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BLOOD PUMP CONTROL SYSTEM 
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Newton, and Sotiris S. Kitrilakis, Newtonville, Mass, 
assignors to Thermo Electron Corporation, Waltham, 
Mass, a corporation of Delaware 

Filed Feb. 6, 1969, Ser. No. 797,183 
Int. Cl. A6193 1/24; F0411 17/00 

US. Cl. 3--1 8 Claims 

ABSTRACT OF THE DISCLOSURE 

An implantable control system for an implanted blood 
pump connected between ventricle and aorta to supple 
ment the natural heart, comprising means responsive to 
ventricular pressure for supplying pumping ?uid under 
pressure to the blood pump at the end of the natural 
systole to force blood into the aorta, and means respon 
sive to the volume of ‘blood ejected into the pump by 
the ventricle during each systolic contraction to control 
the amount of pumping ?uid supplied to the pump. 

Our invention relates to prosthetic devices, and par 
ticularly to a novel blood pump control system for a 
heart assist blood pump. 

Various devices have been proposed and developed 
for supplementing the function of a damaged or diseased 
heart. A most promising approach is the use of an im 
planted left ventricle assist pump connected in series be 
tween the left ventricle and the aorta of the host. One 
such pump that has been developed comprises a bladder, 
for receiving blood from the ventricle, within a hous 
ing adapted to receive pumping ?uid. A pair of check 
valves are located, one at the intake and one at the 
outlet of the bladder, and the pumping action of the 
ventricle may be supplemented by appropriately con 
trolling the pressure of the pumping ?uid admitted to the 
housing. 

Highly developed surgical techniques make the im 
plantation of a left ventricle assist pump a practical pro 
cedure in many instances. The problem, however, is 
to exercise the appropriate control over the pumping ?uid 
without interfering with the delicate physiological bal 
ance and rhythm of the natural circulatory system. 
The natural system senses the blood pumping rate 

needed at any time in dependence on the demands on 
the host. Both the timing of the natural systole and di 
astole, and the volume of blood moved by the ventricle 
during its systolic contraction, are variables in the nat 
ural circulatory process. 

It has been proposed to actuate a left ventricle assist 
pump of the type described by transcut-aneous pneu 
matic connections to an external air supply under the _ 
control of electrical signals produced by electrodes ex 
ternally connected to the host. Those signals are the 
physiological motor signals used in controlling the 
natural circulatory system. However, while that approach 
is direct and workable, such a system obviously greatly 
restricts the potential mobility of the host. It would 
be highly desirable to be able to implant the total cir 
culatory assist system in the ‘body, so that the patient 
could potentially regain full mobility and maintain an 
adequate circulatory function for a period of years with 
out additional surgical procedures. It is the object of our 
invention to facilitate the control of an implanted heart 
assist pump with a totally implanted control system. 

Brie?y, the above and other objects of our invention 
are attained by a novel blood pump control system com 
prising a variable volume pump for delivering hydraulic 
fluid to the pumping chamber of a heart assist pump, 
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with the use of energy supplied from a power supply in 
the form of hydraulic ?uid under pressure. The blood 
pump control system returns the hydraulic ?uid to the 
power supply at lower pressure in a closed pumping cycle. 
As the ‘bladder of the blood pump is ?lled during the 
systolic phase of the ventricle, a portion of a ?xed volume 
intermediate charge of hydraulic ?uid in the blood pump 
is returned to the variable volume hydraulic pump under 
the relatively low ventricular pressure. Towards the end 
of this natural systole, ventricular pressure drops. Means 
are provided for sensing that pressure drop to drive the 
portion of the ?xed charge of hydraulic ?uid taken into 
the variable volume hydraulic pump back into the blood 
pump to express the blood into the aorta under a pres 
sure lower than, but proportional to, that in the pressure 
supply line. When the volume of the hydraulic ?uid de 
livered to the ‘blood pump equals the volume of blood 
supplied to the ventricle, a volume sensing device func 
tions to disconnect the high pressure ?uid and discharge 
it to the low pressure line, whereupon the system awaits 
the next natural systole. By that arrangement, the assist 
system functions, both in volume delivered and in stroke 
timing, as directed by the natural circulatory system. 
The apparatus of our invention, and its mode of oper 

ation, will best be understood in light of the following 
detailed description, together with the accompanying 
drawings, of a preferred embodiment thereof. 

In the drawings: 
FIG. 1 is a schematic elevational view, with parts 

shown in cross-section and parts broken away, of a blood 
pump control system in accordance with our invention 
shown connected to a left ventricle assist pump; 
FIG. 2 is a schematic cross-sectional view, taken sub~ 

stantially along the lines 2-—2 in FIG. 1, showing a 
typical cross-section through the blood pump; 

FIG. 3 is a schematic piping diagram showing the 
relationship between the blood pump control unit of our 
invention, the blood pump, and the blood pump power 
supply; and 

FIGS. 4, 5, 6, and 7 are a series of schematic diagrams 
of the apparatus of FIG. 1, illustrating the positions of 
the parts in various typical points in a cycle of operation. 

Referring to FIG. 1, the blood pump control unit of 
our invention is generally designated 1. The control unit 
1 comprises a housing generally designated 3, of metal 
such as stainless steel or the like, devided and connected 
together in any convenient way, not shown, to facilitate 
assembly, and including the moving parts and passages 
which together function to control the supply of pump 
ing energy to the blood pump. 
The blood pump is generally designated 5, and is inter 

connected with the blood pump control unit by a ?exible 
tube 7 of any suitable conventional synthetic resin or the 
like. The exterior surfaces of all parts to be described 
may be partly coated with substance that promotes tissue 
ingrowth as with Dacron cloth or velour or the like in 
a manner known in the art per se. 
The blood pump 5 comprises an outer housing 9 of 

aluminum or the like, covered as just described and pro 
vided with an outlet passage 11 adapted to be grafted to 
the aorta of the ‘host by a suitable conventional graft 
connection 13. An inlet passage '15 is adapted to be se 
cured to the left ventricle by means of a suture ring 17. 
The pump is provided with an inlet check valve 19 and an 
outlet check valve 21 adapted to function in a conven 
tional manner to control the ?ow of blood to and from 
the pump in a conventional manner known in the art. 

Within the housing 9 is a thin ?exible bladder 23, 
preferably of polyurethane having a wall thickness on the 
order of magnitude of 0.03 inch. That material is de 
sirable because it is highly durable, ?exible, and chemi 
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cally inert in the environment in which it will be used, 
and it can be made relatively thin while retaining a safe 
margin of strength. It is desirably thin, because, as will 
appear, it ‘is preferably used as a heat exchange surface 
to exchange heat between the hydraulic ?uid from the 
control unit 1 and the blood stream. Preferably, the in 
terior surface 25 of the bladder 23 is coated to promote 
tissue ingrowth to form an outologous pseudo 
endothelium surface. , 

The ‘?exible hydraulic connecting tube 7 is connected 
between a suitable outlet ?tting 27 formed in the housing 
9 and a corresponding ?tting 29 on the blood pump con 
trol unit 1. The ?tting 29 is formed at ‘the outlet of a 
cylinder 31 in which an expansible chamber 32 is formed 
by a piston 33 connected to the end wall of the cylinder 
31 by means of an expansible metal or rubber bellows 
or diaphragm 34. 

Extending upwardly from and formed integrally with 
the piston 33 is a smaller piston 35 slidable in a cylinder 
37. The ratio of the areas of the pistons 35 and 33 is such 
that high pressure ?uid, at approximately 80 p.s.i.a., sup 
plied to the pump control unit in a manner to appear, will 
be converted to approximately 18 p.s.i.a. in the expansible 
chamber 32 to simulate the systolic pressure that would 
be produced in the circulatory system by a normally 
functioning heart. 

Filling the expansible chamber 32, the connecting line 
7, and the space between the housing 9 and the dia 
phragm 23 of the blood pump 5 is a ?xed volume charge 
of intermediate energy exchange ?uid. This ?uid is pref 
erably an isotonic aqueous saline solution, to minimize 
shock in the event of any leakage into the bloodstream. 
The constant volume of this ?uid charge is proportioned 
and exchanged between the blood pump and the blood 
pump control unit in a manner to be described. 
High pressure hydraulic ?uid is supplied to the blood 

pump control unit 1 through a ?exible line 39, and lower 
pressure exhaust ?uid at approximately 15 p.s.i.a_ is re 
turned to the fluid pressure source through a ?exible 
line 41. The high pressure line 39 is connected to the ' 
unit 1 by a means of a suitable ?tting shown at 43, and 
the low pressure line is connected to a suitable ?tting 45 
formed in the housing 3. 
A composite spool valve generally designated 47 is 

slideably mounted in a cylindrical bore 49, for movement 
between the position shown and a position in which the 
lower end of the spool valve 47 engages a stop ledge 51. 
The top of the spool valve 47 communicates with the 
piston 35 through a conduit 53, diverging into two pas~ 
sages 54 and 55 for purposes to be described. 

In the upper position of the spool valve shown, the 
high pressure line 39 communicates with the upper por 
tion of the piston 35 through a passage 56, the channel 
around a reduced portion 57 formed on the spool valve 
47, and a passage 59. At the same time, the line 39 is in 
communication with a passage 61, the latter being closed 
by the lower portion of the piston 35 in the position 
shown in FIG. 1. 

In the position shown in FIG. 1, the space above the 
spool valve 47 is in communication with the exhaust line 
41 over the passage 53, the passage 54, a reduced portion 
63 formed on the piston 35, a passage 65, and a restricted 
ori?ce 67 in parallel with a spring loaded relief valve 69. 
The bottom portion _of the spool valve 47 is in con 

tinuous communication with the exhaust line 41 over a 
passage 71. The space in the cylinder 31 around the 
expansible chamber formed by the bellows 34 and the 
piston 33 communicates with the exhaust line 41 over 
a passage 73. 

In the lower position of the spool valve 47, to be 
described in more detail in connection with FIGS. 6 and 
7, the upper portion of the piston 35 communicates with 
the exhaust line ‘411 through a passage 75, a reduced por 
tion 77 formed on the spool valve 47, a passage 79, and 

- through the restricted ori?ce 67 in parallel with the re 
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lief valve 69. The spool valve 67 is resiliently urged to 
the position shown in FIG. 1 by a spring 81. 

Preferably, the pumping ?uid in the cylinder 31 and 
surrounding the sealed expansible chamber formed by 
the piston 33 and the bellows 34, the high pressure ?uid 
in the line 39, and the low pressure ?uid in the line 41, 
are all a part of the same closed system of hydraulic 
?uid that is preferably water. Moving parts such as the 
spool valve 47 and the piston 35 are preferably provided 
with graphite bearings, not shown, and some leakage is 
permitted so that the water serves as the lubricant for the 
moving parts. 

Referring to FIG. 3, we have there shown ‘the blood 
pump control unit 1 quite schematically in its relation 
ship with the blood pump 5 and the power supply, gen 
erally designated 101. While within the broader aspects 
of our invention, any suitable power supply may be em 
ployed, it is preferred to use as the power supply that 
apparatus shown and described in more detail in copend 
ing application Ser. No. 797,094, ?led on the same date 
as the present application by Thomas C. Robinson for 
Dual Fluid Circulatory Support System, and assigned to 
the assignee of our application. 
As schematically shown in FIG. 3, the power supply 

181 comprises an expansible low pressure reservoir 103 
connected to the low pressure return line 41. The reser 
voir 103 expands to the volume dictated by the amount 
of ?uid in the low pressure portion of the system at any 
given time. The amount of ?uid in the low pressure reser 
voir will ?uctuate as dictated by the demands upon the 
assist system by the host, and will also be regulated in 
accordance with the demand on the engine to maintain 
system stability, in a manner that will appear below. 
The pressure in the low pressure reservoir 103 is estab 

lished at a predetermined value of, for example, 15 
p.s.i.a., by means of a conduit 105 connected to the out 
put of a sump pump 107 and by the compliance which 
equalizes internal and approximately external pressures. 
The output side of the sump pump 107 is also connected 
through a conduit 109 to the intake of a hydraulic pump 
111 that serves to supply working ?uid over a conduit 
113 to an expansible high pressure reservoir 115. The 
reservoir 115 is maintained at a pressure of, for example, 
80 p.s.i.a. The high pressure reservoir 1115 supplies ?uid 
to the conduit 39 for purposes to be described. A relief 
valve 117 is connected across the hydraulic pump 111 to 
dump ?uid from the high pressure reservoir into the low 
pressure reservoir should the pressure in the high pressure 
reservoir exceed the desired value. 

Fluid from the high pressure reservoir 115 is also 
supplied to a boiler 119 by means of a feed pump .121. 
The output pressure of the feed pump 1211 may be, for 
example, 400 p.s.i.a. Excess pressure at the outlet of the 
feed pump 121 is prevented by a relief valve 123 con 
nected across the pump 121. 
The boiler 119 is supplied with heat by a thermal 

energy storage system, not shown, which is more fully 
described in the above cited copending application of 
Thomas C. Robinson. Basically, this thermal energy stor 
age apparatus preferably comprises a shielded source of 
radioactive energy within a constant temperature bath 
comprising a eutectic mixture of lithium chloride and 
lithium ?uoride which has a melting point of about 930° 
F. The thermal energy storage material supplies heat at 
constant temperature to the boiler 119, to raise the tem 
perature of the working ?uid to about 900° F. at a pres 
sure of approximately 800 p.s.i.a. The high pressure work 
ing ?uid from the boiler is supplied to a steam engine 
schematically shown at 125, preferably of the type shown 
and described in the above cited application of Thomas 
C. Robinson. However, any suitable miniature heat en 
gine can be employed. 

Exhaust ?uid from the engine 125 is supplied over a 
line 127 to a condenser ‘129 located within the high pres 

' sure reservoir 115 to be cooled by the hydraulic ?uid in 
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the high pressure reservoir. Exit liquid from the condenser 
129 is returned to the input of the sump pump 107 at a 
low pressure of, for example, 2.9 p.s.i.a. 
As will appear, the blood pump control unit ‘1 will 

demand more or less high pressure ?uid through the 
line 39, in dependence on the demands of the host for a 
larger blood supply, as when exercising, or a smaller blood 
supply, as when at rest. 
The engine 125 preferably drives a ?ywheel 131, and 

also preferably drives the hydraulic pump 111, the sump 
pump 107 and the feedwater pump 121. The sump pump 
and feedwater pump carry essentially the same ?ow, 
namely that requiredto maintain the operation of the 
engine. The flow rate through the hydraulic pump 111 is 
approximately ?ve thousand times as great as the ?ow 
through those pumps. 
The work done by the hydraulic pump 111 will neces 

sarily depend on the pressure in the high pressure reser 
voir 115, which varies because of varying demands by the 
host, as noted above. The engine 125 is arranged to do a 
constant amount of work per stroke, because the boiler 
temperature and pressure are constant. Thus, the engine 
will adjust its speed to the demand by varying the speed 
of the ?ywheel 131, dividing the energy produced per 
stroke between the ?ywheel and the hydraulic pump 111. 
When the host demands more pumping ?uid, and there 
fore reduces the pressure in the high pressure reservoir 
115, the engine will speed up to increase the speed of 
the pump 111, causing the pressure in the reservoir 115 
to be increased. When the pressure in the reservoir 115 
rises, the larger amount of energy demanded by the 
pump 111 will cause the ?ywheel to slow down, thus 
lowering the pressure in the reservoir 115. The engine 
125 thus acts as a load responsive coupling between the 
heat suply to the boiler 119 and the mechanical energy 
supplied to the blood pump control unit 1 over the line 39. 
So far as the blood-pump control unit 1 is concerned, 

the power supply 101 merely acts as a source of ?uid 
under pressure in the line '39 and a sink of ?uid at lower 
pressure connected to the line 41. A further characteris 
tie that should be noted is that because heat is transferred 
to the hydraulic ?uid in the reservoir 115 by the con 
denser 129, the temperature in the line 39 is above the 
temperature in the return line 41. The difference in heat 
is accounted for by heat transfer in the blood pump, as 
will appear. 

Referring again to FIGS. 1 and 2, the operation of the 
apparatus of our invention will next be described on the 
assumption that high pressure ?uid is available in the 
conduit 39, the low pressure line 41 is connected to the 
power supply of FIG. 3, and the parts have just reached 
the position shown in FIG. 1. 

In that position, the bladder 23 will have been ?lled 
with blood in an amount equal to that supplied by the 
last systolic contraction of the ventricle plus a residual 
amount allowed to prevent contact of the opposite walls 
of the bladder 23, as seen in FIG. 2. The reason for pre 
venting the walls of the bladder from coming into con 
tact is to prevent damage to blood cells that might be 
occasioned thereby. 
With the parts in the position shown in FIG. 1, the 

piston 35 will be in communication with the high pressure 
?uid in the line 39 as described above, and the piston 33 
will be driven down to express ?uid in the expansible 
chamber 32 into the outer chamber of the blood pump 5. 
That will cause contraction of the bladder 23 as shown 
in FIG. 2, the closing of the inlet valve 19, and a open 
ing of the outlet valve 21 to express blood to the aorta. 
In the position shown in FIG. 1, the upper end of the 
spool valve 47 will be in communication with the exhaust 
line 41. Thus, the spool valve will be held in the position 
shown by the spring 81. 
As the piston 35 descends, the next signi?cant event 

will be the closing of the passage 54 by the top part 
of the piston 35, as depicted in FIG. 4. That will occur 
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before the passage 55 is opened. Thus during the portion 
of the piston stroke in which both of the passages 54 and 
55 are closed, the ?uid above the spool valve 47 will be 
trapped and will lock the spool valve in the position 
shown. 

Referring next to FIG. 5, as the piston 35 approaches 
and reaches the bottom of its stroke, the reduced portion 
63 on the poston 35 will connect the ports 55 and 61, 
and thereby admit high pressure ?uid from the passage 
56 into the passage 53 leading to the upper part of the 
cylinder 49, driving the spool valve 47 downwardly to 
the position show in FIG. 5. The space above the piston 
35 will now be connected to the exhaust line 41 through 
the passage 75, the reduced portion 77 on the spool valve 
47, and the passage 79, and thence through the re 
stricted ori?ce 67 in parallel with the relief valve 69. 
The spool valve 47 will be held in the position shown 
in FIG. 5 as long as the passage 55 is open. 
The apparatus will wait in the state just described until 

the next systolic contraction of the nautral heart. When 
that occurs, blood will be expressed ino the conduit 
15 in FIG. 1 from the left ventricle, causing the bladder 
23 to distend and expressing ?uid up into the expansible 
chamber 32 to raise the piston under ventricular pres 
sure. Fluid in the cylinder 37 will be expressed by the 
piston 35 out through the ori?ce 67, relieved by the 
valve 69 at a pressure selected to prevent overtaxing 
the ventricle when re?ected back through the piston 33. 
As the piston 35 rises to the position shown in FIG. 

6, the passage 55 will be closed by the lower portion of 
the piston 35. The valve 47 will remain locked in the 
position shown by the trapped high pressure ?uid 
above it. 
The next signi?cant event will occur after the piston has 

moved to a position such as that shown in FIG. 7 in 
which the passage 54 is again connected to the passage 
65. When that occurs, the top of the spool valve 47 and 
the top of the piston 35 will be essentially at the same 
pressure established by the drop through the ori?ce 67 
and limited by the check valve 69 to a predetermined 
maximum pressure as described above. 

During the natural systole, the pressure communi 
cated to the expansible chamber 32 will be communi 
cated to the piston 35 as a pressure sut?cient to hold the 
spool valve 47 down as shown in FIG. 7. Toward the 
end of the natural systole, the ventricular pressure will 
drop, and this pressure drop will be sensed by the system 
as a pressure drop in the cylinder 49 over the spool valve 
47, allowing the spring 81 to expand and drive the 
piston back to the position shown in FIG. 1. The next 
pumping cycle will then begin and will proceed as 
described above. 

It will be apparent that the lower position of the 
piston 33 reached at the bottom of its stroke is ?xed by 
the position at which the passage 55 is opened. How 
ever, the top position of the piston 33 is determined in 
dependence on the volume of blood expressed by the left 
ventricle during the systole and before the pressure drop 
that occurs as described above. Thus, the amount of 
pumping ?uid taken into the expansible chamber 32 is 
determined at each stroke by the volume of blood sup 
plied by the ventricle, and the volume expressed by the 
blood pump during the next pumping stroke will 
be that same volume. In other words, the timing of the 
blood pump is determined by the timing of the natural 
systole, and the volume of blood expressed at each 
stroke is also determined by the natural system in de 
pendence on the demands of the host. 
As noted above, the ?uid in the line 39 carries excess 

heat extracted from the working ?uid in the condenser 
129, FIG. 3. That heat is discharged to the bloodstream 
in a manner next to be described. 
The ?xed volume charge of isotonic pumping ?uid in 

the blood pump 5, the line 7, and the expansible cham 
ber 32 exchanges heat with the ?uid in the hydraulic 
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lines 39 and 41 through the metal walls of the piston 
33 and the bellows 34. The ?xed ?uid charge is trans 
ferred back and forth between the expansible chamber 
32 and the blood pump, and exchanges heat with the 
blood through the diaphragm 23. The excess heat in the 
power supply system is thereby discharged without caus 
ing any physiologically signi?cant increase in blood tem 
perature. The heat that is added to the blood is dissi 
pated by the normal physiological processes of perspira 
tion, conduction, convection and respiration. 

While we have described our invention with respect to 
the details of a preferred embodiment thereof, many 
changes and variations will occur to those skilled in the 
art upon reading our description, and such can obviously 
be made without departing from the scope of our in 
vention. 
Having thus described our invention, what we claim is: 
1. A control system for an implantable ?uid actuated 

blood pump having a ?tting for admitting actuating ?uid, 
comprising means forming a ?uid conduit adapted ‘to be 
connected at a ?rst end to said ?tting, a ?uid barrier 
movable in said conduit and dividing said conduit into 
an outlet chamber adjacent said ?rst end and an inlet 
chamber adjacent a second end of said conduit, valve 
means movable between a ?rst position and a second posi 
tion, means controlled by said valve means in its ?rst posi 
tion for connecting said inlet chamber to a source of ?uid 
under pressure, means controlled by said valve in its 
second position for venting said inlet chamber, means 
responsive to a predetermined pressure in said outlet 
chamber for moving said valve means to its ?rst position, 
and means responsive to a predetermined volume of said 
outlet chamber for moving said valve means to its second 
position. 

2. In combination, a blood pump comprising a hous 
ing and inlet and outlet tubes connected to said housing 
for connection to a blood circulation system, a ?exible 
expansible bladder in said housing and connected be 
tween said tubes and forming an expansible blood cham 
ber in said housing, a cylinder connected to said hous— 
ing, a piston reciprocable in said cylinder to exchange 
?uid in said cylinder with ?uid in said housing and out 
side of said bladder and thereby vary the volume in 
side said bladder, means forming a manifold compris 
ing an operating chamber communicating with said 
piston, a ?uid supply passage, and a ?uid return passage, 
valve means mounted in said manifold for movement 
between a ?rst position in which said supply passage is 
connected to said operating chamber and a second posi 
tion in which said return passage is connected to said 
operating chamber, means responsive to a predetermined 
pressure in said hOusing for moving said valve means 
to its ?rst position, and means responsive to the position 
of said piston in said cylinder for moving said valve 
means to its second position when the piston reaches a 
predetermined position. 

3. In combination, a blood pump comprising a hous 
ing provided with a blood inlet tube and a blood outlet 
tube, a thin ?exible expansible bladder in said housing 
and connected between said inlet tube and said outlet 
tube to form an expansible blood receiving chamber, 
check valve means in said tubes for producing a unidi 
rectional ?ow of blood through said tubes when said 
bladder is expanded and compressed, an expansible ?uid 
chamber outside of and connected to said housing to ex 
change ?uid with the space in said housing outside of 
said bladder, whereby compression of said ?uid cham 
ber will express ?uid into said housing and compress 
said bladder and expansion of said bladder will express 
?uid into said chamber, and a control unit for 
manipulating said expansible ?uid chamber, said control 
unit comprising a ?rst ?uid conduit adapted to be con 
nected to a source of ?uid under pressure, a second ?uid 
conduit adapted to be connected to a ?uid sink at lower 
pressure than said source pressure, ?uid motor means 
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connected to said expansible ?uid chamber and respon 
sive to applied ?uid pressure to adjust the volume of 
said expansible ?uid chamber, control valve means mov 
able to a ?rst position in which said ?rst ?uid conduit 
is connected to said ?uid motor means to compress said 
expansible ?uid chamber and to a second position to 
permit ventricular pressure in said blood pump to ex 
pand said expansible ?uid pressure, means controlled by 
the volume of said expansible ?uid chamber for moving 
said control valve means to its second position when said 
volume reaches a predetermined minimum, means for 
producing a reference pressure signal, means operatively 
connected to said bladder for producing a blood pressure 
signal, and comparator mean controlled by said pressure 
signals for moving said valve means to its ?rst position 
when said blood pressure signal is less than said refer 
ence pressure signal. 

4. A control unit for a ?uid actuated bladder type blood 
assist pump, said pump comprising an expansible bladder 
adapted to be compressed to expel blood and expanded to 
receive blood, said control unit comprising a cylinder hav 
ing a head at one end adapted to be connected to said 
pump, a piston reciprocable in said cylinder to exchange 
pumping ?uid in said cylinder with said pump and thereby 
manipulate said bladder, and control means for said piston 
comprising pressure responsive means controlled by the 
pressure of blood in said bladder for applying a ?rst force 
to said piston to drive it toward said head when the blood 
pressure drops at the end of a natural systole, and volume 
sensing means controlled by the position of the piston in 
the cylinder for applying a second force to said piston 
when said piston reaches a predetermined distance from 
said head, said second force being below the force exerted 
on the piston and transmitted to the piston through the 
bladder during a natural systole. 

5. The apparatus of claim 4, in which said pressure 
responsive means comprises valve means movable between 
a ?rst position and a second position, means controlled by 
said valve means in its ?rst position for applying ?uid 
under a ?rst pressure to said piston over an area su?icient 
to produce said ?rst force, means for producing a refer 
ence pressure signal, means for producing a blood pres 
sure signal in accordance with the pressure in said bladder, 
and means controlled by said signals for moving said valve 
means to its ?rst position when said blood pressure signal 
is less than said reference pressure signal, and in which 
said volume Sensing means comprises means connected to 
said piston to move said valve means to its second posi 
tion when said piston is said predetermined distance from 
said head. 

6. A blood pump control unit for a heart assist circula 
tory support system comprising power supply means for 
producing from a supply of hydraulic pumping ?uid at a 
?rst pressure a supply of hydraulic ?uid at a second higher 
pressure, and a blood pump comprising a thin resilient 
expansible bladder sealed in a housing between openings 
adapted to be connected in a blood circulation system, said 
openings being provided with check valves to produce a 
pulsing unidirectional ?ow of blood through said bladder 
when hydraulic ?uid is forced in and out of said housing 
outside of said bladder, said blood pump control unit 
comprising ?uid exchange means connected between said 
housing and said power supply by a supply line contain 
ing pumping ?uid at said ?rst pressure and a return line 
containing ?uid at said second pressure, said ?uid ex 
change means comprising an inlet chamber, a communi 
cating passage between said inlet chamber and said outlet 
chamber, and piston means movable in said communicat 
ing passage to vary the volume of said inlet chamber with 
respect to the volume of said outlet chamber, said outlet 
chamber being connected to said housing to exchange hy 
draulic ?uid with said pump, means responsive to a drop 
in pressure in said bladder for connecting said supply line 
to said inlet chamber to admit a slug of ?uid to said 
inlet chamber, thereby moving said piston means to drive 
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?uid into said pump to compress said bladder, and means 
responsive to the volume of said outlet chamber for con 
necting said inlet chamber to said return line and dis 
connecting said supply line when said outlet chamber 
reaches a predetermined minimum volume. 

7. A blood pump control unit for a heart assist circula 
tory support system comprising an implantable blood 
pump comprising a housing, a thin resilient bladder 
mounted in said housing and having a pair of openings 
adapted to be connected in a mammalian circulatory sys 
tem, a power supply comprising a source of ?uid at a 
predetermined high pressure and a ?uid sink at a predeter 
mined low pressure, said blood pump control unit com 
prising ?uid motor means connected to said housing by a 
?uid exchange passage and connected to said Power sup 
ply by a supply line of ?uid at said high pressure and a 
return line of ?uid at said low pressure, said ?uid motor 
means comprising means energized by the difference be 
tween said supply and return lines and responsive to a 
?rst signal to supply pumping ?uid at one pressure to said 
housing to compress said bladder, said motor means fur— 
ther comprising means responsive to a second signal to 
return ?uid at said low pressure to said return line when 
said bladder expands and returns ?uid through said ?uid 
exchange passage during a natural systole, and control ‘ 
means for said motor means, said control means com 
prising means for sensing the blood pressure in said blad 
der to produce said ?rst signal at the end of a natural 
systole, and means responsive to the volume of ?uid re 
turned through said exchange passage for producing said 
second signal when the same volume has been supplied 
to said housing after said ?rst signal is produced. 

8. A blood pump control unit, comprising means form 
ing a supply passage adapted to be connected to a source 
of ?uid under pressure, means forming a return passage 
adapted to be connected to a ?uid sink at a lower pres— 
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sure than said source, a ?uid exchange passage adapted 
to be connected to the actuating chamber of a ?uid actu 
ated blood pump on one side of a resilient expansible 
bladder separating the actuating chamber from an ex 
pansible blood chamber, a ?uid barrier movable in said 
passage, volume sensing means responsive to the position 
of said barrier for connecting said return passage to said 
?uid exchange passage on the side of said barrier oppo 
site said blood pump when the volume in said passage 
between said barrier and said pump reaches a predeter 
mined minimum, a reference source of ?uid under a ref 
erence pressure, pressure sensing means operatively con 
nected to said reference source and said bladder and re 
sponsive to the difference between the pressure in said 
bladder and said reference pressure for connecting said 
supply passage to said ?uid exchange passage on the side 
of said barrier opposite said blood pump in response to a 
pressure in said bladder below said reference pressure. 
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