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[57] ABSTRACT

An acoustical lens for focusing ultrasonic energy hav-
ing a transducer, a curved focussing lens and a voltage
generator coupled with the transducer. The transducer
is comprised of an array of piezoelectric crystal ele-
ments. The focussing lens has a concave upper surface
and a planar bottom surface allowing the array of piezo-
electric elements to be coupled to the bottomsurface of

‘the array. The piezoelectric elements receive voltage

from the voltage generator and transmit an energy ray

“through the focussing lens producing a focussed energy

beam.

16 Claims, 7 Drawing Sheets
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ACOUSTICAL LENS ASSEMBLY FOR FOCUSING
ULTRASONIC ENERGY

BACKGROUND OF THE PRESENT INVENTION

1. Field of the Invention

The invention relates to an improved apparatus for
the contact free disintegration of a calculus located in
the body of a human being. In particular, the invention
provides improved transducer and lens combination for
generating a focussed converging shockwave having
sufficient energy to disintegrate the calculi located in

the body.

2. Prior Art

‘Extracorporeal shock-wave lithotripsy is a medical
procedure that disintegrates renal (kidney) stones. The
term, lithotripsy is derived from the Greek and literally
means “stone crushing.” This medical “stone crushing”
‘technique has been demonstrated to be effective on
renal (kidney), upper ureteral and biliary stones (gall-
stones) in human patients. The technique is noninvasive
and eliminates the need for the more conventional stone
removal procedures, such as open surgery.

Stone crushing is achieved by the geometric focus-
sing of energy, such that the area of focus coincides
with the stone that is to be shattered. The focussing of
energy is a principle that is frequently used to obtain a
strong effect within a confined area. The application of
focussed energy is effective on the stone, since it is
relatively brittle. The application of stress leads to the
rapid formation of cracks and eventually to the disinte-
gration of the stone.

Although a single intense pulse will generally shatter
- the stone, a pulse train of lower intensity and short
duration pulses will generally produce smaller and
more uniform particles. One drawback to a series of
pulses is that during treatment the small particles pro-
“duced during the fragmentation shock waves may ob-
scure the larger remaining fragments. This may result in
the shielding of the larger, remaining fragment from the
shock wave, which résults in an increase of treatment
duration.
~ On the other hand, the accumulated small particles
may lead the care provider into prematurely terminat-
ing treatment before completion, due to the inability to
accurately view the remaining larger fragments.

Another problem associated with the production of
small particles, is that gravitational forces may cause the
small particles of settle into the lower calyces, thereaf-
ter requiring an excessive amount of time to effectuate
clearing these lower calyces.

Despite the problems associated with the smaller
particles, for the kidney stone patient, there are number
of direct benefits from the lithotripsy technique that
outweigh these minor disadvantages. The technique is
capable of reducing the length of hospital stay from 7 to

14 days for conventional stone removal surgery to 4
days or fewer. It also eliminates the 4 to 6 weeks post-
hospitalization convalescence commonly required after
major surgery. Typically, the kidney stone patient will
naturally and spontaneously pass the stones in the urine,
much as if the stones were naturally grain-sized. How-
ever, after fragmentation, there will be many more
grain-sized stones than occur naturally.

There are several other techniques presently used to
treat kidney stones, as an alternative to major surgery.
For example, if the stone remains grain-sized, it usually
passes spontaneously in the urine and the patient can be
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treated with drugs to reduce the pain and to prevent
future stone occurrence. However, this technique is
usually only effective for very small stones.
Depending on the size and the location of the stone,
several other clinical and surgical methods are avail-
able. If the stone has formed or lodged itseif in the
lIower urinary tract and bladder, a standard cystoscope
combined with a stone basket or a special stone removal
forceps may be used to extract the stone. During the

"procedure, a local anesthetic must be administered to

minimize the pain. Additional drawbacks are the possi-
bilities that the ureter will be damaged and the forma-
tion of additional stones that would prohibit the repeti-
tion of the procedure.

Ultimately, if the stone cannot be removed by any of
the conventional methods, the patient must resort to
open surgery. The traditional surgical procedure is a
major operation that requires an incision into the kidney
or ureter to remove the stone. In addition to the normal
morbidity and risks associated with major surgery, an-
other stone could form, necessitating further surgery.
Furthermore, there is a chance that the patient will
finally lose the kidney altogether.

As an alternative to open surgery, lithotripsy was
explored. However, early lithotriptic treatment em-
ploys invasive ultrasonic lithotripsy. The lithotriptic
means employed involved an insertion of an ultrasonic
probe into a small incision in the patient’s side. While
this required less recovery time than traditional surgery,
it was still surgery, however small the incision and
furthermore carried all the inherent risks associated
with surgery.

Noninvasive extra corporeal shockwave lithotripsy
was developed and overcame the negative risks of sur-
gery. A shock wave is generated and ultimately fo-
cussed at the stone. The focussed wave strikes the stone,
it disintegrates the stone and the stone fragments are
ultimately passed through the ureter.

Early versions of extra corporeal (EC) shock wave
lithotripsy required the patient to be immersed in a large
tank of water. Originally, a spark gap electrode was
fixed at one end of a large stainless steel tub and gener-
ated a shock wave as the electrode was discharged

° underwater. Since the impedance properties of water

and soft tissue are similar, the shockwave entered the
body without damaging the soft tissue. If care is taken
to direct the shockwaves at the calculi, other parts of
the body are generally not affected. Typically, bones
are not affected by this procedure due to their high
tensile strength and the brevity of the pulses. However,
the large difference in acoustical impedance between
the water and the stone results in enough pressure to
shatter the stone. The process was painful and the pa-
tient generally required an epidural or general anesthe-
sia. :
Before treatment could commence, it was necessary
to locate and identify the stone. Prior to immersing the
patient into the large stainless steel tank of water, the
patient was x-rayed thus prelocalizing the stone. After
every 100 pulses or so, the patient was lifted out of the
tank and x-rayed again. This was to ascertain the status
of the stone and to verify the effectiveness of the treat-
ment. With an average of 1600 pulses, the patient could
be x-rayed as many as 17 times to verify that the stone
was fragmented and to confirm the completeness of the
treatment. Although an x-ray produces a sharper and
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clearer progress report, the patient. was required to
undergo a number of detrimental radiation exposures.

Another problem associated with immersing the pa-
tient is the inability to accurately reposition the patient
once the patient had been moved. Since the electrode is
fixed, the patient must be positioned and repositioned.
This led to inaccuracies and sometimes painful results.
~ Analternative localization technique requires the use
of two x-ray images, with the focal point at the central
point of the two screens. Typically, the two x-ray de-
vices for locating the stone are disposed next to the
shockwave generator and reflector and are on an oppo-
site side or axis of the generator. The two central beams
of the two x-ray heads intersect the axis of the reflector
running throiigh the two focal points. The intersection
should be near or at the location of the stone. Establish-
ment of a relationship between a spatially fixed mark
and the patient is required. The equipment generally is
repositioned vis-a-vis the patient.

From a point of view of expense, the utilization of
two x-ray heads and devices is relatively expensive to
operate and to maintain. There is also the question of
the radiation dosage that the patient receives.

" When using an x-ray procedure, the patient must be

positioned or repositioned such that the stone is located
at the focal point of the shock wave. For example, when
using a stainless steel water tank, the patient is then
positioned with a hydraulic system so that the calculus
is at a predetermined focal point. While this allows
access to a more accurate target region, it is necessary
to physically reposition the patient for each image.
Disadvantageously, the patient is required to remain
immobilized during the location procedure.

‘Ultrasound imaging is another suggested alternative
means of locating and monitoring the stone. Generally
for well-defined stones, ultrasound is sufficient to moni-
tor the progress of treatment. Furthermore, the use of
ultrasound eliminates the problems of radiation dosage
that arise with the use of x-ray localization techniques.

Another advantage of ultrasound imaging is the abil-
ity to monitor real time progression of the treatment.
Additional ultrasound monitors can be positioned
within the treatment system in such a way as to virtually
eliminate repositioning of the patient.

However, ultrasound imaging does not provide the
same same high contrast results or “pictures” that an
x-ray unit can provide. Since the resulting images are
not as sharp and have as high a contrast, which can be
_due to the limitations to the technique itself, the size and
quantity of the stones, or the size of the patient, can
make progressive monitoring of patient and the subse-
quent treatment somewhat risky and haphazardous.

Furthermore, prior to the elimination to the large
steel water tank, the use of ultrasonic monitoring equip-
ment was severely limited, as the equipment had to be
located within the vicinity of the patient itself.

A combination of the two monitoring techniques,
that is x-ray and ultrasound, would be suited except for
the problem of patient repositioning. Immobility of the
patient is essential and are identical to the problems
discussed previously in connection with the x-ray tech-
niques.

The eventual elimination of the large stainless steel
water tank resulted in a more compact and effective
system. Furthermore, elimination of the water tank also
gave rise to the possibility of using ultrasound imaging.
Patient immersion became unnecessary as the acoustic
waves were still propagated through a water contain-
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ment bag rather than through an open body of water.
The patient is positioned over a cushion or a bag filled
with water. The cushion is coupled to a stretcher and to
the patient by a layer of ultrasound gel.

Once the patient positioning had been improved, the
means for producing the shock wave needed to be im-
proved. For example, the prior method of producing
focussed acoustic waves required an electric discharge
generated across an underwater spark gap, positioned in
the focus line of an elliptical reflector. The early spark
gap systems generated a shockwave in a large tank of
water, in which the patient had previously been posi-
tioned. The process shattered renal stones by a brute
force method. The treatment required the patient to

" have an epidural, spinal or general anesthesia in order

“to keep the patient under control, to avoid hurting the
patient and to aim better at the stone.”

Improvements made it possible to remove the patient
from the water tank and to virtually eliminate the need
for an epidural or general anesthesia. Generally, a larger
ellipsoid for focal precision and a decrease in the power
output are credited for the improvements. Accuracy
improved as the focussing process was computer con-
trolled, rather than visual sighting by the operator. The
computer automatically positions the patient in the

“shockwave focus by controlling the patient’s table.

The spark gap systems create a diverging pulse or
explosion. The energy produced is distributed over a
relatively large area, for example 15-20 square mm and
requires that the energy be focussed within a parabolic
reflector. This diverging pulse induces arhythmia, pul-
verizes tissue and causes bruising. To avoid the induce-
ment of extrasystoles, the shockwave must be released
as a function of ECG or respiratory triggering. Further-
more, the spark gap electrodes tend to be somewhat
costly.

On the other hand, an alternative means using a pi-
ezoelectric transducer generates a coverging pulse and
eliminates the need for cardiac or respiratory trigger-
ing. With a converging pulse system, an area of impact
of approximately 2-3 square mm is observed. This re-
sults in less tissue damage with approximately the same
amount of pressure. Generally, the patient only requires
a local or a topical anaesthetic, if any at all.

The piezoelectric crystal is the basis for the piezo-
electric transducer. A piezoelectric crystal is a piece of
natural quartz or other asymmetric crystalline material
capable of demonstrating the piezoelectric effect. Pi-
ezoelectricity is a phenomenon first noticed in 1880
whereby certain crystalline substances generate electri-
cal charges when subjected to mechanical deformation.
The reverse effect also occurs, that is, a voltage applied
across the crystal causes mechanical deformation or
flexing.

To produce the shock wave, a piezoelectric crystal is
deformed by applying a high frequency, high voltage
pulse of the proper polarity, thus causing the crystal to
compress. The voltage is then withdrawn from the
crystal, such as shorting the crystal to ground and the
crystal expands to it’s “normal” state. This results in a
pressure wave front that propagates through a medium
such as water.

Typically, the shock wave is focussed by arranging
piezoelectric crystal elements in a mosaic pattern on the
surface of a dish generally shaped as a concave lens.
The pattern and lens may be designed such that each
individual element is excited by a pulse generator simul-
taneously. Thus, the waves produced by the crystals



5,033,456

5

arrive at the target area focussed and in phase, with a
very narrow near ideal shape and with high energy at
the focal point. Advantageously, the dish is shaped to
produce véry small focal areas in which the energy is
sufficient to déstroy the stone but virtually painless.

Another advantage of the piezoelectric system is the
ability to locate an ultrasonic probe in the center of the
focussmg dish and permits real time monitoring.

A major dlsadvantage of the multi-element piezoelec-
tric systém is the necessity of simultaneously triggering
300 to 3000 elements on the concave surface. One
method currently used triggers the elements with indi-

" vidual power supplies. An alternative method uses a
single power source to simultaneously trigger all the
elements.

Another disadvantage is the requirement that the
numerous elements be specially made. This decreases
the cost effectiveness of the piezoelectric system.

SUMMARY OF THE INVENTION .

The present invention overcomes the disadvantages
- of the prior acoustical shockwave generation systems.
In the preferred embodiment of the present invention,
"an acoustical lens combination is comprised of a trans-
ducer, a focussing lens and a voltage coupling means.

Advantageously, the transducer is comprised of an
array of piezoelectric crystal elements. The array is
mounted on the bottom surface of the focussing lens.
This is an improvement over the prior art, that requires
the crystal elements to reflect the concave surface of a
focussing lens. Thus, the manufacturing cost efficiency
increases.

A focussing lens is advantageously used to narrow
the descriptive shockwave generated from triggering
the transducer. Since the resultant shockwave is a con-
verging wave front, the focal point is narrower and
more energy efficient than prior art systems.

Furthermore, coupling the transducer to a single
power supply using a fine copper mesh as a voltage
coupling means eliminates the necessity of individually
wiring a large number of crystal elements.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a lithotripsy system of
the preferred embodiment of the present invention.

FIGS. 2(a)-(c) are schematic representations of the
relationship between several components of the litho-
tripsy system and:

(a) a representation of a body of a patient to an x-ray
component of the lithotripsy system; and

(b) a representation of the body of the patient to an
ultrasonic-real time scan component of the lithotripsy
system; and .

(c) a representation of the body of the patient to a
ultrasonic shockwave generation component of the
lithotripsy system.

FIG. 3 is a perspective view of a patient table and
dual tomo-heads of the x-ray component of the litho-
tripsy system of the preferred embodiment.

FIG. 4 is a cross-sectional representation of a control
unit and a stone breaking unit of the hthotnpsy system
of the preferred embodiment.

FIG. § is a detailed top plan perspective view of an
acoustical lens assembly of the lithotripsy system of the
preferred embodiment.

FIG. 6 is a cross-sectional view of the acoustical lens
assembly taken as section A—A of FIG. 5.

15
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FIG. 7 is a bottom plan, exploded, perspective view
of piezoelectric crystals bonded to the acoustical lens
and of coupling copper mesh.

" FIG. 8 is a circuit diagram of a piezoelectric crystal
triggering circuit as may be utilized by the lithotripsy
system of the preferred embodiment.

FIG. 9 is a graphic representation of the timing se-

‘quence of the triggering circuit of FIG. 8.

FIG. 10 is a graphic representation of the voltage
profile from a crystal of FIG. 8.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

An invention is described that provides a means for
locating, positioning and for breaking up, without
contact, calculi present in the body of a human being.

" 'As a result of the capabilities of the present invention,
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the accuracy and completeness of lithotriptic treatment
are effectively enhanced. In the following description,
numerous specific details are set forth such as specific
dimensions, materials, etc., in order to provide a thor-
ough understanding of the present invention. It will be
obvious, however, to one skilled in the art that the
present invention may be practiced without these spe-
cific details. In other instances, well-known procedures
and materials have not been described in detail in order
not to unnecessarily obscure the present invention.

Proceeding now to the detailed description of the
drawings, FIG. 1 illustrates a perspective overview of
the lithotripsy system 100 of the present invention. The
lithotripsy system 100 is comprised of an ultrasound
imaging unit 125, a mobile x-ray unit 126 and a litho-
tripter unit 127.

The ultrasound imaging unit 125 is a self-contained
system that can be utilized as a stand alone ultrasound
unit, in addition to functioning as a real-time ultrasonic
imaging system for the lithotripter 100. The ultrasound
imaging unit 125 is comprised of a control panel 600, a
hand-held imaging probe 110, and a monitoring unit
109.

The x-ray unit 126 provides for fluoroscopic image
processing and spot film capabilities. A urological table
113a is docked to a lithotripter table 1135 and locked
into place by the docking latch 112. Although the pre-
ferred embodiment illustrates the use of docking latch
112, any means of stably connecting the two tables
together is within the spirit and scope of the present
invention. Alternatively, the use of only a single table is
also within the scope of the present invention. The
urological table 113z can be used as a stand alone exami-
nation table for routine urological procedures with or
without the use of the x-ray unit 126.

The x-ray unit 126 is comprised of mobile C-arm 111,
a pair of fluoro exposure monitors 106, a control unit
105, and a monitor cart 104. Although FIG. 1 prefera-

_bly illustrates a mobile C-arm 111 as a means for provid-

ing fluoroscopic images, a standard x-ray unit is also an
acceptable means of providing the necessary fluoro-
scopic images. The mobile C-arm 111, as well as a stan-
dard x-ray unit is typically comprised of a tomo head
101 and a means for receiving fluoroscopic images 102.

Referring to FIGS. 2(a)-(c), the treatment procedure
of the lithotripter system 100 of FIG. 1 is schematically
shown. FIG. 2a describes the patient P in relationship to
the tomo head 101 and means for receiving flouroscopic
images 102. The patient P is positioned on a headrest
201. The lower portion of the body is immobilized by
placing the patient’s knees over a leg rest 202. A dual
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. fluoroscopic image is then obtained by acquiring two
oblique images. The oblique images are obtained by
moving the tomo-head 101 off axis by +9 degrees and
—9 degrees.

FIG. 2(b) describes the patient P in relationship to an
acoustical lens 205 of the lithotripter unit 127. (The
acoustical lens 205 will be described in more detail with
reference to FIGS. 5-7.) The patient P, still positioned
on the planar surface and the headrest 201 and leg rest
202 are moved from one end of a treatment table to the
other end of the table. An ultrasound probe 206 is posi-
tioned centrally within the lens 205. A focussed shock-
wave 207 is directed at the kidney stone previously
located by the dual fluoroscopic images as desgribed in
FIG. 2(a). FIG. 8 describes the pre-location procedure
in more detail.

FIG. 2(c) describes the patient P in relationship to an
ultrasound imaging probe 206 of the lithotripter unit
127. The imaging probe 206 is, preferably, centrally
located in the acoustical lens 205, allowing for ultra-
sound localization and real-time monitoring. The cen-
tral location of the imaging probe 206 provides a multi-
zone focussing array 208 allowing for an extended field-
of-view.

Referring to FIGS. 1 and 3, the lithotripsy table 11354
docked to the urological treatment table 1132 and the
x-ray unit is illustrated. The two tables 113 and 1136
are docked and then latched together for stability pro-
viding a platform for a moveable planar surface or a
“sled” 107. The docking latch 112 is dropped into place
once the tables are docked together. Although the pre-
ferred embodiment describes the use of a docking latch
112, any functionally equivalent latching means may be
-used so long as the latching means provides stability for
the tables and allows the use of the sled 107. :

To initially locate the kidney stone X, the patient P is
placed on the sled 107. The sled 107 is located at posi-
tion 1, which is at the urological table 113a. During the
localization procedure, the patient P must remain essen-
tially immobile.. Immobility is achieved by locking the
sled 107 into position and by the careful placement of
the patient P. The upper portion of the patient’s body is
positioned against a headrest 201, while the patient’s
legs are placed over the leg rest 202. This allows the

_patient’s back to rest directly and comfortably on the
upper surface of the sled 107. In addition to the relative
comfort, the patient is made immobile.

Once the patient P is placed such that the kidney
stone X is generally centrally located over the fluoro-
scope 102, a fluoroscopic exposure is taken of the stone
X. The precise position of the stone X is achieved by
taking two x-ray views with the tomo head 101 at a +9,
degree oblique setting 101z and a —9 degree oblique
setting 101b. After the two oblique views are acquired,
the processing unit of the x-ray control unit 105, shown
in FIG. 1, calculates the coordinates of the stone X
within the body.

Initially, the stone X is marked on the dual monitors
106 with a marking symbol, such as a cross-hair marker.
The coordinates are then calculated with reference to
radiopaque markers embedded in the surface of table
113a. After the coordinates have been calculated, the
patient P is moved into position 2, via the sled 107, onto
the lithotripter housing 103. The sled 107 is then locked
into position. The stone coordinates obtained from the
x-ray prelocalization are sent to the lithotripter unit 127
for positioning the stonebreaker focal point.

8

FIG. 4 illustrates the positioning of the acoustical lens
205 and stone-breaking assembly 301 within the litho-
tripter control housing 103.

In the preferred embodiment, the housing 103 is pro-
vided with wheels 310, thus increasing the mobility of
the lithotripter system 100. However, the wheels 310
are not essential to the practice of the present invention.

A portion of the housing 103 is utilized by the several
electronic controls units. A system controller 307, a
pulse modulator 306, a servo amplifier 308 and the servo
control unit 309 are located within the housing 103. All

" of the units are typically constructed from well-known
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prior art circuitry and sequences.

The servo control unit 309 drives the servo amplifier
308, which in turn controls a positioning system 303.
The control unit 309 employs algorithms consisting of
prior art sequences typically used to control robotic
mechanisms. The positioning system 303 controls the
positioning of the stone-breaking assembly 301 in man-
ner similar to the computer control of a robotic arm.
The use of robotic algorithms with the positioning sys-

tem 303 virtually eliminates patient handling, since a

5-axis positioning of the acoustical lens 205 is now avail-
able. The ability to rotate or otherwise position the
focussed shock wave additionally aids in the minimiza-
tion of pain and the shortening of treatment duration.
Thus, for example, if a kidney stone is found to lie in
close proximity to a rib, the positioning system 303 is
able to compensate and rotate to an alternative position,
thereby avoiding the rib.

Additionally, the housing 103 also functions as a base
for the lithotripter table 113b. An area located directly
over a flexible water containment enclosure (waterbag)
302 is open, providing for direct patient contact with
the water bag 302. The patient’s back is positioned over
the water bag 302, allowing the weight of the patient to
force the bag 302 downward causing the waterbag 302
to conform to the shape of the patient’s back. This pro-
vides necessary coupling between the water bag 302
and the patient so that the shockwaves propagated
through the water bag 302 will travel uninhibited to and
through the patient’s body, ultimately shattering the
kidney stone. .

Referring to FIG. 5, the stone breaking apparatus 301
is illustrated. The assembly 301 is comprised of the
acoustical lens 205, a piezoelectric crystal array 405, a
coupling means 407, a mechanical standoff 403 and a
supporting back plate 404.

The acoustical lens 205 is fabricated in the shape of an

“ellipsoid. In the preferred embodiment, the lens 205 is

shaped from a singular piece of aluminum alloy. How-
ever, other materials could be used that have character-
istics that allow the propagation and focussing of en-
ergy from piezoelectric crystals and still be within the

* scope and spirit of the present invention.

The shape of the lens 205 is generally ellipsoid, such
that the concave inside surface 408 is defined by the
following equation:

y=13.525—(182.931— 1.060x2)}

The lens 205 of the preferred embodiment measures
approximately 18.75 inches from flange to flange with a
depth of approximately 3.95 inches from top to bottom.
A center opening 401, allows for placement of an ultra-
sonic probe approximately 3.31 inches in diameter. The
stone breaking apparatus 301 is provided with an upper
flange 402, which allows the lens 205 to be positioned
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within the apparatus 301 itself. The assembly 301 is held
together with a supporting back plate 404.

Referring to FIG. 6, section A—A of FIG. 5 is illus-
trated. The water bag 302 is illustrated to show its rela-
tionship to the acoustical lens 205. The acoustical lens
205 is positioned such that the water bag 302 positioned
directly on the concave upper surface 408 of the lens
205. The back support plate 404 holds the stone break-
ing apparatus 301 together.

In the preferred embodiment, the water bag 302 is

" comprised of two independent bags. There is an inner-
. bag 1'that is attached by being pinched between the top

" lens flange 402 and a ring, which is then secured to the
lens 205 with screws. The outer bag 2 is secured to the
‘outside diameter of lens 205 with a hose clamp-line
strap. This outer bag 2 serves as a back up seal in case
the inner bag 1 should rupture.

Positioned on the bottom surface of the acoustic lens
205 are the piezoelectric crystals 405. In the preferred
embodiment, the piezoelectric crystals 405 are circu-
larly arranged in an array of approximately 720 square
pillars or elements. The preferred embodiment pres-
‘ently uses a C5800 ceramic for the crystals 405. How-
ever, any ceramics demonstrating the same or function-

" ally equivalent characteristics may be used and still be -

within the spirit and scope of the present invention.-

" After the piezoelectric crystals 405 have been bonded
to the bottom surface of the lens 205, the crystals 405
are encapsulated. This provides electrical insulation and
seals the crystals 405. Typically, a generic material such
as an RTV silicon elastomer is used to encapsulate the
crystals 405.

An acoustical matching layer 410 may be placed on
the concave surface 408 of the lens 205. The matching
layer 410 may comprise a generic type of epoxy or
plastic used to provide a better acoustic impedance
match between the lens material and the water. Of ne-
cessity, this material is dependent on the lens material.
Aithough the acoustic matching layer 410 is illustrated
iin the preferred embodiment of the present invention, it
is not essential to the practice of this invention. How-
ever, the epoxy or plastic when used, needs to have
similar matching characteristics to the material selected
for the lens 205. Advantageously, this layer reduces the
sharp transition zone at the water/lens interface.

Referring now to FIG. 7, a perspective view of the
piezoelectric crystals 405 mounted on the bottom sur-
face of the acoustical lens 205 is described. After the
lens 205 has been fashioned, the piezoelectric crystals
405 are positioned. In the preferred embodiment, the
crystals 405 are positioned in a circular array similar to
a mosaic, of approximately 720 square pillars. Each
pillar occupies an area of 0.09 square inches. The vol-
ume is approximately 0.045 cubic inches. Alternatively,
a single large crystal may be shaped to cover the button
surface of the lens 205. As a third alternative, several
larger pieces may be utilized. However, the preferred
embodiment provides 720 pillars to allow for easier
replacement of blocked pillars. The arrangement is
preferred since a broken pillar is much easier to replace.
The mosaic of crystal pillars decreases the lateral stress
and if any one of the pillars should crack, the crack will
not propagate through the entire piezoelectric crystal
405 array. In the preferred embodiment, the crystals 405
are bonded to the bottom surface of the lens 405 using
an adhesive available under the trade name of Emerson
Cummings 1264 Epoxy.
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Once the crystals 405 are positioned, all the pillars are
wired in parallel providing for parallel exitation from a
single power supply. The parallel wiring is accom-
plished by placing a voltage coupling means on the
bottom of the crystals 405. In the preferred embodi-
ment, a copper mesh 409 is bonded to the top of the
crystals 405 using a silver epoxy. However, any voltage

‘coupling means accomplishing the same objective may

be used and still be within the scope of the present
invention.

To produce a shockwave sufficient to shatter a kid-
ney stone, the piezoelectric crystals 405 must be exited.
FIGS. 8-10 illustrate the crystal triggering circuit, the
resultant wave form and the timing sequence for the
triggering pulse.

Referring to FIGS. 8 and 10, a power supply 501 is
used to excite the piezoelectric crystal 508. The power
supply 501 of the preferred embodiment is a Phazon
model PM3020A. The power supply 501 is coupled to a

“hydrogen spark gap tube 503, the inductor 504 and the

piezoelectric crystal 508. The pulse generating circuit
for the spark gap tube 503 is described in FIG. 9. Al-
though a Phazon model PM3020A is used in the pre-
ferred embodiment, any power supply or ramp source
having similar characteristics would be acceptable for
use with the present invention. The power supply 501
provides a constant current source manually adjustable
from 1 to approximately 60 milliamps. Furthermore, the
power supply provides an output voltage range of to
160 VDC in approximately 128 equal steps with a toler-
ance of a =3% of setting. The output current is adjust-
able within the drange of 0-25 milliamps. The current
must and is stable within a +3% of the set current.
Transient response is less than 2 milliseconds. The
power supply provides for an input line frequency of
47-67 bertz. Furthermore, the supply 501 comprises an
under voltage protection.

The initial trigger pulse comes from the controller
panel 600 of the lithotripter system 100. The trigger
pulse controls the ramp output of the power supply S01.
When the power supply 501 receives the trigger pulse,
the power supply turns on and ramps up to a predeter-
mined voltage. As the power supply ramps, the voltage
across the capacitive load, which in this case is the
crystal 508. follows a similar ramp profile. Additionally,
the spark gap tube 503 encounters a similar ramp volt-
age. Once the voltage across the spark gap tube 503 has
reached its characteristic ionization voltage, the spark
gap tube 503 triggers, creating a short circuit between
the spark gap tube 503, an inductor 504 and the crystal
508. When the spark gap tube 503 triggers, a delayed
reset pulse is sent to terminal 502. This allows the spark
gap tube 503 to be reopened following the discharge of
the stored current into the crystal 508. This permits a
second pulse or any additional pulses with minimal time
delay.

FIG. 9 illustrates a timing diagram of the pulse se-
quences used for triggering the spark gap tube 503 and
the piezoelectric crystal 508. Pulse sequence A illus-
trates the initial. triggering pulse from the controller
600. Sequence B illustrates the ramp up of the power
supply 501. Sequence C illustrates the corresponding
ramp up of the spark gap tube 503. Sequence D shows
the generation of the time delay initiated by the firing of
the spark gap tube 503. Following this time delay, a
reset pulse is sent to the spark gap tube 503 via terminal
502.
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FIG. 10 illustrates corresponding voltage ramp
across the crystal 503 as the power supply ramps. A
crystal absorbs the voltage, flexing continuously until
the spark gap tube 503 triggers. Once the tube 502 is
triggered, the output voltage across the capacitive load
of the crystal 508 is rapidly discharged through induc-
tor 504. The reduction of the voltage on the crystal 508
from its peak 510 to its relaxed state 511 should be essen-
tially instantaneous. _

This is because the crystal 508 will instantaneously
return to its normal relaxed state when the voltage is
removed from across the crystal 508.

An advantage of the pulsing circuit of FIG. 8 is that
due to the relatively slow ramp time of the power sup-
ply and the crystal 508 there is minimal stress applied to
the crystal 508 until just prior to triggering.

The slow, continuous ramp provides for a continuous
rate of “deformation” of the crystal 508. This is opposed
to a rapid deformation of the crystal 508 which could
‘result in premature triggering. Furthermore, when the
" voltage across the crystal 508 is removed, the theoreti-
cal circuitry should affect an instantaneous return to the
normal relaxed state of the crystal. To effect a rapid
discharge of the crystal voltage, inductor 504 is chosen
to produce a critically damp circuit, with the resistance
of such a circuit being the intrinsic resistance of the
crystal 508. In the preferred embodiment, the inductor
504 is approximately one microhenry. Once the voltage
is removed from the crystal 508, this instantaneous re-
turn to the normal state produces a disruptive or sonic
wave front. This wave front is propogated through the
acoustical lens 205 focussing to a narrow focal point
coincident with the kidney stone, thus providing the
necessary energy to shatter the kidney stone.

Thus what is described is a compact-mobile system
providing for x-ray prelocalization procedures and real-
time ultrasonic monitoring. The shockwave generation
system is cost effective, producing a narrow cross-sec-
tional focussed shockwave, with a minimal amount of
pain but with a maximum amount of energy efficiency.

We claim:

1. An acoustical lens combination for focusing ultra-
sonic shockwave energy to a narrow cross-section of a
predetermined area comprising:

a transducer means for generating ultrasonic shock-
wave energy wherein said transducer means is
comprised of a planar array of piezoelectric crystal
elements;

a curved focusing lens, having a concave upper sur-
face and a planar bottom surface, said array is
fixedly bonded to said bottom surface;

voltage generating means for generating voltage;

a voltage coupling means comprised of a fine copper
mesh fixedly bonded to said array with silver ep-
oxy, said voltage coupling means for electrically
coupling said voltage generating means with said
array;

said voltage generating means further supplying a
predetermined voltage to said array through said
voltage coupling means, said predetermined volt-
age causing said array to deform, then said voltage
generating means decreasing the voltage to said
array, the decrease in said voltage causing said
array to return to a normal relaxed state, said re-
turn to a normal relaxed state generating a shock-
wave, said shockwave propagating through said
acoustical lens focused on said predetermined area,
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wherein said shockwave is convergent on said
predetermined area.

2. The acoustical lens combination of claim 1 wherein
the concave upper surface of said focusing lens has a
non-spherical ellipsoid shape.

3. The acoustical lens combination of claim 2 wherein
said focusing lens is made of an aluminum alloy.

4. The acoustical lens combination of claim 3 wherein
said voltage generating means is a ramp voltage wave-
form generator that ramps up slowly to said predeter-
mined voltage such that said array is slowly deformed.

5. An acoustical lens assembly for focusing ultrasonic
shockwave energy on a calculus in the human body,
which comprises:

a transducer means for generating ultrasonic shock-
wave energy comprising a planar array of piezo-
electric crystal elements, said array having a cen-
trally located aperture, and said array having a first
and second side:

a plano-concave focusing lens having a centrally
located aperture, said lens comprising a concave
surface on one side, a planar surface on the other
side opposite said concave surface, an upper flange
around said concave surface and a lower flange
around said planar surface, and said first side of said
array is fixedly bonded to said planar surface of
said lens;

an electrically conductive mesh having a first and
second side and a centrally located aperture, said
first side of said mesh fixedly bonded to said second
side of said array;

an electrically conductive epoxy bonding said first
side of said mesh to said array;

a voltage generating means coupled to said mesh;

an electrically insulative compound applied to said
second side of said array and mesh after bonding
said mesh;

a back plate having a centrally located aperture, said
back plate located next to said second side of said
mesh, said back plate mechanically coupled to said
lower flange of said lens; and

a first bag coupled to said upper flange and said con-
cave surface of said lens, said first bag suitable for
containin