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(57) Abstract

A method and apparatus for periodically interrupting ultrasonic power applied to a ultrasonically vibrating tip (11)
to control its amplitude between high and low or zero amplitudes with a selectable duty cycle and repetition rate provides
enhanced fragmentation and improves surgical control. The duty cycle may also vary as a function of a remotely sensed

parameter such as tissue temperature.
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l’ METHOD AND APPARATUS FOR ULTRASONIC SURGICAL FRAGMENTATION
3

4 BACKGROUND OF THE INVENTION

5 This invention relates to ultrasonic

6 apparatus, and especially to ultrasonic surgical appar-
7 atus and methods for ultrasonic surgical fragmentation
8 and removal of tissue. More particularly, this iaven-
9 tion relates to a method and apparatus for pulsing or
10 modulating the vib;ation of an ultrasonically vibrating
11 tip to control its duty cycle for improving its cutting
12 characteristics. Still more particularly, this inven-
13 tion relates to a method and apparatus for continuously
14 controlling the duty cycle of an ultrasonic device, in
15 discrete preset increments, between predetermined high
16 and low amplitudes in variable programmed groups, or

17 continuously in response to a cemotely sensed parameter
18 for accurately controlling ultrasonic energy delivered
19 to the operating field.

20 Devices which effectively utilize ultrasonic
21 energy for a variety of applications are well=-known ia
22 a number of diverse arts. The application of ultrason-
23 ically vibrating surgical devices used to fragment and
24 remove unwanted tissue with significant precision and
25 safety has thus led to the development of a number of
26 valuable surgical procedures. Accordingly, the use of
27 ultrasonic aspirators for the fragmentation and

28 surgical removal of tissue from a body has become well-
29 known. Initially, the technique of surgical aspiration
30 was applied for the fragmentation and removal of cata-
31 ract tissue as shown, for example, in U.S. Patents Nos.
32 3,589,363 and 3,693,613. Later, such techniques were
33 applied with significant success to neurosurgery and

34 other surgical specialties where the application of

35 ultrasonic technology through a small, hand-held device
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for selectively removing tissue on a layer-by-layer
basis with precise control has proven fsasible.

Certain devices known in the art character-
istically produce continuous vibrations having a sub-
stantially constant amplitude at a frequency of about
20 to 30 kHz up to about 40 to 50 kHz. U.S. Patent No.
3,589,363 describes one such device which is espacially
adapted for use in the removal of cataracts, while U.S.
Patent No, 4,063,557 describes a device suitable for
10 the removal of sofi tissue which is particularly
11 adapted for removing highly compliant elastic tissue
12 mixed with blood. Such devices are continuously oper-
12 ative when a surgeon wishes to fragment and remove
14 tissue, and generally operate under the control of a
15 foot switch.

wn &> W N e
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l¢ Certain limitations have emerged in attempts
17 to use such devices in a broad spectrum of surgical

18 procedures. For example, the action of a continuously
19 vibraiing device did not have a desired effect in

20 breaking up certain types of body tissue, bone, or

21 concretations. Because the range of ultrasonic fre-

2 quency is limited by the physical characteristics of a
23 hand-held device, only the motion available at the tip
24 was a (ocal point for improving the cutting charac-

25 teristics of the instrum2at. This limited focus proved
26 to be ineffective for certain applications because

27 either the motion available at the tip was insufficient
28 to fragment and remove hard tissue at a surgically-

29 "acceptable rate, or the available stroke and stroke

30 amplitude was so large as to cause excessive damage to

31 surrounding tissue and the vaporization of fluids at

32 the surgical site so as to obscure the view of the

33 surgeon. Accordingly, there has been a need in the art
34 for a wethod and ultrasonic apparatus in which the

35 cutting range and efficiency of the vibrating device
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1 can be extended for safe and efficacious tissue
2 removal,
3 Thus, it is another overall objective to
4 provide a method and ultrasonic apparatus for
5 accurately controlling energy as it is transaitted to
6 tissue so as to enhance its cutting action in both hard
7 and soft tissue, while maintaining the temperature in
8 the surrounding Lissus below a preset level. 1In this
9 context it is desirable to utilize a higher stroke
10 level than can otherwise be surgically tolerated with-
11 out exceeding the allowable average energy, i.e., to
12 simulate the effect of a high stroke level with a lower
13 stroke level. It is also an objective to improve the
14  visibility and control of tha >aiiking action when frag-
15 menting soft tissue and to utilize higher stroke levels
16  for improved but safe fragmentation without damage to
17 surzounding tissue areas as is characteristic of prior
18 art devices.
19 In addition; siace it is known that precisely
20 coaikrolled heating of certain types of cancerous and
21 tumorous tissue may have a beneficial effect, it is
22 another overall objective of this iaveation to provide
23 a method and apparatus for precisely raising the tem-
24 paraitucze in tissues surrounding the tumorous growth to
25 a1 preset level.
26 It is apparent that prior art concepts did
27 not suggest such an invention. For wxample, U.S.
28 Patent No. 3,812,858 describes a :lental electrosurgical
29 device known to the art which regulates the application
30 of RF power through an active electrode to a patient
31 according to the resistance of the kissue, and further
32 incorporates a duty cycle timer to reqgulate the period
33 of active current flow and interrupt repeatedly active
34 currsnit £flow to the patient. However, such relatively
35 lengthy periods of interraption are not practicable in
36

an ultrasonic unit which can cause the surgeon to have
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1 to wait for a reapplication of power, perhaps at
2 crucial points in the surgery, and siuach techaiques have
3 not been applied to ultrasonic surgical apparatus of
4 the type with which this invention is concerned.
5 In an uiitrasonic machining method and appar-
6 atus, as discussed in i1,3. Patent No. 4,343,111, the
7 vibratory oscillations applied to the machining tool
8 are periodically interrupted so that the oscillatioas
9 are applied in the forwm of a series of time-spaced
10 burskts, for ultrasonically machining irregular
11  contours. Such a device does not suggest its appli-
12 cability to ultrasonic surgery or instrumentation and
13 the technique there discussed is hardly directad to the
14  problem solved by this invention.
15 The objects described above and other
16 purposes of this invention will become apparent from a
17  review »f the written description of the invention
18 which follows, taken in conjunction with the accompany-
19 ing drawings.
20 SUMMARY OF THE INVENTION
21 Directed to achieving tha f>regoing objects
22 of the invention and to providing a solution to the
23 probleas there noted, the apparatus according to this
24 invention includes an improvement in a surgical device
25 of the type which comprises an ultrasonicaliy actuated
26 handpiece, an ultrasonic generator, a control system, a
27 control panel cooperating with the control system, and
28 a foot switch for controlling the oa/off state of the
29 power as delivered to the handpiece. The improvement
30 comprises a means for periodically pulsing the ultra-
31 sonic vibrating tip at a relatively high rate of speed
32 at a repetition rate determined by the system response
33 and the optimum fragmentation rate. 1In a preferred
34 embodiment, the on/off state of the power continuously
35 supplied to tha ultrasonically-vibrating tip is pulsed
36 between an oa awl off state at a frequency of about 33
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Hz at a duty cycle within a range of about 1 to 2 (50%)
to about 1 to 6 (16.67%). 1In an alternative, the power
supply is pulsed at a rate which causes the amplitude
of the ultrasonically-vibrating tip to vary between a
high amplitude and a relatively low amplitude according
to the pulse frequency. Thus, the wave Eocu provided
to the ultrasonic tip is, in 2€ffazt, an ultrasonic
carrier wave of about 23 kHz modulated by the periodi-

kI ]
i

y-applied pulse modulating wave. Circuit means are
representatively illustrated for achieviag this result
in cooperation with a system known to the art.

In accordance with another aspect of the
invention, a method is provided for pulsing an ultra-
sonically-vibrating tip on and off at a relatively high
rate of speed to achieve an improved and faster cutting
action on bone, cartilage and other hard tissue., Such
a method eliminates or reduces the burning or adverse
heating of surrounding bone and cartilage, while appar-
ently reducing the force neéessary to advance the tip
through such hard tissue. It also precludes vaporiza-
tion of the irrigation fluid, tissus, and other fluids
which might otherwise obscure the vision of the
attending surgeon. The method is characterized (a) in
the step of controlling the Auty cvcle, i.e., the time
on versus the time off or at a lesser stroke, so that
the instrument can achieve a higher stroke level for
improved but safe 7ragmentation without corresponding
tissue damage to surrounding areas, and (b) setting the
duty cycle so as to impart a predetermined level of
energy or heat to the tissues surrounding a morbid or
malignant growth to reduce or destroy the unwanted
calls therein. According to the method of the
invention, the duty cycle of the device is controlled
continuously, in discrete preset increments, in
variable preprogrammed groups, or coantiauously based
apon a remote sensed parameter, such as temperature, in
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tha operative field to yield a closed loop system.
Circuit means are disclosed for achieving the method
according to the invention.
BRIEF DESCRIPTION OF THE DRAWINGS
Other features, aspects, and characteristics

of the invention will be apparent from the following
descriptions.

In the drawings:

Fig, 1 is a functional block diagram of an
ultrasonic sicgical system known in the art;

Fig. 2 is a functional block diagram of a
portion of Fig. 1 to which the iavention is applicable;

Figs. 3A-3E is a diagram showing a continuous
delivery of ultrasonic energy to an ultrasonically-
vibrating handpiece in the prior art, and as modified
uader the invention illustrating manually-adjusted
variations and modulated variations in stroke
amplitude;

Fig. 4 is a block diagram of the fragmenta-
tion rate coatrol circuit for controlling the apparatus
of Fig. 1 and further including a temperature
rasponsive input;

Fig. 5 is a circuit block diagram similar to

‘Fig. 4 showing a system of teaperature control by using

pulse wave modification with a particalar controller
circuit;

Fig. 6 is a block diagram of an input control
circuit for an ultrasonic surgical aspiraitor in accor-
dance with a preferred embodiment with variable pulse
control for continuously adjusting on-time;

Fiy, 7 is a schematic diagram of another
input control aircuit for an ultrasonic surgical aspir-
ator in accordance with another embodiment of the
invention to control temperature of the operating
field;
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Fig. 8 is a typical input control circuit for
producing a continuous, discrete on-time adjustment;
and

¥ig. 9 shows an input control circuit for
producing bursting modulating pulses according to a
predetermined sequence;

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

In order to better understand the method and

apparatus according to the invention relative to a

sonventional prior art system, such a conventional
system, commercially available from the assignee of
this application, will be discussed in connection with
Fig. 1. The block diagram of Fig., 1 is representative
of a commercially available device currently on the
market under the mark CUSA NS-100. The system, desig-
nated By the reference numeral 10, incorporates several
major functional systems available at a handpiece 12
for effectively removing tissue from a body. Those
systems include a vibration system, designated
generally by the reference numeral 14; an irrigation
system 15; a suction system 16; and a handpiece cooliny
system 17; which cooperate with a control system 18 as
is thus well-known. An ultrasonically-vibrating
surgical tip 11 forms part of the handpiece 12 and is
caused to vibrate longitudinally theraby fragmenting
tissue in contact with its end. 1In such an embodiment,
the level of vibration is manually and continuously
adinstable to vary the amplitude of the tip. The irri-
gation system i3 onkrolling a flow of sterile
irrigating solution from an IV source to a coagulant
space between an outer surface of the surgical tip 11
and an inner surface to cause the fluid to exit near
the tip 11 where it enters the operating field and
susipands fragmented particles. The aspiration system
16 includes a pump for applying suction to the hollow
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surgical tip 11 to aspirate fluid through an end of the
tip 11 for deposit in a disposable container.

An ultrasonic generator 20 provides electri-
cal enarygz at ultrasonic frequencies to the handpiece
12, and in particular to drive coils within the hand-
piece 12 to control the vibraiinadl stroke of the tip
11. ®Bach of the foregoing systems and the ultrasonic
generator is controlled by a control and interlock
system 18 in <ooperation with a control panel 21. 1In
operation; afiter the system 10 is itself turned on with
an appropriate push button at the control panel 21, the
vibration of the handpiece 12 and delivery of ultra-
sonic energy from the ultrasonic generator 20 to the
nxnlpiece 12 is under the control of a foot switch 22
opazated by the surgeon. In this system, while the
foot switch 22 is depressad and the system 10 is on,
ultrasonic energy from the generator 20 is continuously
and uninterruptedly provided to the tip 11 or the hand-
piec= 12.

The ultrasonic generator 20 provides power to
drive the tip 11 of the handpiece 12, preferably at a
frequency of 23 kHz, and, by way of a signal derived
from a handpiece feedback coil, which monitors aad
controls the amplitnde of the stroke of the tip. A
Arior art feedback control system is shown in U.S.
Patent 4,063,557 which may be utilized to achieve these
functions, the disclosure of which is hareby iacorpor-
ated by reference. 1In its physical ombodiment, the
Sontrol system 18 includes an control input cooperating
with the foot switch 22 for adjusting the vibration in
circuit with an input reliy oa.a coatrol circuit
module. The foot switch in connected to the aanteol
input for controlling the continuous on/off state.
While the coatrol system 18 includes, in a practical
embodiment, a auabec of other control subsystems, such
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1 are not relevant or modified by the application of the
2 invention here disclosed.
3 The control panel 21 includes a potentiometer
4 24 for adjusting the maximum stroke amplitude for the
5 vibrating tip 11 on the handpiece, which is usually set
6 by the surgeon., Thus, with the power to the system 10
7 on, and the footswitch 22 depressed, ultrasonic power
8 is continuously, and selectively adjustably, delivered
9 from the ultrasonic generator 20 to the handpiece 12
10 and hense to the vibrating tip 11. Fig. 3A shows the
11 continuous application of such energy in the curve 21
12 at a typical frequency of 23 kHz. As illustrated by
13 the curve 2la, the amplitude of the siroke may be ad-
14  justed (by adjustment of the potentiometer 24) while
15 the Tooitswitch is off, thereby to establish a differing
16 shroke amplitude for the tip.
17 ®ig. 2 illustrates the basic concept of the
18 invention in a simplified block diagram of a portion of
19 the block diagram of Fig. 1. A switching circuit 25 is
20 connected to the control system 18 and cooperates
21 therewith for periodically interrupting the ultrasonic
22 vibrations from the ultrasonic generator 20 to the
23 vibrating tip 21. The connection between the switching
24 control 26 and the control system 18 is depicted by the
25 solid line 27. However, the circuit 26 could alterna-
26 tively be connected to or cooperate with other systems,
27 as shown by the dotted lines 27a, 27b, 27c, and 27d.
28 In effect, the ultrasonic carrier wave form normally
29 "applied to the handpiece 11 (Fig. 3A) while the foot-
30 switch 22 is depressed is modulated by a modulating
31 wave form, as shown in Figs. 3B and 3C, to rapidly Yo
32 interrupt the ultrasonic power seen by the tip 11 for
33 reasons to be discussed, thus to produce the appliad
34 wave form shown for a generalized case in Fig. 3E.
35 The apparatus shown in Fig. 2 is arranged and
36

construckal S0 that the switching or modulating control
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circuit 26 causes the ultrasonic power for the ultra-
sonic generator to be delivered to the ktip 11 of the
handpiece 12 in a precisely controlled fashion. 1In one
aspect of the invention, the ultrasonic power, prefer-
+hiy delivered at 23 kHz is periodically interrupted by
the modulating output from the switching control
circuit 26 to vary the amplitude of the delivered wave
form to the handpiece 12 continuously between a high
ampiitnda, governed by the amplitude of the control
setting on the potentiomster 24 on the control panel,
and a low amplitude determined electronically at a A
suitable low level. Another aspect of the invention
according to the method is to vary the amplitude
between a predetermined high amplitude and an off state
on a modulated periodic basis, as shown in Fig. 3D.

The repetition rate is determined to be sufficiently
rapid so that while the foot switch is depressed, the
surgeon does not distractedly sense that he is waiting
Tor the machine to operate while the periodic inter-
ruption of the delivered ultrasoaic signal is providing
a beneficial effect to his cutting. Thus, the repeti-
tion rate must be sufficiently high that the surgeon is
not aware that the handpiece has shut off. Thus, for
example, a suitable repetition rate is believed to be
at least 30 Hz or higher, and the exact frequency is
determined by the system response and the optimum frag-
mentation rate for particular hard tissue.

The repetition rate of the modulating fre-
quency establishes the wave form of the delivered modu-
lated ultrasonic carrier wave form as is shown in Fig.
3E. Thus, Fig. 3E shows a modulated 23 kiz carrier
wave, shown unmodulated in Fig. 3B and delivered while
the footswitch 22 is depressed representing ultrasonic
energy as normally applied in the embodiment in Fig. 1,
modulated according to the high/low (or on/off) modula-
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1 ting influence established by the switching control
2 circuit 26.
3 The wave form of Fig. 3E is presently
4 preferred rathar than an on/off wave form, such as
5 shown in Fig. 3D, because one of the problems of an
6 electro-acoustic system is that it is difficult aad
7 relatively slow in a mechanical sense to start and to
8 shuat off, That relative slowness is not determined by
9 the electronic portion of the system limiting the
10 startup or repetitioan rate, »ut rather by the
11 mechanical parts in the vibrator itself. Tt has ha=n
12 learned that it takes significant amounts of times,
13 measured in tens of wmilliseconds, to initiate vibration
14 of the vibrating tip on the handpiece 12. During this
15 startup or transient period, the conditions for the
16 driving circuit for the tip 11 are relatively adverse
17 in that the load is very low and is changing from
18 inductive to capacitive. These adverse conditions must
19 therefore be accommodated in the physical character-
20 istics of the vibrator on tha handpiece 12 and by the
21 tip 11 to handle additional stresses. In addition;
22 when the vibrating tip 11 is subjected to such signifi-
23 cant additional stresses, a shorter and possibly a
24 significant shorter life will result.
25 Thus, in or.ler to shorten the start up time
26 and raduace the related stresses on both the electronic
27 and mechanical components, it is advantageous not to '
28 turn off the vibrations completely, as in one embod-
29 iment of this invention as shown in FTig. 3D, but rather
30 to switceh between two amplitudes, i.e., a working
31  aaplitude 2hi selected by the surgeon by manipulation
32 of the potientiometer 24 on the coaktrol panel 21, and a
33 standbyiamplitude_Alow which will b2 a low amplitude as
3¢ shown in Fig. 3E. The low amplitude can either be
35 preset electronically, as in another embodiment of this
36 invention, or may be as low as practical so that its
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1 only function is to keep the system vibraiting. On the
2 other hand, the low amplitude can also be made
3 adjustable by the surgeon.
4 The modulating frequency of Fig. 3C
5 determines the periodicity of the wodulating wave and
6 the relative periods between the application of the
7 high amplitude and the application of the low amplitude
8 deteral’nes the duty cycle. Thus, referring to Fig. 3-
9 E, for a period T, the duty cycie is determined by the
10 ratio of Tl/Tl + T2, where the period T is determined
11 by the sum of Tl + T2; Tl is the period in which the
12 amplitude is high, and T2 is the period in which the
13 amplitude is low. Stated another way, the duty cycle
14 is the ratio of the period of application of high power
15 to the total period of application of power in each
16 cycle. Thus, it is another aspect ,f the aethod and
17 apparatus of this invention to control the duty cycle
18 Ffor the applied ultrasonic energy from the ultrasonic
19 gea=zrAator 20 to the handpiece 12.
20 Such a method and apparatus according to the
21 invention control the fragmeniation rate of the ultra-
22 sonic surgical system 10 wherein a surgeon may select
23  the duty cycle or, the duty cycle may be set electroni-
24 cally or =aven automatically in response to a derived
25 control signal to vary the duty cycle. Moreover, the
26 use of a variable duty cycle by varying the relative
27 amplitudes and periods of the application of the high
28 and low strokes of the vibrating tip 11 act to control
29 the temperature of the tissues surrounding the
30 operating areas. Such control of the duty cycle will
31 thus permit hard tissue to be fragmented by increasing
32 the stroke to a high amplitude for soie limited period
33 within the period of the modulating wave while permit-
34 ting "2 heat transferred to the tissue to be
35 controllad. 7Tk is known that when tissue is being
36 fragmented, ultrasonic energy is transferred from the
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tip of the handpiece to the tissue. Some portion of
the energy transferred is used to fragment the tissue,
while a subportion is absorbed by the tissue and
results in heating it. 1In an extreme case, tissue nay
be burned or vaporized creating an undesirable

affect, Thus, a control of the type utilized in this
invention prevents overheating of healthy tissues to
the poinii of destruction.

On the other hand, such control is of value
in therapeutically treating tumor cells. Tt is known
that certain fast growing tumor cells are sa2asitive to
elevated temperatures and are damaged by such higher
temperatares. In accordance with another aspect of the
invention, by sensing the bLenperature of the healthy
tissue adjacent to the tumorous tissue oeing removed,
such temperature as sensed can be utilized to vary
automatically the duty cycle of high and low strokes to
individually elavate the temperature of the tumor sig=-
nals to a maximum without destroying the adjacent
healthy tissues. 1In accordance with the method for
this application, the low amplitude should be set as
Low as possible, for example 1 mil or less and the duty
cycle may be variable from about 10% to about 95% to
nearly 100% as a functioan of tauperature.

A convenient way for providing functional
circuitry to perform the method according to the
invention is to utilize a standard PWM controller as
used in switching power supplies modified in one aspect
of the invention to utilize a signal for controlling
the switch as a function of tempacabure and noting that
the switching frequency is low, such as ia the 30 to
100 Hz range.

Fig. 2 thus shows a functional block diagran
for modifying the conventional control system 18 of the
surgical aspirator 10 as shown in Fig. 1. 1In the main,
the existing equipment is modified to add a low
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amplitude adjustment potentiometer and utilizing the
high adjustment potentiometer in the switching circuit
in combination with a controlled switch to achieve the
desired results of the invention.

Thus, as more specifically shown in Fig. 4,
the swiikching circuit for the CUSA 100 as shown to the
right of the broken line 40 is modified by the inclu-
sion of a duty cycle modulator designaiel generally by
the reference numeral 4i. The :duty cycle modulator 41
is responsive, in one embodiment, to a thermal probe or
other remote sensor of a selected parameter designated
generally by the reference number 42. The high ampli-
tude adjustment potentiometer 24 on the control panel
is shown as comprising a potentiometer 43, a bias
sonnzge is shown at 44 and a vibration adjustment
control at 45 as are known ia the existing system. The
bias source 44 is also connected to a low amplitude
adjustment potentiometer 46 which provides an input for
a low ampiitade control switch 47. A high amplitude
control switch 43 has tts input control coqpected to a
wiper 49 on the high amplitude adjustment potentiomester
43.

An oscillator 50 is set to operate at the
desired frequency, such as 30 Hz or more, and generates
a ramp voltage for a comparator 51. The oscillator is
connected to a source of reference potential, such as
ground 52; ithrough a resistor 53, while the input to
the comparator 51 is coanected to a source of reference
potential 52 through a capacitor 54. A referenca
signal, or the output signal from the remote sensor 42,
is applied through an ecror amplifier 56 to the other
inpat of the comparator 51. The output of the
conparator 51 controls the bilateral switch 47, while
the complementary output of the coaparator 51 through
the an inverter 58 controls the oukput of the second
bilateral switch 48.
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1 The switches 47 and 48 thus form a aulti-
2 plexer which alternately and for varying time durations
3 switches ithe voltage from the surgeon-controlled high
4 vibration adjustment potzantiometer 24 and from the
5 preset low amplitude potentiometer 46 to the vibration
6 adjustment control on the system on Fig. 1. 1In the
7 alternative; the low amplitude adjustment potentiometer
8 could be a preset sour:e of reference voltage to pre-
9 determine the low amplitude or, in a limiting casa,
10 could be ground, wherein the switch 47 could be
11 eliminated; in order to 3sitch the circuit between an
12 on/ofif position subject to the limitations discussed
13  above.
14 The remote sensor 42 comprises a thermal
15 probe 60 for sensing the temperaturs at 1 predetermined
16 site in the vicinity of the surger,. such as at
17 adjacent tissue. 1In the alternative, other parameters,
18 such zs frajymentation rate, vapor generation, or the
19 1like, may be used as a control parameter for the input
20 to the duty cycle modulator -41. The output of the
21 probe 60 is amplified by an amplifier 59 prior to pro-
22 viding the input to the error amplifier 56.
23 In operation, when the sensed temperature
24 input is low, the duty cycle is high, permitting a
25 relatively longer period of high amplitude vibration,
26 caused by a relatively longer on period for the switch
27 48. When the temperature is increasing, or higher than
28 desired, the duty cycle modulator acts to increase the
29 period of low aapiitude stroke of the tip of the ultra-
30 sonic vibrator 11, thus reducing the energy applied to
31  the overheating or overheated tissue.
32 Fig. 5 shows a block diagram in slightly
33 greater detail for implementing the features of Fig, 5
34 using a CD3524 controller 41A to achieve the same
35 resulis and functions. Thus, detailed discussion is
36 not believed to be necessary.
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1 The circuit of Fig. 5 further iacludes a
2 modification for interrupting its operation in the
3 event of excessively high temperature at the operating
4 site. Thas; a signal is applied via a lead 61 to a
5 shutdown signal amplifier 62, having an output
6 connected to an input of the coaparator on the PWM
7 controller 41A.
8 The circuit of Fig. 3 is a convenient one for
9 providing a continuous on time adjustment to the input
10 of the system of Fig. 1, and in particular to its input
11  control relay. In Fig. 5, a trigger circuit 62 pro-
12 vides a timed output signal as shown in the figure., A
13 resistor 63 in series with a variable resistor 64
14 determines the on time for the output of the trigger
15 circuik,; =0 that the minimum on time is established by
16 the value of the resistor 63. The variable resistor 64
17 adjusts the on time in cooperation with ithe resistor 65
18 and the capacitor 66, whereas the off time is
19 determined only by the resistor 65 and the capacitor
20 65, as is well %nown in the art. During the on time
21 for the trigger circuit 62, the output signal is high
22 to trigger the ultrasonic generator 20 through the
23 . control system 18 of Fig. 1.
24 Fig. 7 shows a suitable schematic, incorpor-
25 ating circuit elements like those shown ia Fig. 5, for
26 controlling the temperaturza of ithe operating field to
27 ess than a predetermined valve by limiting the on time
28  of the ultrasonic vibrations. The impedance of a nega-
29 tive temperature coefficient thermosznsor 70 will
30 change with the sensed temperatura., The sensor 70 is
31 located at the site where temperature is to be moni-*
32 tored. 3ince the thermosensor 70 is part of the feed-
33 back of a comparator 71, ithe desired temperature is set
34 Dby the value of a potentiometer 72 connected between
35 the output and input of the comparator 71, when the
36 temperature cises, the output of the comparator 71

“
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1 rises and the value of the impedance of the therm-
2 osensor 70 rises. This cumulative effect results in
3 12creasing the on period because a second thermosensor
4 74 having its input in circuit wiih the output of the
5 comparator 71 is in parallel with a resistor 75 i{a the
6 feedback circuit of a logic switching circuit 62.
7 Since the impedance of sensor 74 is in parallel with
8 the rasisior 75, the on period from the switching cir-
9 cuit 62 decreases, and in response to increasing sensed
10 temperature. On the other hand when the tenperature
11 decreases, the on time incre2ases. The output, as in
12 ¥ig. 5, is connected to a relay in the control circuit
13 of the existing system shown in Fig. 1.
14 As can thus be understood, during the on
15 time, the output of the trigger circuit 62 is high so
16 that the vibrating tip of the handpiece 10 is
17 actuated. When the signal becomes low, ultrasonic
18 power is momentarily deaccuated before again being
19 actuated when tha signal again goes high. The trigger
20 circuit shown in Fig, 8 vperates the same way as the
21  circuit shown in Fig. 5 except that the on time may he
22 discretely varied by selectively connecting aay one of
23  the plurality of resistors 64A, 64B, 64C, or 64D, or
24 some comabination thereof, into the RC network of the
25 trigger circuit 62. Thus, the off time is determined
26 by the resistor 65 and capacitor 55 a3 it was in
27 connection with the trigger circuit shosn ina Fig. 5.
28 Each of the resistors 64A, 64B, 64C, and 64D
29 is respectively in a series circuit with an associated
30 switch 64A', 64B', 64C', and 64D', respectively
31 controlled by the logic control Circuit, designated
32 generally by the reference numeral 73.
33 The trigger circuit 62 shown in Fig. 9 pro-
34 vides, similarly to Fig. 8, a fixed off time determined
35 by the resistor 53 aid capacitor 66, but the on time
36 provided by the RC network varies sequentially.
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1 Resistors 64A-64D are sequentially connected into the
2 RC network by a counter switch 82 which is actuated
3 each time the output of the itrigger circuit 62 becomes
4 low. Thus, when resistors 64A - 64D are set to respec-
5 tive suitable values, a first on time, a second on
6 time, a third on time, and a fourth on Lime are prede-
7 termined values, such as 50, 100, 150, and 200 m sec.,
8 wnich can be produced in a repeated sequence, thereby
9 providing a sequentially varied repetition rate.
10 The coatrol circuit according to the
11 invention may be used to provide a number of different
12 modes of operétion for the circuit of ®ig. 1. For
13 example, mode 1 may be a continuouasly operating mode
14 which operates the handpiece in a normal manner as
15 d=scribed in connection with Fig. 1. A second mode is
16 a rapid on-off interruption of ultrasonic power typi-
17 cally at a frequency rate of 33 Hz with an on-off duty
18 cycle of 1 to 2. A third mode is a rapid medium speed
19 mode and operates at a frequency of 18 Hz and an on-off
20 duty cycle of 1 to 4; as representatively illustrated
21 by the right hand portion of Fig. 3E. Mode 4 is a slow
22 mode which operates at a frequency of 7 Hz aand an on-
23 off duty cycle of 1 to 4. ~Fiaally, mode 5 is a slow
24 aode which operates at a frequency of 5 Hz with an on-
25 off duty cycle of 1 to 6. 1In each of the modes, the
26 vibration setting is adjusted by the external vibration
27 adjusting potentiometer 45 in Fig. 4, while the fre-
28 quency and duty cycle are adjusted electronically.
29 Preferably, the amplitude is set while the system 10 is
30 in the continuous mode, and an automatic interruption
31 mode selected from among exemplary modes 1 to 4. The
32 selected mode is thereafter locked in when the foot-
33 switch 22 is depressed and cannot be changed until the
34 footswitch 22 {3 releasad. Further modification of the
35 prior art circuitry to implement the teachings of this

w
o)}

invention is within the skill in this ark.
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1 The ultrasonic fragmentation produced
2 according to method and by the described apparatus in
3 accordance with the present invention provides enhanced
4 cutting action in both hard and soft tissue, particu-
5 larly in bone and cartilage where -ultrasonic fragmnen-
6 tation at a constant stroke amplitude provided by a
7 known aspirator apparatus had little effect. 1In
8 addition, since the present invention permits an
9 average stroke amplitude to be used that is smaller
10 than the stroke needed by constant amplitude aspirators
1l for effective fragmentation, heatiang of tissue adjacent
12 =0 khe fragmentation sight can be reduced without sac-
13 rificing surgical effectiveness.
14 The inacreased fragmentation effectiveness
15 provided by the present invention both increases the
16 speed of operation and reduces the force needed to push
17 through hard tissue such as bone, thereby reducing
18 operator fatigue and improving the operator's control
19 of the aspirators. The use of a variable stroke ampli-
20 tude in an ultrasonic surgical aspirator in accordance
21 with the present invention also provides improved
22 visual control of incisions made in soft tissue by
23 providing iwpcoved fragmentation, thereby enhancing
24 debris removal by the aspirator.
25 The improved control provided by varying the
26 duty cycle of the high amplitude stroke of the
27 vibrator, when used in cooperation with means Ffor
28 sensing the temperature of tissue adjacent to ot near
29 'the incision made by an ultrasonic surgical aspirator
30 1s also well suited for use in providing hypothermic
31 treatment to surrounding tissue while removing a
32 cancerous or tumorous growth. The improved thermal
33 control provided by apparatus in accordance with the
34 present invention permits adjacent tissue to be raised
35 o a precisely controlled temperature. that would not
36 destroy healthy tissue but, at the same time would
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reduce the viability of any fast growing iumor cells
that may have invaded adjacent tissue.

The invention has been described with
particular reference to its presently preferred embodi-
neaizs, but numerous modifications and variations within
the spirit and scope of the inveation as described
herein and is defined by the claims will ha apparent to
one skilled in the art. For example, a feedback signal

O 00 N O U = W N

indizating fragmentation rate could be used to control
the amplitude or duty cycie of the high amplitude

=
o

stroke.
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WHAT IS CLAIMED:

l. In a surgical device which includes an
ultrasonically-actuated surgical instrument and means
for supplying ultrasonic vibrations to said ultrason-
ically-actuated surgical instrument, the improvement
comprising means for controlling an application of
ultrasonic vibrations of a predetermined ultrasonic
frequency provided to said handpiece, said wmeans inclu-
ding modulating means for modulating said ultrasonic
vibratinns to vary between a higher amplitude and a
relatively lower amplitude in response to a modulating
signal from said control means, thereby causing iha
amplitude of the vibration of the ultrasonically-
actuated surgical device to vary between said higher
amplitude and said relatively lower amplitude.

2. The improvement as set forth in Claim 1
wherein said lower amplitude is zero, whereby said
ultrasonic vibrations at said predetermined frequency
are provided between an on state and an off state.

3. The improvement set forth in Claim 1
whzrein said device includes means for adjusting said
higher amplitude.

4. The improvement as set forth in Claim 1
wherein said controlling means includes meaas for
adjusting said relatively lower amplitude.

5. The improvement as set forth in Claim 4
wherein said lower amplitude adjustment means includes
a potentiometer for adjustably setting said lower
amplitude.

PCT/US87/00696
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6. The improvement as set forth i1 Zlaim 4
wherein said lower amplitude adjustment means includes
circuit means for adjustably setting said lower
amplitude.

7. The improvemeni as =sat forth in Claim 1
wherein said controlling means includes oscillator
a2ans for providing a predetermined modulating
frequency to said ultrasonic vibrations.

- 8. The improvement as set forth in Claim 7
wherein said oscillator means providing a modulating
frequency at about 30 Hz or greatzr.

9. The improvement as set forth in Claim 1
wherein said ultrasonically-vibrating surgical device
is pulsed by said controlling means between its higher
amplitude and its relatively lower amplitude at a fre-
quency of about 5 Hz or more.

10. The improvement as set forth in Claim 1
wherein said controlling means inciules duty cycle
control means for providing a variabie p<a2selected duty
cycle for said higher and said relatively lower ampli-
tirie ultrasonic vibrations. “

11. The improvement as set forth in Claim 1
wherein said controlling means includes duty cycle
control means for providing a variable preselected duty
for s3aid relatively higher and said relatively
lower amplitude ultrasonic vibrations, said duty cycle
control means being responsive to a semotely sensed

para-meter.

12, The improvement as set forth in Claim 11
wherein said parameter is temperature.
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3. Tha improvement as set forth in Claim 12
when said duty <ycle is decreased in response to
increasing temperature.

14. The improvement as set forth {a Claim 12
wherein said duty cycle is decreased when said temper-
atire rises to a prede-termined valve.

15. The improvement as set forth in Claim 12
wherein said duty cycle is increased when said temper-
ature is below a prede-termined value.to increase

temperature at said surgical site,

.16. The improvement as set forth ia Claim 1
wherein said surgical device provides surgical removal
of at least a part of a substance to which the device
is applied, wherein said control-ling means causes a
variation of the stroke aaplitude of said surgical
device at a repetition rate and a duty cycle so that
said surgical removal is not interrupted while the
device is applied to 3aid substance.

17. The improvement as set forth in Claim 1
further comprising means for sensing the temperature of
a substance adjacent to the substance to which the
surgical device is applied while the device is applied
thereto, said controlling means being responsive to
said temperature sensing waeans to vary the amplitude of
341.d stroke with a duty cycle that is a function of
3aid temperature.

18. The improvement as set forth in Claim 17
wherein said duty cycle is an inverse cycle fuaction of
said temperature.
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19. The improvement as set forth in Claim 1
wherein sald controlling means includes means for
sequentially varying the repetition rate with which
said stroke amplitude is automatically varied between
said high amplitude and said relatively lower amplitude
according to a predetermined sequence.

20. The improvement as set forth in Claim 1
wherein said controlling means controls the total time
cycle of the interruption of said ultrasonic vibrations
to less that 1,000 ms.

2l. An ultrasonic surgical instrument of the
type which includes a handpiece supporting an ultra-
sonic vibrating tip, an ultrasonic generator for provi-
ding ultrasonic vibrations to said tip, and control
means for controlling the application of said ultra-
sonic vibrations between a predetermined initial on
period and a predetermined final off period, the
improvement comprising control means for modulating
said ultrasonic vibrations as a carrier wave to period-
ically interrupt the application of said modulated
ultrasonic energy to said vibrating tip at a prede-
termined rate within a high amplitude and a lower
amplitude for achieving improved cutting action on
relatively hard tissue.

22. The apparatus as set forth in Claim 21

-further including circuit means cooperating with said

control means for causing said high amplitude to vary
between and adjustable predetermined high amplitude and
an adjustable predetermined low amplitude.

23. The apparatus as set forth in Claim 21,
wherein said circuit means is a switch for controlling
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3 the interruption between said predetermined high

4 amplitude and a zero low amplitude.

1 24. The apparatus as set forth in Claim 21

2 wherein said circuit means includes means for modula-

3 ting said ultrasonic carrier signal at a freguency on

4 the order of 30 Hz or more.

1 25. The apparatus as set forth in Claim 22

2 wherein said circuit means further includes means for

3 sensing a parameter, to produce a parameter-based

4 control signal representative thereof, said control

5 means being responsive to said parameter-based control

6 signal to vary the duty cycle of said modulated ultra-

7 sonic signal.

1 26. The apparatus as set forth in Claim 25

2 wherein said duty cycle lies within a range of about

3 50% to about 100%.

1 27. The apparatus as set forth in Claim 21

2 wherein said low amplitude is zero, whereby said ultra-

3 sonic vibrations at said predetermined frequency are

4 provided between an on state and an off state.

1 28. The apparatus as set forth ia Claim 21

2 wherein said control means includes means for adjusting
said high amplitude.

1 29. The apparatus as set forth in Claim 21

2 wherein said control means includes means for adjusting
said low amplitude.

1 30. The apparatus as set forth in Claim 29
2 wherein said low amplitude adjustment means includes a



WO 87/05793 PCT/US87/00696

>

=W N

oW N

w

m o W N

"m o W N

g O Ul W N

- 26 -

potentiometer for adjustable setting said low ampli-
tude.

31. The apparatus as set forth in Claim 29
wherein said low amplitude adjustment means includes

circuit means for adjustably setting said low ampli-

32. The apparatus as set forth in Claim 21
wherein said control means includes oscillator means

for providing a predetermined modulating fregquency to
said ultrasonic vibrations.

33. The apparatus as set forth in Claim 32
wherein said oscillator means providing a modulating
frequency at about 30 Hz or greater.

34. The apparatus as set forth in Claim 21
wherein said ultrasonically-vibrating surgical device
is pulsed by said control means between its high ampli-
tude and its low amplitude at a frequency of about 5 Hz
or more.

35. The apparatus as set forth in Claim 21
wherein said control means includes duty cycle control
means for providing a variable preselected duty cycle
for said high and said low amplitude ultrasonic vibra-
tions.

36. The apparatus as set forth in Claim 21
wherein said controlling means includes duty cycle
control means for providing a variable preselected duty
cycle for said relatively higher and said relatively
lower amplitude ultrasonic vibrations, said duty cycle
control means being responsive to a remotely sensed
parameter.
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37. The apparatus as set forth in Claim 36
wherein said parameter is temperature.

38. The apparatus as set forth in Claim 37
when said duty cycle is decreased in response to
increasing temperature.

39. The apparatus as set forth in Claim 38
wherein said duty cycle is decreased when said temper-
ature rises to a predetermined value.

40. The apparatus as set forth in Claim 37
wherein said duty cycle is increased when said temper-
ature is below a predetermined value to increase
temperature at said surgical site.

41. The apparatus as set forth in Claim 21
wherein said surgical device provides surgical removal
of at least a part of a substance to which the device
is applied, wherein said control means causes a varia-
tion of the stroke amplitude of said surgical device at
a repetition rate and a duty cycle so that said
surgical removal is not interrupted while the device is
applied to said substance.

42. The apparatus as set forth in Claim 41
further comprising means for sensing the temperature of

a substance adjacent to the substance to which the

. surgical device is applied while the device is applied

thereto, said control means being responsive to said
temperature sensing means to vary the amplitude of said

stroke with a duty cycle that is a function of said
temperature.

PCT/US87/00696
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1 43. The apparatus as set forth in Claim 42
wherein said duty is an inverse cycle function of said
temperature.

w N

44. The apparatus as set forth in Claim 21
wherein said control includes means for sequentially
varying the repetition rate with which said stroke
amplitude is automatically varied between said high
amplitude and said relatively lower amplitude according

SN U N

to a predetermined sequence.

45. The apparatus as set forth in Claim 1
wherein said control means controls the total time
cycle of the interruption of said ultrasonic vibrations
to less than 1,000 ms.

[ VS (I

46. A method for pulsing an ultrasonically-
vibrating tip on and off at a relatively high rate of
speed to achieve an improved and faster cutting action
on bone, cartilage and other tissue, said method inclu-
ding the steps of:

providing a source of ultrasonic signals to
said ultrasonically-vibrating tip;

periodically interrupting the application of
said ultrasonic signals provided to said ultrasoni-

10 cally-vibrating tip for a predetermined duty cycle
11 between a predetermined higher amplitude and a prede-
12 termined lower amplitude.

W 00 N o U1 W W N

47. The method as set forth in Claim 45
wherein the step of periodically interrupting is
further characterized in that said predetermined lower
amplitude is zero.

> woNp
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1 48. The method as set forth in Claim 45
2 wherein the step said predetermined time is greater
3 than 5 Hz.
1 49. The method as set forth in Claim 45
2 wherein the step of periodically interrupting is
3 further characterized in that said duty cycle is
4 between about 15% and less than 100%.
1 50. The method as set forth in Claim 45
2 wherein the step of periodically interrupting is
3 further characterized in that said predetermined fre-
4 quency varies between respective sets of interruptions.



WO 87/05793 PCT/US87/00696

1/6
FlG. /.
(PRIOR ART)
ULTRASOMICALLY
VIBRATING 1!
TIP
HANDPIECE N,
'4\\//‘
ULTRASONIC “éggnﬁgf ASPIRATION IRRIGATION
GENERATOR SYSTEN SYSTE SYSTEN
Y b\ \g 15
&
CONTROL SYSTEM
I
22\ ZI\ /24

CONTROL PANEL L

FOOTSWITCH PUSH BUTTONS AND INDICATORS




WO 87/05793 PCT/US87/00696

2/6
FlG. 2.
CONTROL ULTRASONIC ULTRASONICALLY
SYSTEN (———1 GENERATIR HANDPIEGE VIBRATING
18 L 2 2 TIP 1
M } ™D
2N i B ] '
1 1 \27b r\ I
2 FEEDBACK CONTROL .
SWITCHING OR |- |
(D~ MODULATING | —26 '
CRCUT. F o o e e e |
\21d
FlG 3.

Rl llllll\l!llllllllIIIWIIIIHNIIIIllllllllllllﬂl i

MANUAL AMPLITUDE ADJUSTMENT

SO et

wese [
SWITCHING OR MODULATING WAVE
ON-OFF PULSING

ff_J
T2, /LOW POWER

= J“U “ ||U mmum “!Il““ ||i ‘n nmnnnuu bt m

L,_IZ/ TZA <T23
T=1/tm==1/30

O

STROKE AMPLITUDE

o

-1



PCT/US87/00696

WO 87/05793

3/6

Gb
11 _Ur
TAY "9IA

100 “1Snrav
dnv . M0

09

]
A2 -W“

IH 09
TT T | HOLVTISO ¢




PCT/US87/00696

WO 87/05793

4/6

f 09
YR 30044 TVRNIHL
(dHIL IH) WOu
- (N9 | NMOQ 1NHS
VIS 19
o ol
— —l—— = — - - o |
_ base 09 3 |- _ =
Lyt _ ~ T
9900 ! . agt~olo | : H
10 “ ST | g wouyd G —
) i < w0V , “ : 1o w
[ _ ] plo 1
8 1 990% [+ _ : }—Juotvos0 w_
. N ke (UL T
v Nj I
M | A3 EE! q@z; | \z
_p||||.||||.|||-i||||r||L
\it
? N+ ,
"G 9/4



WO 87/05793

PCT/US87/00696

5/6
FlG 6.
+12V o] 11/ b
63 A Uol'?
o LU U
" é it | QureuT T0 CONTROL
W SYSTEM 18
ss:_i IT
FlG 7.
+12V
! }
3 63I
15
T Ui
L = s A OUTPUT
H11F1 555
+_l—66 T 62
ST I Il +[2V
g sz AW %
_Vﬁ 1 R 3
R-{ RT.
Kn 10 TINTO)



WO 87/05793 PCT/US87/00696

6/6

‘ F1G. 8.

31 w2 |us-3 e
4K ] 4B 640N 4D
G
£ By
o e4a'\ll>° 644 T\e48| TNedc| {640

b '
T Sl e
D.\\E: | 55

64 2
LC +_L(66 -L \'6
n/ T 1l
FlG 9.
/ | +
-4 I ! VA
4066 64A 648 640 64D
/62
v - A 4 v - » 7 1
g U1
/é At ouTRUT _
65 555
+;L\[66 AL
4l 3| 2| | / __.__.Oluf L
U3|  COUNTER SW. et '
REPEAT
50 100 150  20ms ‘50 100 150  200ms |
\ T 2U3D4U-IU2U3U41



R

INTERNATIONAL SEARCH REPORT

International Application No

PCT/US87/00696

{. CLASSIFICATION OF SUBJECT MATTER (if several classification symbois apply, indicate all) 3

U.S. Cl. 128/24A, 004/22

According to internatianal Patent Clagsification (IPC) or to both National Classification and I1PC
IPC A6LB 17728

Il. FIELDS SEARCHED

Minimum Documentation Searched ¢

Classification System | Classification Symbaols

U.S. 128/24A, 303R, 305, 328

604/22, 30, 35, 36

Documentation Searched other than Minimum Documentation
to the Extent that such Documents are Included in the Fields Searched &

11l. DOCUMENTS CONSIDERED TO BE RELEVANT t4

Category * | Citation of Doe¢ t, !¢ with indication, where appropriate, of the relevant passages 7 | Relevant to Claim No. 18
X, P| US, A, 4,614,178 (HARIT ET AL) ~"n 1, 9, 20
Septemper 1986, column 3, line 34-column
4, line 28.
X . Us, A, 3,980,906 (KURIS ET AL) 14 1, 9, 20-21
Y September 1976, see column 7, line 44- (2-3, 10,
~olumn 8, line 533. lo, 19,
21-35, 41,
45-50)
1972, see the entire document. 19, 21-35,
41, 44-50
X SU, A, 562,279 (CHIRKIN ET AL) 25 June 1, 11, 21,
Y | 1977, see Abstract only. 30
T12-18,
3 7 ‘-40 ]
42-43)
'Y, p| US, A, 4,046,756 (WATMOUGH ET AL) 03 March | 12-18,
1987, see column 2, lines 9-29 and column 37-40, 42-43
5, lines 10-29.

* Special categories of cited documents: !5 T

considered to be of particuiar relevance

document member of the same patent family

later document published after the internationai filing date
“A" documant defining the generai state of the art which 1s not or prionty date and not in conflict with the application but

cited to understand the principle or theory underlying the

invention
“Eg" g?rliqr document but published on or after the internationai “X" document of particular relevance: the claimed invention
ling date ) cannot be considered novel or cannot be considered to
ol B docu:lcm vlvfgcth may tll'nr?‘w hdoubts‘ on priority cla:im(s) or invoive an inventive step
which is cited to establish the publication date of another wygn :
: Y" document of particular relevance; the claimed invention
citation or oxherAspecul ‘“““_(“ specified) n cannot be considered to invoive an inventive step when the
“O" document referring to an oral disciosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being abvious to a person skilled
“P" document published prior to the international filing date but n the art.
later than the priority date claimed "&"

IV. CERTIFICATION

Date of Mailing of this international Search Report ¢

1 _29JuNmwsz

. Date of the Actual Completion of the International Search ® ‘

"9 June 1987

ISA/US 1

international Searching Authority ¢ ] - Signature of Authorized Officer 29 7
Francis J. JaworsKi J

]

Form PCT/ISA/210 (second sheet) (May 1986)

il



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

