816 Figure 2 sets forth g front view of the present invention redundant-
impeller artificial heart showing the arrangement of Input and output connectors

upon a common surface;

{817} Figore 3 sets forth a perspective view of the present invention
redundant-impeller artificial heart having the outer housing remaoved to show the

interior components;

[0818] Figure 4 sets forth a perspective assembly view of the present
invention redundant~-impeller artificial heart showing the assembly of and

itlustrative turbine pump segment;

{06319} Pigure 3 sets forth a section view of the present Invention

redundant-impeler artificial heart taken along section lines 5-5 in Figure 2;

{80264 Figure 6 sets forth a section view of the present invention

redundant-inipelier artificial heart taken along section lines 6-6 in Figure 2;

[§921] Figure 7 sets forth a perspective view of the present invention
redundant-impelier artificial heart together with the appropriate blood flow

connections to be atitized within a human recipleat;

{0922} Figure § sets forth a perspective view of the present invention

redundant-impeter artificial heart to gather with a support system therefore:

{0023} Figure 9 sets forth a top view of an alternate embodiment of the
present invention redandant-impeller artificial heart having a V-shaped coupling

passage between the redendant-impeliers therein; and

4824 Figure sets forth a section view of the alternate embodiment of the
. B
present nvention redundant-impelier artificial heart taken along section fines 10-

1 in Figure G,
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Deseription of the Preferred Embodiments of the Invention

HH025] By way of averview, the use of dual pumys drives and dual turbine
pumps in the present invention artificial heart in each blood flow channel is
configured to provide pump redundancy should a pump fail. I such case, the
remaining operative motor/pump drives the tarbine coupled thereto with
sufficient capability and circulation to maintain life in the fecipient until remedial
intervention may be performed. The fuputs to the pumps and outputs from the
pumps support sensors coupled to a dual microprocessor drive controller. Each
microprocessor drive controller is operatively coupledto both of the redundant
pumyp drive motors. Sewusors are glso provided 1o V..monitor the operation of each
pump system. A pair of batiery modules each including an inductively coupled
charging device are implanted within the patient ahdomen and operatively
coupied to the processor controller and the drive motors. A pair of inductive
battery charging modules are supported upon an abdominal beit and coupled to a
source of operative electrical power. Battery charging is accomplished by
inductive coupling through the body tissue between the external charging
modules and the implanted battery and charger apparatus. The dual redundant
micro controller is also implanted within the recipient’s bedy. The invention
Tarther provides curved bload flow passages in each blood flow channel ta
facilitate locating both inpul connectors and both output connectors on one

comumon side of the artificial heart which improves the device implant in many

patients.
{892¢6] More specifically, Figure 1 sets forth a side view of artificial heart

70 showing housing 71 defining a common support surface 67 that, in tumn,
supports input end caps 68 and 72 (input end cap 72 seen in Figure 2). Surface 67
of housing 71 also supparts cutput end caps 62 and 73 { output connestor 73
seen in Figure 2). As is hetfer seen in Figure 2, input end caps 68 and 72 support
respective input connectors 74 and 72 while output end caps 69 and 73 support

respective output connectors 75 and 77, It will appreciated by those skilled in the
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art that the tocation of both fnput connectors 74 and 76 as well as both output
connectors 75 and 77 on a common surfasce 67 makes connection 1o the patient’s

circulatory system (shown below in Figure 7) a great deal easier.

{68271 Figure 2 sets forth a front view of redundant-impeller artificial heart
7. Artificial heart 70 is fabricated a medically approved plastic, or other
implantable material . Housing 71 encloses the pump and blood flow apparatus,
described below, in a smooth form fitting enclosure. Thus, within housing 71,
nultiple turbine pump stages operate in pairs and uiilize the redundancy provided
by such multiple turbine pump stages to dramatically improve reliability. In
addition , as will be seen in the figures and descriptions which follow, artificial
heart 70 utilizes a “flow through” design which further improves the blood flow
through the pump stages and the bleod flow between the pump stages to provide
increased efficiescy and a further profection against the stagnation or pooling of
blood within the artificial heart. The latier is extremely important in that blood
which is allowed to poof or stagnate within the artificial heart raises the potential
for injurious or oven fatal clotting of bloed within the recipient’s civeulatory
system. Toavold such problems, artificial heart 70 utilizes a direct flow through
configuration through curved, preferably, venturi passapes which increases blood
flow velocity and does not provide areas of potential of blood stagnation or blood

pooling.

[36828] Accordingly, as set forth above, artificial heart 70 having housing
71 defines a common surface 67, which in turn, supporis input end caps 68 and
72 as well as output end caps 69 and 73, End caps 68 and 72 support input
connectors 74 and 76 respectively. Similarty, output end caps 69 and 73 support
77

output connectors 73 and 77 respectively. Input connectors 74 and 76 define

passages 79 and 78 respectively while output connectors 75 and 77 define
respective passages 80 and 81, End caps 68, 6%, 72 and 73 are secured to housing
71 utilizing an approved method of fabrication such as thermal or sonic welding.
Alternatively, assembly to housing 71 may be secured wtilizing adhesive

attachments or, in some circumstances, medically approved fasteners. Of
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imporiance to note in determining the assembly of end caps 68, 69, 72 and 73 to
housing 71 is the provision of a stable, secure and reliabie attachment
therebetween such that the combination thus formed becomes, in essence, a
single integral housing supperting the internal turbine pumps (shown below).
Turbine supports 90, 92, 94 and 96 are also seen through passages 78, 79, 81 and

80 respectively,

{6029} Figure 3 sets forth a perspective view of redundant-impeller
artificial heart 70 baving housing 71 removed to better show the interior
components of artificial heart 70. Artificial heart 70 provides an nput turbine
receptacle 120 and an output turbine receptacie 130, Artificial heart 70 further
includes an input turbine receptacle 135 and an outpat turbine receptacle 140,
Input turbine receptacle 133 is coupled to outpat nurbine receptacle 140 bya
coupling passage 85. Coupling passage 85 includes a narrowing pottion 136, a
ventued portion 137 and an expanding portion 141, Similarly, as is better seen in
figure 6 artificial heart 70 further includes a coupling passage 86 formed of a
narrowing version 121, a venturi portion 122 and an expanding portion 121. Input
turbine receptacle supports an input end cap 72 which in turn supports input
connector 76, Output turbine receptacle supports an end cap 73 which in turn
supports an output connector 77. Input turbine receptacle 135 supports an input
end cap 68 which, in turn, supports and input connector 74, Ap output turbine
receptacle 140 sapports an output end cap 69 which, in turn, supports an dutput
connector 75, Output end cap 73 further supports a pair of pressure seusors 190
and 1891 sinvilarly, output end caps 69 supports a pair of pressure sensors 192 and

193,

{1838] Figure 4 seis forth a partial perspective partial assembly view of
redundant-impeller artificial heart 70 having housing 71 removed (o expose the
artificial heart interior components, If will be noted that Figure 4 shows an
assembly view of an illustrative turbine pump stage operable within artificial
heart 70, 1t will be understood that the turbine pump stages within artificial heart

70 are substantially identical. Accordingly, the Hlustrations and descriptions in
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the assembly view portion set forth in Figure 4 will be understood to be equally
descriptive of and equally applicable to the remaining turbine pump stages within

artiticial heart 70.

{68311 More specifically, artificial heart 70 provides an input turhine
receptacte 120 and an output turbine receptacie 130, Artificial heart 70 further
includes an input turbine receptacie 133 and an output turbine receptacie 140,
Input turbine receptacle 135 s coupled o output turbine receptacle 140 by a
coupling passage 85, Coupling passage 85 includes a nasrowing portion 136, 2
venturt portion 137 and an expanding portion 141, Similarly, as is better seen in
figure 6 artificial heart 70 further includes a coupling passage 86 formed of a
narrowing version 121, g vesturi portion 122 and an expanding portion 121, Input

-

turbine receptacle supports an input end cap 72 which in furn sapports input
connector 76, Output turbine receptacle supports an end cap 73 which in tumn
supports an output connector 77. Input turbine receptacle 135 supports an input
end cap 68 which, in turn, supports and input connector 74, An output turbine
receptacie 140 supports an output end cap 69 which, in turn, reports and output
connector 73. Output end cap 73 further supports 4 pair of pressure flow sensors
190 and 191 similarly, output end caps 69 supports a pair of pressure sensors 192
and 193,

{0832] With reference to the assernbly view portion of Figure 4, turbine 110
is prefevably fabricated to provide a helical blade progressive to form a helix.
Turbine 110 further supports a cylindrical magnetic rotor 160 joined toa
cylindrical metal slecve 159 which is joined to the outer edges of turbine 110.
Magnetic rotor 160 supports a plurality of permanent magnets and together with
turbine 110 forms a single preferably integrally fabricated rotaling component.
Thus, for example, it will be recognized that while turbine 110 may be precision-
fitted witliin sleeve 159 of magnetic rotor 160 due to the cylindrical structure of
magnetic rator 160 to form 2 single rotating unit, in the preferred fabrication of
the present invention magnetic rotor 160 18 integrally formed and molded with

turbine 110, In cither event, it will be recognized that the combined structure of
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turbine 11 and magnetic rotor 168 forms a single integral rotating unit. The
combined structure of magunetic rotor 160 and turbine 110 are rotatably supported
within the interior of turbine receptacle 120 by a pair of bearing supports 90 and
91 positioned on each side of the rotating turbine element. The structure of
hearing supports 90 and 91 is set forth below in Figure 5. Thus, bearing support
9¢ includes a center hub 104 supported by a plurality of spokes 101, 102 and 103,
Within hub 104, 3 bearing cup 105 is supported which in turn receives one end of

a beating pin 106,

{88331 Bearing support 91 is identical to bearing support 90 and thus
includes a center hub 107 which receives a bearing cup 108 and bearing pin 109,
Puring assembly, bearing support 91 receives bearing cup 108 and is inserted in
turbine receptacie 120 formed in housing 71, Thereafier, bearing pins 106 and
109 are inserted into the support shaft of turbine 110, The combined structure of
turbine 10 supporting bearing ping 106 and 109 together with magnetic rotor
164 is then inserted into turbine receptacle 120, Bearing support 90 is then fitted
within turbine receptacle 120 such that bearing pin 168 is received within bearing
enp 105, The remaining turbine segmeénts are each assembied within their
respective turbine receptacles into housing 71. Once the turbine and magnetic
rotor combination bave been assembled within housing 71, end caps 68, 69, 72
and 73 are joined to their respective turbine receptacles. using an attachment such
as thermal or sonic welding or other appropriate attachment. Once the end caps
are assembled to, the structure of artificial heart 70 is complete and the resulting

pump structure may be described:

{8034} Figures 5 and 6 set forth section views of artificial heart 70 taken
along section lines 5-3 and 6-6, respectively in Figure 2. The section views
shown in Figures 5 and 6 show each of the identical paralle] puniping apparatus
forming artificial heart 70. As is set forth above, each pumping apparatos
includes a pair of turbine pump segments coupled by a curved venturi coupling

passage to form a redundant series coupled turbine pump pair. It will be
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understood that, tnthe preferved fabrication of the present invention, the four

turbine pumps (furbines 110,111, 112 and 113 are identical.

106035] Accordingly and with concuryent reference to Figures 5 and 6, the
interior structure of artificial heart may be described. Housing 71 further supports
a generally eylindrical drive coil array 150 which encircles turbine receptacte
120. Drive coll assembly 130 provides a motor drive coil which is supported
within housing 71. Drive coil 150 is coupled to a motor controller such as
controller 140 set forth above in Figure 8. Similarly, housing 71 supports
corresponding drive coil 152 which encircles turbine receptacle 130 and a drive
cotl 151 which encircles turbine roceptacie 133 together with a drive coil 153
which encircles turbine receptacle 140, Drive coils 150, 151, 152 and 153 are

substantially identical in fabrication.

{0836] Artificial heart 70 includes a turbing 110 and magnetic rotor 160
Joined to form a single rotating structure which is rotatably supported within
turbine receptacle 120 by bearing supports 90 and 91, Artificial heart 70 further
includes a turbine 112 and niagnetic rotor 161 also joined to form a single
rotating structure which s rotatably supported within turbine receptacle 135 by
bearing supports 92 and 93, Artificial heart 70 further includes turbine 117 and
magnetic rotor 162 joined to fornt a single rotating structure which is rotatably
supported within turbing receptaclke 130 by bearing supports 94 and 95, Finally,
artificial heart 70 further includes turbine 113 and magnetic rotar 163 joined to
form a single rotating structure which is rotatably supported within turbine

receptacie 140 by bearing supports 96 and 97,

B6373 As mentioned above, artificial heart 70 wilizes four wurbine pump
stages arranged in two serjes coupled pairs. It will be equally well appreciated
that each of the four pump stages operative within turbine receptacles 120, 130,
135 apd 140 inclodes a drive colf supported within housing 171 and a rotating
rotor formed by the combination of a tarbine and 8 magnetic rotor. The resulting

combinations are offen reforred 1o it the ant as “frameless serva motors”,
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Howsver, it will be apparent to those skilled in the art that other motor drive
structures may be used to rotate the turbines without departing from the spirit and
scope of the present invention. In accordance with an important aspect of the
present invention, it will be noted that each of the four pump stages may be
independently operated and controtied as to speed and output. It will be further
apparent to those skilled in the art that the use of pump stages in pairs provides a
redundant pump stage arrangement that allows either pump stage to continue to

provide blood flow despite a failure of vither pump stage.

{0381 In operation, the four pump stages of artificial heart 70 are driven in
a.manner described below by drive and control apparatus shown i Figure 8.
Accoidingly, appropriate elecirical signals are applied to drive coils 150, 151,
152 and 153 to indnee rotation of magnetic rotors 160, 161, 162 and 163 which
produces rotation of the rotatably supporied turbines 118, 112, 111 and 113 along
with their respective magnetic rotors 164, 161, 162 and 163. As is described
below in greater detail, it will be noted that the rotations of turbines [ and 111
produce a straight through curved flow path in the direction indicated by arrow
115 between input 76 and output 77, This straight through curved How path is
enhanced by the venturi conpling between turbing receptacles 120 and 130
provided by nartowing portion 121, venturi portion 122 and expanding portion
131 of curved coupling passage 86. The purpose of the venturi coupling is to
increase the flow velocity between the pump turbines and further enhance the
blood How between input 76 and output 77. As a reésult-of the straight-through

blood flow thus prodeced, areas of stagnation and blood pooling are avoided,

{(6039] in a similar fashion and for similar reasons, the blood flow from
gt 74 1o output 73 between turbine receptacles 135 and 140 is similarly
enhanced by the venturi coupling therebetween provided by narrowing portion
136, venturi portion 137 and expanding portion 141 of coupling passage 83,
Onew again, a direct flow- through blood flow path between Input 74 and output

75 isprovided. This flow path in the divection indicated by arrow 116 14s
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enhanced by the increased flow veloeity created by the venturi coupling and

avoids stagnation and blaod pooling.

LS Figure 7 sets forth a perspective view of artificial heart 70 showing
appropriate connections to the vecipient’s circulatory svstem. The blood flow
connections are provided by medically approved tube elements and couplers.

Artificial heart 70 inclodes a housing 71

{8641} As described above and shown in Figure 7, artificial heart 70 is
shown having housing 71 removed to better show the interior components of
artificial heart 70. Artificial heart 70 provides an input turbine recepiacle 120 and
an output turbine receptacle 130, Artificial heart 70 further includes an input
turbine receptacle 135 and an output turbing receptacie 1440, lnput turbine
receptacie 133 iscoupled to quiput turhine receptacle 140 by a coupling passage
85, Coupling passage 85 includes a narrowing portion 136, a venturl portion 137
and an expanding portion 141, Similarly, as is better seen in figure & artificial
heart 70 further includes & coupling passage 86 formed of a narrowing version
121, a venturi portion 122 and an expanding portion 1210 Input turbine receptacle
supports an input'end cap 72 which in turn supporls input connector 76, Ouiput
turbine receptacle supports an end cap 73 which in turn supports an output
connector 77. Input turbine receptacie 133 sapports an input end cap 68 which, in
turn, supports and input conpector 74, An output turbine receptacle 140 sopports
an cutput end cap 69 which, in turn, supports an output connector 75, Gutput end
cap 73 Yurther supporis a pair of pressure sensors 190 and 191 similarly, output

end caps 69 supports a pair of pressure sensors 192 and 193,

130421 input connector 74 of pumyps 70 is coupled to a split coupler 180
which in furn is coupled to the recipient’s superior vena cava by a tubg 18] and is
further coupled to the recipient’s Wnferior vena cava by a tube 182, Similarly,
output 75 is coupled to a split conpler 185 which is coupled to the recipient’s
pulmonary arteries by a pair of tubes 186 and 187, In addition, input 76 is

coupled to a split coupler 170 which is coupled to the reciplent’s pulmonary veins
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by pair of tubes 171 and 172, Finally, output connector 77 is conpled to a tube
176 by a coupler 175. Tube 176 is coupled to the recipient’s aorta. Quipat
connector 77 further supports a pair of cutput transducers 190 and 191 while
output 75 suppotts 2 pair of sutput transducers 192 and 193, Transducers 190,
191, 192 and 193 are coupled to the artificial heart contreller in the manner set

forth below i Figure 8.

{0843] In operation, as artificial heart 70 is operated, blood is drawn
through input connector 74 into pump 70 front the patient’s superior and inferior
vena cava through tubes 181 and 182 in the direction indicated by arrow S8, This
blood is pumped through coupling passage 85 In the direction indicated by arrow
51 and is further pumped in the direction indicated by arrow 52 outwardly
through output connector 75 and thercafler passes through split connector 185
and tubes 186 and 187 to the recipient’s lungs. The blood flows through the
patient’s fungsand returns to artificial heart 70 through tubes 171 and 172 and
split coupler 170 in the direction indicated by arrow 33 through input 76. Blood
is then pumped through coupling passage 86 in the direction indicated by arrow
54 and is firther pumped passing outwardly through output 77 and coupler 175 in
the direction indicated by arrow 33 to be carried by tube 176 to the recipient’s

aorta for distribution throughout the recipient’s circalatory system.

{6044 Seusors 190 and 191 montitor the output pressare at output 77.
Stmijarly, transducers 192 and 193 monitor the cutput pressure at output 73, In
response 1o variations of sensed pressure at either of outputs 75 or 77, the system
controller (scen in Figure 8} is able to adjust the operating turbine segments of
the artificial heart to compensate for any failures within the guartet of turbines.
In addition, it will be apparent to those skilled o the art that the drive signals
applied to drive the turbine pamps may also be modulated or varied to provide a
pulsitile output pressure from either or both of outputs 75 and 77, This pulsitile
character imparts a more natural blood flow patiern for the recipient and may

prove to be advantageous to the recipient.
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[B045] Figure 8 sets forth a block diagram of the present invention artificial
heart In a typical swrrounding environment. In the situation represented in Figure
8, artificial heart 70 has been implanted within a host patient’s body and is
operatively coupled in the manner set forth above in Figure 7 to the host patient’s
circulatory system. Figure § further shows a microcontroller unit 140 also
implanted within the host patient’s body. Microcontroller unit 140 is formed of a
pair of fully redundant micre controllers 141 and 142, The redundancy of micro
controllers 141 and 142, each able to fully support the operation of artificial heant
70 provides a flrther measure of reliability. Microcontrofler unit 140 further
includes conventional apparatas (not shown) for communicating to the exterior of
the host patient’s body in order to provide alarm condition information or other
required maiatenance of monitoring information to an external unit (ot shown),
As deseribed above, artificial heart 70 includes a plurality of sensors 136, 131,
132 and 133 situated at the respective inputs and cutputs of antificial heart 70.
Sensors 130 through 133 are coupled to redundant microcontrollers 141 and 142,
Microcontrolier 142 further includes additional sensors supported within artificial
heart 70 for monitoring the performance of the servo drive apparatus therein, A
pair of battery units 150 and 160 ave also implanted within the host patient.
Battery unit 150 includes a secondary charging coil 151 coupled to a rectifier 152
which in turk 15 coupled to a battery 153, Battery unit 159 is coupled to
microcontroller 141, Similarly, battery unit 160 includes a charging coil 161
coupled to a rectifier 162 which i turs is coupled 1o a hattery 163, By way of
further stmilarity, battery unit 160 is operatively coupled to microcantrolier 142
Thus, microcontroller unit 140, artificial heart 70 and hattery units 130 and 160
together with appropriate wire connections therebetween are implanted within a
host patient body, For purpose of llustration, Figure 8 shows body segments 118
and 119 which represent the skin and associated tissues of the host patient body
beneath which battery units 150 and 160 are implanted. Preferably units {50 and
160 are implanted near the host patient’s mid section and preferably sitvated just

beneath the patient’s skin.
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{0046] A charging belt 138 saitably configured to be worn by the host
patient such as at or near the patient’s waist supports a pair of charging units 155
and 156, Charging units 155 and 165 include respective primary charging cotls
136 and 166, Coils 156 and 166 are coupled 10 source of alternating current
power such as a conventional electrical outlet 145 via a conventional coupling

adapter 146,

{8647} in operation, micro controlier 141 and 147 monitor the plurality of
sensors within artificial beart 70 and provide suitable operating power and control
to the servo drives supported therein {seen in Figure 5). Microcontrollers 141

and 142 utilize batteries 153 and 163 for operative battery supply and for power
to energize the servo drive apparatus within astificial heart 70. The operative
power stored within batteries 153 and 163 is provided by inductive charging
utilizing charging units 155 and 165, Thus, during convenient periods, the host
patient utilizes charging belt 158 by coupling to power source 145 while wearing
belt 158 suchithat primary charging coils 156 and 166 are positioned on the
outside of body portions 118 and 119 respectively such that general alignment is
obtained between primary charging coils 156 and 166 and secondary coils 151
and 161 respectively, Electrical power is then inductively coupled through body
portions 118 and 119 1o induce alternating current power within secondary coils
151 and 161, Rectififers 152 and 162 convert the alternating current induced in
coils 151 and 161 to a direct current power suitable for charging batteries 153 and
163, In this manner, the user is able to replenish the battery energy as requived

by simply wearing charging beft 138 for a suitable time interval,

{H848] Micro controller unit 1490 functions using a pair of fully-redundant
fully-interconnected micio controliers, each having the complete capability to
control and run the entire artificial heart system and it’s monitoring and charging
functions. Thus, micvo controllers 141 and 1472 orovide mputs for two batteries,,
inputs for multiple pressure and Hall effect servo sensors and systenis capable of
manttoring multiple battery charge levels and switch between batteries. The

redundancy of micro controllers 141 and 142 ncludes configuration of the



WO 2018/132181 PCT/US2017/062877
18

system such that sach micro controller “sees™ all its own inputs and also ¥sees™
all inputs {0 the ather micro controller. This redundancy includes each micro
controller being capable of making compensating performance adjustments to
maintain envelope system performance. However, to avoid “hunting™ between
the redundant micro controllers, it is preferred that small pressure variations of

gach pump be allowed before adjustment is made.

{0049} Micro controller unit 140 further includes communication
capability, such as a wireless unit, to call, or text remote locations to indicate
system anowalies, {atlures; operating conditions, battery charge levels and other
conditions. In addition, micro controller unit 140 provides the capability to adjust
each of micro controllers 141 and 142 hased on pressure read ings and to set and

maintain preset maximum and minimum pressure envelopes.

{0056} Micro controller unit 148 also provides the ability of replicating the
pulsitile operation characteristic of a normal buman heart by introducing pre-
programmed increases and decreases of pump speed to create pressure surges

and nlis.

U Figure § sets forth a bleck diagram of the present invention arlificial
heart in a typical surrounding snvironment. In the situation represented in Figure
8, artificial heart 70 has been implanted within a bost patient’s body and is
operatively coupled in the manner set forth above in Figure 7 to the host patient’s
implanted within the bost patient™s body. Microcontroller unit 148 is formed of a
pair of fully redundant micro controllers 141 and 142, The redundancy of micro
controliers 141 and 142, each able to fully support the operation of artificial heant
10 provides a further measure of reliability. Microcontrolier unit 140 further
includes conventional apparatus {not shown} for communicating to the exgerior of
the host patient™s body in order to provide alarm condition information or other
required maintenance of monitoring information to an external anit (not shown).

As described above, artificial heart 70 includes a plurality of sensors 190, 191,
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192 and 193(better seen in Figure 3) situated at the respective inputs and ottputs
of artificial heart 70. Sensors 190 through 193 are coupled o redundant
microcontrollers 141 and 142, Microcontroller 142 further includes additional
sensors supported within artificial heart 70 for monitoring the performance of the
servo drive apparatus therein. A pair of battery units 150 and 160 are also
tplanted within the host patient. Battery unit 130 includes a secondary charging
coil 151 coupled to a rectifier 152 which in tyrn is coupled to a battery 153,
Battery unit 130 is coupled to microcontroller 141, Similarly, hattery unit 160
includes a charging coll 161 coupled 10 8 rectifier 162 which in tum is coupled to
a battery 163, By way of further similarity, battery unit 160 is operatively
coupled to microcontroller 142, Thus, microcontroller unit 140, artificial heart
70 and battery units 150 and 160 together with appropriate wire connections
therebetween are implanted within a bost patient body. For purpose of
itlustration, Figure 8 shows body segments 118 and 119 which represent the skin
and associated fissues of the host patient body beneath which battery units 158
and 160 are implagted. Preferably units 150 and 160 arc implanted near the host

patient’s mid scotion and preferably situated just beneath the patient’s skin.

{8052} A charging belt 158 suitably configured to be worn by the host
patignt such as at or near the patient’s waist.supports & pair of charging units 155
and 136. Charging units 155 and 163 include respective primary charging coils
136 and 166, Coils 156 and 166 are coupled to source of altemating current
power such as a conventional electrical outlet 143 via a conventional coupling

adapter 146,

{0853] In operation, icre controflers 141 and 142 ronitor the plurality of
sensors within antificial heart 70 and provide suitable operating power and control
to the servo drives suppurted therein, Microcontrollers 141 and 142 utilize
batteries 153 and 163 for operative battery supply and for power to energize the
servo drive apparatus within artificial heart 76, The operative power stored
within batteries 153 and 163 is provided by inductive charging wiilizing charging

units 155 and 165, Thus, during convenient periods, the host patient utilizes
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charging belt 158 by coupling to power source 143 while wearing belt 158 such
that primary charging coils 156 and 166 are positioned on the outside of body
portions 118 and 119 respectively such that general alignment is obtained
between primary charging colls 156 and 166 and secondary coils 151 and 161
respectively. Electrical power is then inductively coupled through body portions
118 and 119 to induce alternating current power within secondary coils 151 and
161. Rectitiers 152 and 162 convert the alternating current induced in coils 151
and 161 to a divect current power suitable for charging batteries 1353 and 163, In
this manuer, the user is able to replenish the baitery energy as required by simply

wearing charging belt 158 for a suitable time interval,

{0054] Microcontroller unit 140 functions using a pair of fully-redundant
fully-interconnected microcontrollers, each having the complete capability to
coutrol and run the entive antificial heart syster and it's monitoring and charging
functions. Thus, nyicrocontroliers 141 and 142 provide inputs for two batteries,,
inputs for waltiple pressure and Hall effect servo sensors and systemis capable of
moenitoring multiple battery charge levels and switch between batteries. The
redundancy of micro controliers 14§ and 142 includes configuration of the
system such that each microcontroller “sces™ all its own inputs and also “sees™ all
inpuis to the other microcontrolier. This redundancy includes sach
microcomroller being capable of making compensating performance adjustments
to maintain envelope system performance. However, to avoid “hunting” hetween
the redundant microcontrollers, it is preferved that small pressure variations of

each pump be allowed before adiustment is made.
o

0855] © Microcontroller unit 140 further includes communication
capability, such asa wireless unit; to call, or text remote locations o indicate
system anomalies, failures, operating conditions, battery charge levels and other
conditions, in addition, microcontrolier unit 140 provides the capability to adiust
cach of microcontrollers 141 and 142 based on pressure readings and to set and
maintain preset maximum and minimem pressure envelopes. Microconiroller anit

140 also provides the ability of replicating the pulsitile operation characteristic of
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a normal human heart by introducing pre-programmed increases and decreases

of pump speed to create pressure surges and fulls,

{6956} Figure 9 sets forth & top view of a still further alternate embodiment
of the present invention redundant-impeller artificial heart generally referenced
by numeral 210. By way of overview, it will be apparent that the alternate
ermbodiment shown in Figures 9 and 10 is identical in function and operation to
the above described embodiments in that a pair of series coupled (wish respect to
bloed flow) turbine pumps are operative to draw bloed into an input connector,
flow blood through a coupling pussage, that preferably inclades a venturi portion,
and thereafler discharge the blood flow through and output connector.
Structurally, redundant-impeller artificial heart 210 differs from the above
deseribed embodiments in that the turbine pumps ars coupled by a generatly V-
shaped coupling passage, such as coupling passage 240 (seen in Figure 10), and
that angled connectors, such as connectors 211 and 215 (seen int Figure 19),

replace the straight connectors.

{B83T) More specifically, redundant-impeller artificial heart 210 includes a
housing 310 supporting input connectors 211 and 311 together with output
conhectors 215 and 3135, Housing 310 further defines a common surface 67
through which connectors 211, 215, 311 and 315 preferably emerge at

approximately right angles to common surface 67.

8638} Figure 10 sets forth a section view of artificial heast 210 taken along
ssetion lines 10-18 in Figore 9. {t will be apparent to those skilled in the art that
Figure 10 sets forth a section view of the redundant turbine paiv and coupling
passage extending between input connector 211 and putput conmector 215, It will
be understood that, with temporary reference back to Figure 9, artificial heart 210
further includes a second blood Sow channel having a second pair of redundant
turbine pumps and a second coupling passage thercbetween. It will be further
apparent that the coupling channel betwesn input convector 311 and output

connector 315 is identical to the coupling channel between Input conncetor 211
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and output connector 2135 set forth in section view in Figure 10, Accordingly, 1t
will be further understood that the descriptions and figure set forth in respect of
Figure 10 are equally Hlostrative of and descriptive of the identical blood flow

channe} extending between input connector 311 and output connector 313,

10039] Artificial heart 210 includes an input connector 211 defining an
Input conpector axis 212 and an ostput connecter 215 defining an output
connector axis 216, Connectors 211 and 215 preferably define respective right
angles 245 and 246 with respect to common surface 67, Artificial heart 210
includes a turhine 220 rotatably supported within a turbine receptacle 225.
Turbine 220 is rotatably supported within turbing receptacle 225 and is rotatable
about a turbine center axis 226. A magnetic rotor 221 is supported upon turbine
220 and is rotatable therewith. A drive coil assembly 222 is supported upon
turbine receptacie 225 and provides electromagnetic energy which causes turbine
222 o rotate and provide the above described blood pumping action. The
strycture and operation of turbine 220 is identical fo the structure and operation of

turbine 255 set forth above i Figure 12,
o)

{6068 Artificial heart 210 further includes a torbine 230 rotatably
supported within turbine receptacie 23§ and rotatable about a turbine axis 236.
Turbine 230 further includes & magnetic rotor 231 rotatable with turbine 230. A
drive coil assembly 232 encircles turbine receptacle 235 and provides
cleciromagnetic energy which rotates turbine 230. As mentioned above with
respect to tusbioe 220, it will be understood that turbine 230 together with its
support structure and drive coll assembly are substantially identical to the above

described turbine pumps, such as turbine pump 10 shown in Figure 5.

(8861} Artificial heart 210 further includes a generally V-shaped coupling
passage 240 which couples blood flow from the output of turbine 220 the input of
turbine 230, Coupling passage 240 includes a narrowing portion 241 followed by
a venturi portion 242 and an expanding portion 233, Venturi portion 242

performs the same increase of blood flow rate descyibed above 1o avoid
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stagmation and blood clotting problems. To accommodate the substantially
perpendicular angular relationship between input connector 211 and common
surface 67, the interior end of input connector 211 defines an angle 217.

Simitarly, and for the same reason, output connecior 215 includes an angle 218 at
its interior end. Turbine axes 226 and 236 define a relative angle 247
therebetween which, in the preferred fabrication of artifivial heart 210, is a right
angle. However, it wili be apparent to those skilled inthe art, that the sugular
velationship between the respective axes of turbines 220 and 230 may define
different angles without departing from the spirit and scope of the present

invention.

{0862] In opeeation, blood flows inwardly through input connector 211
through turbine 220 in the direction indicated by arvow 238, Thereafier, blood
flows through venturl portion 242 of coupling passage 240 in the direction
indicated by arrow 239. Blood then flows through turbine 230 outwardly, in the

direction indicated by arrow 248, through output connector 218,
ol

{0863} What has been shown 1s a redundant-impelier artificial heart which
provides an implantable housing supporting a redundant set of series coupled
servo driven turbine impelier pump portions to provide blood cireulation within a
host patient, Extreme reliability is provided by substantial redundancy beginning
with redundant turbine pump segments whick are operated under the control of
redundant microcontrollers. Each microcontroller is independently powered and
driven by a battery unit and s configured to maintain operation in the event of
fatlure within a servo drive or battery unit. Further redundancy is provided in
that each microcontroller is configured to assume operation and controd of the
artificial heart should a microcontroller fail. In this manner, maximum
redundancy provides corresponding maximum reliabifity for the igventive
artificial hearl apparatus. The series coupled turbine pump segments are coupled
by curved venturi coupling passages 1o facilitate supporting all Input and output
connections to and from the artificial heart to be supported on a conymon surface

for easier implant.
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{0864} While particular embodiments of the invention have been shown
and deseribed, it will be obvisus o thoss skilled in the art that changes and
modifications may be made without departing from the invention in its broader
aspects. Therefore, the aim in the appended clainss 1s to cover all such changes

and modifications as fall within the true spirit and scope of the mvention.
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THAT WHICH IS CLAIMED IS:

. An ariificial heart comprising:

a housing having a first input connector, a frst output connector, a
second input connector and a second output connector;

a first turbine pump, having a first pump input coupled to said first
input connector, and having a first pump output, said first turbine pump operative:
to flow blood from said first input connector to said first output connector;

a second turbine pump, having a second pump input, and having a
second pump output coupled to said {ivst output connectot, said second turbine
pump operative 16 flow blood from said fvst input connector to sald first output
connEcton:

a third turbine pump. having a third pumyp input coupled to said
second input connector, and having a third pumyp output, said third turbine pump
operative to flow blood from said second input connector ta said second output
connEctor;

a fourth turbine pump, having s fourth pamp input, and having a
fourth purop cutpit coupled to said second output connector, said fourth turbine
pump operative to flow blood from said second input connector to said second
output connector;

a first curved blood flow passage coupling said first pump output
to said second pump put; and

a second carved blood flow passage coupling said third pump

cutput to saud fourth pump input,

2. The artificial beart set-forth i claim | wherein said fivst and said

second turbine pumps ave coupled by said first curved blood flow in series blood
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flow and said third and said fourth turbine pumps are coupled by said second

curved blood flow passage In series blood flow.

3. The artificial heart set forth in claim 2 wherein said housing definesa
plurality of turbine recepticles and wherein said first, sécond, third and fourth
turbine pumps cach include:

a respective turbine receptacle.

a turbine rotatably supported within said turbine receptacle,

a magnetic rotor baving a metal evlinder rotatable with said
magnetic rotorand supported by said turbine, and

a drive coil supported within said housing and encireling said

turbine receptacle and sdid turbine and said magnetic rotor

4. The artificial heart set forth in claim 3 wherein said turbines each
inchude:
a turbine shall having bearings at opposed ends thereof; and
a helical turbine blade supported upon and extending from said

turbine shaft delining an outer edge.

5. The artificial heart set forth in claim § wherein said magnetic rotors are
cylindrical and each define a respective interior surface and whersin cach said
cuter edges of said each of said turbine blades receives said respective interior

surface to join said magnetic rotor to said turbine blade,

6. An artificial heart comprising:

a housing having a common surface, a first fnput connector upon
sald compuon surtace, a fivst input turbine receptacie, a first output turbine
receptacle, a fitst output connector uptn said common surface, and a first curved
coupling passage between said first input turbine receptacle and said first ontput

turbing receptacie, said housing further having & second input connector upon
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said comumon surface, a second input turbine recepiacie, a second output turbine
receptacle, a second output connector upon said common surface, and 4 second
curved coupling passage between said seeond input turbine recepiacle and said

second output turbine receptacle;

a first turbine pump, defining a first turbine axis, supported within
said first input turbine receptacle, said first turbine pump operative to flow blood
from said first input connector through said first curved coupling passige and

through said first cutput connector;

a second turbine pump, defining a second turbine axis, supporied
within said second output turbine receptacle said sscond turbine pump operative
to flow blood from said first input cormector through said first curved coupling

passage and through said first output connector;

a third turbine pump, defining a third turbine axis, supported
within sald sscond input turbine receptacle, said third turhioe pump operative o
flow blood from said second input connector through said second curved

coupling passage and through said second output connector; and

a fourth turhine pump, defining a fourth turbine axis, supported
within said second output turbine receptacle, said fourth turbine pump operative
to flow blood from said second input connector through said second curved

coupling passage and through said second output connector,

7. The artificial heart set forth in claim 6 wherein said first, second, third
and fourth turbine pumps supported within a respective turbine receptacle each
include:

a turbine rotatably supported within its respective turbine

receptacle:
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a magnetic rotor rotatable with and supported by said turbine and
a drive coil supported within said housing and encircling said

respective turbine receptacle and said turbine and said magnetic rotor.

8. Theartificial heart set forth inclaim 7 whergin said turbines each
include:
a turbine shaft baving bearings at opposed ends thereof’ and
a helical turbine blade supported upon and extending from said

turbine shaft defining an outer edge.

9. The artificial heart set forth in claim § wherein said magnetic rotors are
each cylindrical and define a respective interior surface and wherein cach said
outer edge of said each turbine blade receives said respective interior surface to

1oin said magnetic rotor to said turbine blade,

10, An artificial heart comprising:

a housing having a common surface, first and second input
confreciors extending from saild common comnector surface, first and second input
turbine receptacles, first and second output turbing receptacles, first and second
output connectors extending from said common surface, and a fivst coupling
passage between said first input turbine receptacie and sald first output turhine
receptacle, said housing further having & second coupling passage between said

second jnput turbine receptacle and said second cutput turbing receptacle;

a first turbine pump, detining a first turbine axis, supported within
said first input turbine receptacie, said first turbine pump operative to flow blood
from said first input connector through sald first coupling passage and through

said first output connector;
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a second turbine pump. defining a second turbine axis, supported
within said second outpit furbine receptacle said second turhine pump operative
to flow blood from said frst input connector theough said first coupling passage

and through said first output connector;

a third turbine pump, defining a thind turbine axis, supported
within said second input turbine receptacie, said thivd turbine pump operative to
flow binod from said second inpat connector throngh said second coupling

assage and through saild second output connector: and
] g P :

a fourth turbine pumnp, defining a fourth turbine axis, supported
within said second output turbine reteptacle, said fourth turbine pump operative
to flow blood from said seeond input connector through said second coupling

passage and through said second output connector.

11. The artificial heart set forth in clainy 10 wherein said first, second,
third and fourth furbine ponps supported within a respective turbine receptacle
each include:

a turbing rotatably supported within s respective turbine
receptacle:

a magnetic rotor rotatable with and supported by said turbine and

a drive coil supported within said housing and encireling said

respective turbine receptacle and said turbine and sald magnetic rator,

12. The artificial heart set forth in claim 11 wherein said turbines each
inclode:

a turbine shaft having beatings at opposed ends thersof; and
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a helical turbine blade supported upon and extending from said

turbine shafl defining an ounter edge.

13. The artificial heart set forth in claim 12 wherein said magnetic rofors
are each cylindricat and define a respective interior surface and wherein each said
onter edge of said each hirbine blade receives said respective interior surface to

join said magnetic rotor to said turbine blade.

14, The artificial heart set forth in claim 10 whergin said first and second
turbing axes define a ninety degree angle therebetween and said third and fourth

turbine axes define a ninety degree angle therebetween.

15. The artificial heart ser'forh i olaiin 10 wherein said first and second
goupling passages are V-shaped.

16, The artificial heart set forth in ¢laim 10 wherein said first and second

coupling passages are Li-shaped.

17. The artificial Heartset Torth m claing 10 wherein said first and second

coupling passages are curved.
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