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57 ABSTRACT 
An implantable piezoelectric heart assist apparatus 
generates pressure waves of approximately the same 
amplitude and frequency as the natural heart. The ap 
paratus includes a brass support sandwiched between 
piezoelectric ceramics to form a piezoelectric bender. 
The bender compresses a tube which is sutured into 
the descending thoracic aorta. The bender is loaded at 
one end to change its resonant frequency and, upon 
application of a driving signal, the bender oscillates to 
generate pressure in the thoracic aorta. 

6 Claims, 9 Drawing Figures 
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PIEZOELECTRIC HEART ASSIST APPARATUS 

CROSS REFERENCE TO RELATED APPLICATION 

This is a continuation-in-part of our United Statespa 
tent application Ser. No. 301,553 filed Oct. 27, 1972 
now abandoned. 

BACKGROUND OF INVENTION 
The invention described herein was made in the 

course of work under grants or awards from the De 
partment of Health, Education and Welfare and the 
National Science Foundation. 
This invention relates generally to heart assist devices 

and, more particularly, to heart assist devices operating 
in a counter-pulsation mode. 
Heart assist devices operating in a counter-pulsation 

mode have been previously developed. Technical prob 
lems arising with these prior art devices include the 

15 

large amount of power necessary for operation, the in 
ability to generate sufficient pressures in vivo, and low 
efficiency. 
The use of piezoelectric transducers in heart assist 

devices is also known. One problem with prior piezo 
electric transducers applied to heart assist devices is 
their high natural resonant frequency. Additional prob 
lems in the prior piezoelectric devices include the re 
quirement that valves, pistons or levers be included. 

SUMMARY OF THE INVENTION 

The invention herein relates to an improved implant 
able piezoelectric heart assist device including a fluid 
path, adapted to be surgically connected to the blood 
stream and piezoelectric means for alternately com 
pressing and releasing the fluid path to generate sinus 
oidal pressure waves in the bloodstream. The piezo 
electric means includes a brass support which is fas 
tened at one end to form a cantilever and is sandwiched 
between piezoelectric ceramics to form a piezoelectric 
bender. In one embodiment a single bender is provided 
and in a second embodiment two benders are provided. 
Each bender is loaded at one end to alter its resonant 
frequency and the benders oscillate in response to a 
driving signal to generate the sinusoidal pressure 
WaWCS. - . 

It is a principal object of the present invention to pro 
vide an improved heart assist apparatus. 

It is a further object of the present invention to pro 
vide an improved piezoelectric heart assist apparatus. 

It is yet another object of the present invention to 
provide an improved piezoelectric heart assist appara 
tus eliminating the need for valves, pistons and other 
similar mechanical elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing objects of the present invention, to 

gether with other objects and advantages which may be 
attained by its use, will become more apparent upon 
reading the following detailed description taken in con 
junction with the drawings. 

In the drawings, wherein like 
sponding parts: 
FIG. 1 is an illustration of the human heart; 
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2 
FIG. 2 is a perspective illustration of single piezoelec 

tric bender heart assist apparatus according to the pres 
ent invention; 
FIG. 3 is a driving circuit for the piezoelectric bender 

of the present invention; 
FIG. 4 is a schematic illustration of the use of the 

heart assist apparatus without bisecting or severing the 
thoracic aorta, 

FIG. 5 is a schematic illustration of the use of the 
heart assist apparatus with the thoracic aorta severed; 

FIG. 6 is a top plan view of a double piezoelectric 
bender heart assist apparatus according to the present 
invention; 
FIG. 7 is a front elevation view taken in the direction 

of arrows 7-7 of FIG. 6; 
FIG. 8 is an end elevation view taken in the direction 

of arrows 8-8 of FIG. 6; and 
FIG. 9 is an enlarged, partially exploded perspective 

illustration of part of the apparatus of FIGS. 6-8. 
DETAILED DESCRIPTION OF THE INVENTION 
FIG. 1 illustrates a heart including the superior vena 

cava 10 and the inferior vena cava 12 leading into the 
right auricle 14; and the right ventricle 16 leading to 
the pulmonary artery 18. Also shown are several of the 
pulmonary veins 20, the left auricle 22, the left ventri 
cle 24 and the aorta 26 including the aortic arch 28 and 
the thoracic aorta 30. - - 

FIG. 2 illustrates the piezoelectric transducer or 
bender of the present invention, which may be 
mounted in a housing (not shown), including a center 
brass support 32 and two piezoelectric ceramic means 
34 bonded to either side of the brass support 32 to form 
a sandwich. 
The brass support measures 5.75 X 2.75 inches with 

a thickness of 0.008 inch. Three ceramic strips are 
bonded to each side of the brass support. The strips 
measure 3.0 x 0.9 x 0.005 inch each, and are a lead zir 
conate titanate (G 1278) manufactured by Gulton In 
dustries, Inc. of New Jersey. 
The piezoelectric bender of FIG. 2 is clamped at one 

end 36 to form a cantilever and the free end is loaded 
with a mass 38 to change the resonant frequency of the 
bender. The piezoelectric bender is clamped to a sup 
port 40, and a tube 42, which may be manufactured of 
segmented polyurethane or any other blood compatible 
material, passes between the piezoelectric bender and 
support member 40. The apparatus may be surgically 
implanted in the chest cavity, hence the requirement of 
compatible materials is obvious. 
Referring to FIG. 3, the driving circuit of the present 

invention includes a pulse generator 44 which supplies 
a pacing signal to the heart. The pulse generator also 
provides a delayed output which serves as an input to 
a square wave generator 46. The output of the square 
wave generator is coupled through a resistance net 
work 48 to the piezoelectric bender. 
The operation of the heart assist device is based upon 

the characteristic of a piezoelectric bender. That is, 
when a voltage is applied across a piezoelectric bender 
which is clamped at one end, the bender responds with 
an oscillatory deflection at the free end. The resonant 
frequency of the bender, dependent upon the size and 
mass of the bender, may be adjusted by the inclusion 
of an additional mass such as mass 38 of FIG. 2. 
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In the structure illustrated, the motion of the piezo 
electric bender compresses and releases on a tube 42 
out of phase with the natural heart. 

EXAMPLE I 

Various in vivo experiments were undertaken with 
mongrel dogs. With reference to FIG. 5, a first example 
included use of the piezoelectric apparatus assisting the 
left ventricle with the thoracic aorta 30 bisected and 
the polyurethane tube sutured or clamped to both ends 
of the thoracic aorta. Ventricular failure in the animal 
was surgically induced. The driving system was a 200 
volt peak-to-peak square wave although it is recognized 
that a sine wave could be utilized since the oscillatory 
motion of the piezoelectric bender produces a sinus 
oidal output. Mass 38 was 330 grams. 

EXAMPLE II 

With reference to FIG. 4, a Tadapter 50 was inserted 
in the thoracic aorta and the piezoelectric bender was 
connected to the T adapter. In this manner, no bisec 
tion of the thoracic aorta was necessary. Again, a 200 
volt peak-to-peak square wave driving voltage was uti 
lized. 

EMBODIMENT OF FIGS. 6-9 
To provide greater pressure on the tube 42 and to re 

duce the sensitivity to spatial orientation, the embodi 
ment of FIGS. 6-9 provides a double cantilever bender 
apparatus. The apparatus includes a frame or housing 
52, which may be made of clear plastic or plexiglass 
and includes two opposed side walls 54, each having a 
central aperture 56. 
A connector 58 which may be manufactured of tef 

lon, plastic or other surgically compatible material, is 
inserted in each aperture 56. The connector has a 
flange 59, which may be manufactured of brass, and 
which projects inward of the housing 52 and fits inside 
a bearing 60. The bearing 60 is a dry ball bearing unit 
having a stationery inner shaft and a rotating outer 
shaft. - 

Rocker arms 62, 63 having central openings 64 are 
mounted on the outer shaft of the bearing 60 for oscil 
lation, 
A first cross-support 66 connects the end of the first 

rocker arm 62 with the end of the second rocker arm 
63. A second cross-support 67 connects the remaining 
end of the rocker arm 62 with the remaining end of the 
rocker arm 63. Each cross-support is secured to a mass 
68 by means of screws 70 which are threaded through 
the cross-support and are adjustable to move the mass 
radially inward and outward with respect to the center 
of the opening 64 in the rocker arm. Thus, the rocker 
arm operates with the two masses 68 as a counter bal 

CC. - 

The embodiment of FIGS. 6-9 includes two piezo 
electric bender elements 72 each having a central brass 
support (as in FIG. 2) and each including a brass plate 
74 at one end to provide additional stiffness. Each 
bender element is configured as a cantilever with the 
mass 68 operably loading the free end. Each bender el 
ement has a plurality of apertures 76 at a fixed end 78 
which is secured by bolts 80 to the frame or housing 52. 
The cantilever support further has a plurality of slits 82 
at the free end 84. 
As in the first embodiment, each bender 72 has a plu 

rality of piezoelectric ceramics 34 bonded thereto. In 

O 

15 

20 

25 

35 

40 

45 

50 

4. 
this second embodiment, the central brass support 
measures 5.25 inches X 0.95 inch X 0.004 inch and 
each ceramic measures 3.0 inches X 0.3 inch X 0.008 
inch. Each bender 72 comprises three adjacent ceram 
ics on each side of the support. Thus, the total dimen 
sion of the ceramic on each side of the brass support is 
3.0 inches X 0.9 inch X 0.008 inch. 
At the free end 84 of each bender is a U-shaped 

brace 86 having opposed legs 88. Each leg 88 has an 
elongated slot 90 having a longitudinal axis parallel to 
the axis of the central brass support 74. At each end of 
the apparatus is a pin 92 which extends from the first 
rocker arm 62 through the slots 90 to the other rocker 
arm 63. By this pin and slot connection, each mass 68 
loads one of the piezoelectric benders 72 for adjusting 
resonant frequency. 
As in the first embodiment, the principles of opera 

tion are the same. The application of a driving voltage 
across the bender elements causes each piezoelectric 
cantilever to oscillate about its fixed end and thereby 
generate the pressure waves within the tube 42. The 
mass may be utilized to adjust resonant frequency and 
the central brass support, in each embodiment, may be 
utilized as a fine adjustment of resonant frequency by 
slight sliding of the brass with respect to the individual 
slots 82 to thereby change the lever arm of the support 
with respect to the fixed end. 
As in the first embodiment, the entire flow of blood 

may be through the tube 42 or, a Tadapter may be uti 
lized with pressure waves propagating into the main 
bloodstream. 
The use of the counter-balanced rocker arms 62 and 

63 provides for oscillation about the central axis 96 of 
the tube 42. Each bender element oscillates or deflects 
at its fixed end 84. To compensate for the different axes 
of motion and thereby prevent binding of the central 
brass supports, the slot 90 in the legs 88 are utilized. 
Furthermore, a copper plate 98 may be pivoted at the 
fixed end of the brass support to distribute the flexing 
force of the cantilever evenly across the tube 42. 

RESULTS 

The expected results in a left ventricular heart assist 
device of this nature are a decrease in the systolic pres 
sure and an increase in the diastolic pressure. These ex 
pected results for the single bender device were ob 
tained as reported by us at the 24th Annual Conference 
on Engineering in Medicine and Biology, October 
31-November 4, 1971, and reported at page 232 in the 
Abstract of Papers presented at that conference. 
Summarizing the results, it was found that under the 

first embodiment, the fundamental component of the 

55 

60 

65 

pressure generated by the device in the carotid artery 
was 15 mmHg peak-to-peak. This was approximately 
equal to the fundamental component of the pulse pres 
sure in the carotid artery with the device off. The typi 
cal counter-pulsation pressure wave form was readily 
noted in the aortic pressure curves. A typical power 
consumption of one watt was noted for these experi 
mentS. 

The results using the double bender or double canti 
lever apparatus were also as expected. It was found that 
coronary arterial flow was increased from 6 to 20 per 
cent in various experiments and the in-phase funda 
mental aortic pressure can be decreased from 23 to 10 
mmHg peak-to-peak based upon the location of the 
bender along the aorta and the delay setting on the 
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pulse generator 44. Again, typical power consumption 
of one watt was noted. 

In each embodiment, the same driving circuit was uti 
lized. 

It should be appreciated that the present heart assist 
principles may be employed in a device placed in paral 
lel with the heart to bypass any of the chambers of the 
heart. The principles may also be utilized to bypass the 
heart entirely. 
The foregoing is a description of the concepts of the 

present invention and of several embodiments which 
have operated successfully. The description should not 
be read in a restrictive sense but only as describing the 
underlying concepts of the present invention. The in 

5. 

10 

vention may be further developed within the scope of 15 
the following claims. 
What is claimed is: 
1. Apparatus for providing mechanical assistance to 

a heart by generating pressure waves in the blood 
stream, the pressure waves being introduced in the 
bloodstream so that diastolic pressure is increased; the 
apparatus comprising: 
a tubular fluid path of resilient material adapted to be 

surgically connected to the bloodstream; 
piezoelectric means for alternately compressing and 

releasing said tubular fluid path and for generating 
sinusoidal pressure waves in said tubular fluid path 
in response to a driving signal; and 

a frame; 
said piezoelectric means including at least two piezo 

electric bender means each bender means having 
a central support and a piezoelectric ceramic 
bonded thereto, each bender means configured as 
a cantilever with one end fixed to said frame and 
the other end free, and having a mass operably 
loading the free end thereof to provide a predeter 
mined resonant frequency; 

whereby upon application of said driving signal, each 
piezoelectric bender means resonates at a fre 
quency in the range of the heart frequency to gen 
erate pressure waves in said tubular fluid path 
thereby increasing the mean arterial blood flow. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
2. The apparatus of claim 1 wherein said piezoelec 

tric means further includes: . 
an arm mounted transversely of said tubular fluid 
path for oscillation in said frame about the axis of 
said tubular fluid path; 

said arm having one of said masses secured to each 
end thereof to form a counterbalance; 

whereby upon application of said driving signal, said 
central supports resonate to oscillate said arm to 
compress said tubular fluid path between said sup 
ports for generating said pressure waves therein. 

3. The apparatus of claim 2 and further including: 
two arms mounted on opposite sides of said frame for 

oscillation therein about the axis of said tubular 
fluid path; 

each central support resonating about an axis distinct 
from the axis of said tubular fluid path; 

said central support including a U-shaped brace on 
its free end, said brace having slots in the legs of the 
'U' which slots are parallel to the longitudinal di 
mension of the cantilever, and 

an elongated pin positioned through said slots and 
fixed in the ends of said arms; 

whereby the resonating of said supports is coupled 
through the slot and pin to oscillate said arms, and 
the arm and support move about different "axes. 
without binding. 

4. The apparatus of claim 2 wherein said tubular fluid 
path has means connectible to the bloodstream at two 
different locations whereby all the blood passes. 
through said tubular fluid path between said piezoelec 
tric cantilever means and said base. 

5. The apparatus of claim 2 wherein said tubular fluid 
path has means connectible to the bloodstream at one 
surgical location and pressure waves are propagated 
into the main bloodstream. 

6. The apparatus of claim 2 wherein each mass is ra 
dially adjustable on said arm with respect to the axis of 
rotation for adjusting the resonant frequency of said pi 
ezoelectric cantilever means. 


