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SURGICAL GENERATOR FOR ULTRASONIC AND ELECTROSURGICAL DEVICES

CROSS REFERENCE TO RELATED APPLICATION
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Ser. No. 13/251,766 entitled "SURGICAL GENERATOR FOR ULTRASONIC AND
ELECTROSURGICAL DEVICES,” filed Gcetober 3, 2011, which is a continuation-in-part of
copending U.8. Patent Application Ser. No. 12/886,360 enliled "SURGICAL GENERATOR
FOR ULTRASONIC AND ELECTROSURGICAL DEVICES,” filed Octeber 1, 2010, and which
cialms the benefit under Title 35, United States Code § 118(e), of U.5. Provisional Patent
Application Ser. No. 81/250,217, filed October 9, 2008 and entitied A BUAL BIPOLAR AND
ULTRASONIC GENERATOR FCR ELECTRGO-SURGICAL INSTRUMENTS. Each of the
applications is hereby incorporatsd by reference in its entiraty.

10082] The present application also is related o the following U.S. Patent Applications,
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entiraty.

{1} U.S. Patent Application Serial No. 12/896,351, entitled DEVICES AND
TECHNIGQUES FOR CUTTING AND COAGULATING TISSUE, Attorney Bocket No.
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{2} U.5. Patent Application Serial No. 12/896,479, entitled SURGICAL
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(3} U.5. Patent Application Serial No. 12/896,345, entitled SURGICAL
GENERATOR FOR ULTRASONIC AND ELECTROSURGICAL DEVICES, Attorney Docket No.
ENDBE7IUSNP2/100558,;

{4} .8, Patent Application Serial No. 12/896,384, entilled SURGICAL
GENERATOR FOR ULTRASONIC AND ELECTROSURGICAL DEVICES, Atiormey Docket No.
ENDBSS7IUSNPI/ 00580,

{5} U.8. Patent Application Serial No. 12/896,467, entitled SURGICAL
GENERATOR FOR ULTRASONIC AND ELECTROSURGICAL DEVICES, Atformey Docket No.
ENDBSSTIUSNP4/100582;

{6) U.S. Patent Application Serial No. 12/886,451, entitled SURGICAL
GENERATOR FOR ULTRASONIC AND ELECTROSURGICAL DEVICES, Attorney Docket No.
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{7} U.5. Patent Application Serial No. 12/886,470, entitled SURGICAL
GENERATOR FOR ULTRASONIC AND ELECTROSURGICAL DEVICES, Attorney Docket No.
ENDE673USNPE/100564.

BACKGROUND

[6003] Various embodiments are directed o surgical devices, and generators for
supplving energy o surgical devices, for use in open or minimally invasive surgical
environments.

[6084] Ultrasonic surgical devices, such as ulfrasonic scalpels, are finding increasingly
widespread applications in surgical procedures by virtue of their unigue performance
characteristics. Depending upon specific device configurations and operational paramsters,
ultrasonic surgical devices can provide subslantially simultansous transsclion of tissue and
homeaostasis by coagulation, desirably minimizing patient rauma.  An ultrasonic surgical device
may comprise a handpiecs containing an ullrasonic transducer, and an instrument coupled {o
the ulirasonic fransducer having a distally-mounted end effector {8.g., a blade tip) to cut and
seal tissue. In some cases, the instrument may be permanently affixed to the handpiece. In
other cases, the instrument may be delachable from the handpiece, as in the case of a
disposable instrument or an instrument that is interchangeable betwesn different handpieces.
The end effector transmils ulfrasonic energy 1o tissue brought info contact with the end effector
to realize cutling and sealing action. Ulirasonic surgical devices of this nature can be
configured for open surgical use, laparoscopic, or endoscopic surgical procedures including
robotic-assisted procedures.

{0005] Ultrasonic energy culs and coagulates tissue using temperatures lower than
those used in electrosurgical procedures and can be transmitied {o the end effector by an
ultrasonic generator in communication with the handplece. Vibwatling at high frequencies {s.qg.,
55,500 times per second}, the uitrasonic blade denalures proiein in the tissue fo form a slicky
coagulum. Pressure exeried on lissue by the blade surface collapses blood vessels and allows
the coagulum o form a haemostatic seal. A surgeon can control the cutting spesd and
coagulation by the force applisd {0 the tissus by the end effector, the time over which the forcs
is applied and the selected excursion level of the end eflecior.

100488] The ulirasonic fransducer may be modeled as an equivalent circuit comprising
first branch having a static capacitance and a second “motional” branch having a serially
connscied inductance, resistance and capacitance that define the electromechanical properties

of & resonator. Known ultrasonic generalors may include a tuning inductor for funing out the
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static capacitance at a resonant freguency so that substantially all of generalor’s drive signal
current flows into the motional branch. Accordingly, by using a tuning inductor, the generator's
drive signal current represents the motional branch current, and the generator is thus able to
control its drive signal to maintain the ulfrasonic fransducer’s resonant fraquency. The tuning
inductor may also transform the phase impedance piot of the ultrasonic transducer to improve
the generator’s freguency lock capabiliies. However, the tuning inductor must be malched with
the specific stalic capacitance of an ultrasonic fransducer al the operational resonance
frequency. In other words, a different ultrasonic fransducer having a different static capacifance
requires a different tuning inductor.

{0007] Additionally, in some ultrasonic generator archifectures, the generator's drive
signal epthibits asymmetrical harmonic distortion that complicates impedance magnitude and
phase measurements. For example, the accuracy of impedance phase measuremenis may be
reduced due to harmonic distortion in the current and voltage signals.

[6088] Mareover, electromagnetic interference in nolsy environments decreases the
ability of the generalor io maintain lock on the ultrasonic transducer’s resonant freguency,
increasing the likslihood of invalid control algorithm inputs.

[0009] Electrosurgical devices for applving elecirical energy to lissue in order to treat
and/or destroy the tissue are also finding increasingly widespread applications in surgical
procedures. An electrosurgical device may comprise a handpisce and an instrument having a
distaily-mounted end sffector {e.g., one or more slectrodes). The end effector can be positioned
against the tissue such that elecirical current is introduced info the tissue. Electrosurgical
devices can be configured for hipolar or monopolar operation. During bipolar operation, current
is infroduced into and returned from the tissue by active and return electrodes, respectively, of
the end effector. During monopolar operation, current is introduced into the tissue by an aclive
electrade of the end sffector and relurned through a return electrode {e.g., a grounding pad)
separaiely located on a patient’s body. Heat generatsd by the current flow through the tissus
may form haemostatic seals within the tissue and/or between tissues and thus may be
particularly useful for sealing blood vessels, for example. The end effecior of an slecirosurgical
device may also comprise a culting member that is movable relative 1o the lissue and the
electrodes fo transect the tissue.

10018] Electrical energy applied by an elecirosurgical device can be transmitied to the
instrument by a generator in communication with the handpiece. The electrical energy may be
in the form of radio frequency ("RF") energy. RF energy is a form of electrical energy that may

be in the frequency range of 300 kHz to 1 MHz. During its operation, an elecirosurgical device
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can transmit low frequency RF energy through tissue, which causes lonic agitation, or friction, in
effect resistive heating, thereby increasing the temperature of the tissue. Because a shamp
boundary may be created belween the affected tissus and the surrounding tissue, surgeons can
operate with a high level of precision and control, without sacrificing un-targeted adjacent tissue.
The low operating temperatures of RF energy may be useful for removing, shrinking, or
sculpling scft issus while simulanecusly sealing blood vessels. RF ensrgy may work
particutarly well on connective lissue, which is primarily comprised of collagen and shrinks when
contacted by heat.

[6011] Due to thelr unique drive signal, sensing and feedback needs, ultrasonic and
electrosurgical devices have generally required different generalors. Additionally, in cases
where the instrument is disposable or interchangeable with a handplece, ulirasonic and
electrosurgical genaralors are limited in their ability to recognize the particular insirument
configuration being used and fo optimize control and diagnostic processes accordingly.
Moresover, capacitive coupling between the non-isolated and patient-isolated circuits of the
generator, especially in cases where higher vollages and frequencies are used, may rasult in
exposure of a patient to unacceptable levels of leakage current.

[0012] Furthermore, due to thelr unigue drive signal, sensing and feedback needs,
ultrasonic and electrosurgical devices have generally required different user interfaces for the
different generators. In such conventional ultrasonic and slectrosurgical devices, one user
interface is configured for use with an ultrasonic instrument whereas a different user interface
may be configured for use with an slectrosurgical instrumeni. Such user interfaces include
hand and/or foot activated user interfaces such as hand aclivated swilches and/or fool activated
swiiches. As various embodiments of combined generalors for use with both ultrasonic and
electrosurgical instruments are contempilated in the subsequent disclosure, additional user
interfaces that are configured o operate with both ullrasonic andfor slectrosurgical instrument
generators also are contemplaled.

[0613] Additional user interfaces for providing feedback, whether to the user or other
maching, are contemplated within the subsequent disclosurs 1o provide feedback indicating an
operating mode or staius of either an ultrasonic andfor electrosurgical instrument. Providing
user andfor machine fesdback for operating a combination ultrasonic and/or electroswrgical
instrument will require providing sensory feedback to a user and electrical/mechanical/electro-
mechanical feedback to a machine. Feadback devices that incorporate visual feedback devices

{e.g., an LCD display screen, LED indicators), audio feedback devices {e.g., a speaker, a
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buzzer) or tactile feedback devices {e.g., haptic actuators) for use in combined ultrasonic and/or

electrosurgical instruments are contemplated in the subsequent disclosurs.

SUMMARY

[0014] Various embodiments of a gensrator to communicate a drive signal to a surgical
device are disclosed. in accordance with various embodiments, the generator may comptrise a
power amplifier o receive a time-varyving drive signal waveform. The drive signal waveform
may be generated by a digital-lo-analog conversion of at least a portion of a plurality of drive
signal waveform samples. An oulput of the power amplifier may be for generating a drive
signal. The drive signal may comprise one of. a first drive signal fo be communicated to an
ultrasonic surgical device, a second drive signal to be communicated o an eleclrosurgical
device. The generalor may also comprise a sampling circuit 1o generate samples of current and
voltage of the drive signal when the drive signal is communicated o the surgical device,
Generation of the samples may be synchronized with the digital-le-analog conversion of the
drive signal waveform samples such that, for each digital-to-analog conversion of a drive signal
waveform sample, the sampling circult generates a corresponding set of current and voltage
samplss. The gensralor may also comprise at least one device programmed to, for sach drive
signal wavelorm sample and corresponding set of current and volfage samples, store the
current and voltage samples in a memory of the at least one device (o associate the stored
samplas with the drive signal waveform sample. The al lsast one device may also be
programmad o, when the drive signal comprises ths first drive signal: determine a motional
branch current sample of the ultrasonic surgical device based on the stored current and voltage
samples, compare the motional branch current sample o a target sample selected from a
plurality of target samples that define a target waveform, the target sample selected based on
the drive signal waveform sample, dstermine an amplitude error batween the larget sample and
the motional branch current sample, and modify the drive signal wavelorm sample such that an
amplitude error determined between the target sample and a subseguent motional branch
current sample based on current and voltage samples associated with the modified drive signal
waveform sample is reduced.

[0015] In accordance with various embodiments, the generator may comprise a memory
and a device coupled to the memory 1o receive for each of a plurality of drive signal waveform
samples used to synthesize the drive signal, a corresponding set of current and voltage
sampies of the drive signal. For each drive signal waveform sample and corresponding set of

current and voltage samples, the device may store the samples in a memory of the device o
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associate the slored samples with the drive signal waveform sample. Also, Tor each drive signal
wavsform sample and corresponding set of current and vollage samples, the device may, when
the drive signal comprizes a first drive signal 1o be cormmunicaled to an ultrasonic surgical
device, determine a motional branch current sample of the ulirasonic surgical device based on
the stored samples, compare the motional branch current sample {o a target sample selected
from a plurality of target samples that define a targel wavelorm, the target sample selecied
based on the drive signal waveform sample, determing an amplifude error betweaen the targst
sample and the mctional branch current sample, and modify the drive signal waveform sample
such that an amplitude error determinad between the target sample and a subsequent motional
branch current sample based on current and vollage samples associaled with the modified drive
signal waveform sample is reduced.

[0016] In accordance with various embodiments, methods for delermining motional
branch current in an ultrasonic transducer of an ultrasonic surgical device over multiple
frequencies of a fransducer drive signal are also disclosed. In one embodiment, the msthod
may comprise, at each of a plurality of freguencies of the tfransducer drive signal, oversampling
a current and voltage of the transducer drive signal, receiving, by a processor, the current and
violtage samples, and detarmining, by the processor, the molional branch current based on the
current and voltage samples, a stalic capacitance of the ultrasonic transducer and the frequency
of the fransducer drive signal.

[0017] In accordance with various embodiments, methods for controlling a waveform
shape of a motional branch current in an ultrasonic transducer of a surgical device are also
disclosed. In one embodiment, the method may comprise generaling a ransducer drive signal
by selectively recalling, using a direct digital synthesis (DDS) algorithm, drive signal waveform
samples stored in a look-up table (LUT), generating samples of current and voltage of the
transducer drive signal when the transducer drive signal is communicatsd o the surgical devics,
delermining samples of the motlional branch current based on the current and vollage samples,
a static capacitance of the ultrasonic transducer and a frequency of the transducer drive signal,
comparing each sampie of the motional branch current io a respective target sample of a target
waveforn to determine an error amplitude, and modifying the drive signal waveform samples
stored in the LUT such that an amplitude error between subsequent samples of the motional
branch current and respective {arget samples is reduced.

[0618] In accordance with various embodiments, a surgical generator for providing a
drive signal to a surgical device may comprise a first ransformer and a second transformer.

The first ransformer may comprise a first primary winding and a first secondary winding. The
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second transformer may comprise a second primary winding and a second secondary winding.
The surgical generator may further comprise a generator circult {o generate the drive signal
The gsnerator circuit may be electrically couplsd fo the first primary winding to provide the drive
signal across the first primary winding. The surgical generator may also comprise a patient-side
circuit electrically isolated from the generalor circuit. The patient-side circuit may be electrically
coupled to the first secondary winding. Further, the patient-side circuit may comprise first and
second oulput lines o provide the drive signal (o the surgical devics. In addition, the surgical
generator may comprise a capacitor. The capacitor and the second secondary winding may be
electrically coupled in series between the first culput line and ground.

{0019] In accordance with various embodiments, a surgical generator for providing a
drive signal to a surgical device may compriss a first transformer, a patisnt-side circult, and a
capacitor. The first transformer may comprise a primary winding, a first sscondary winding, and
a second secondary winding. A polarity of the first secondary winding relative o the primary
winding may be opposite the polarity of the second secondary winding. The generator circuit
may generalg the drive signal and may be electrically counled to the first primary winding o
provide the drive signal across the first primary winding. The patient-side circuit may be
electrically isolated from the generalor circuil and may be elecirically coupled to the first
secondary winding. Also, the patient-side circuit may comprise first and second output lines to
provide the drive signal to the surgical device. The capacitor and second secondary winding
may be slectrically coupled in series between the first output line and ground.

[0020] Iin accordance with various embodiments, a surgical generalor Tor providing a
drive signal {o a surgical device may comprise a first transformer, a generator circuit, a patient-
side circuit and a capacitor. The first transformer may comprise a primary winding and a
secondary winding. The generator circuil may generale the drive signal and may be electiicaily
coupled to the first primary winding (o provide the drive signal across the first primary winding.
The patient-side circuit may be alectrically isolated from the generator circull and may be
electrically coupled to the secondary winding. Further, the palient-side circuit may comprise first
and second output lines to provide the drive signal {o the surgical device. The capacitor may be
electrically coupled to the primary winding and to the first culput ine.

[0021] In accordance with various embodiments, a surgical generator for providing a
drive signal to a surgical device may comprise a first transformer, a generator circuil, a patient-
side circuit, as well as first, second and third capacitors. The first transformer may comprise a
primary winding and a secondary winding. The generator circuit may generale the drive signal

and may be electrically coupled to the first primary winding to provide the drive signal across the
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first primary winding. The patisnt-side circuit may be slectrically isolated from the generator
circuit and may be electrically coupled o the secondary winding. Further, the patisnt-side circuit
may comprise first and second oulput lines o provide the drive signal o the surgical device., A
first electrode of the first capacitor may be electrically coupled fo the primary winding. A first
electrode of the second capacitor may be electrically coupled 1o the first ouiput line and a
second glectrods of the second capacitor may be electrically coupled to a second elecirode of
the first capacitor. A first glectrode of the third capacitor may be electrically coupled io the
second electrode of the first capacitor and the second elecirode of the second capacitor. A
second slectrode of the third capacitor may be electrically coupled to ground.

[0022] In accordance with various embodiments, control circuits for surgical devices are
also disclosed. In one embodiment, the control circult may comprise a first circuit portion
comprising al least one first switch. The first circuit portion may communicats with a surgical
generator over a conductor pair. The control circuit may also comprise a second circuit portion
comprising a data circuit slement. The dala circuit element may be disposed in an instrument of
the surgical device and transmii or receive data. The dala circuit slement may implement data
communications with the surgical generator over at lsast one conductor of the conductor pair.
[0023] In accordance with various embodiments, the conlrol circuit may comprise a Tirst
circuit portion comprising at least one first swiich. The first circuit portion may communicate
with a surgical generator over a conductor pair. The control circuit may also comprise a second
circuit portion comprising a data circuit element. The data circuit element may be disposed in
an instrument of the surgical device and fransmil or receive data. The dala circuil slement may
implement data communications with the surgical generalor over at least one conductor of the
conductor pair. The first circuit portion may receive a first interrogation signal transmitted from
the surgical generator in a first frequency band. The data circuit element may communicate
with the surgical generator using an ampliiude-mopdulated communication protocol transmitted in
a second frequency band. The second frequency band may be higher than the first frequency
band.

[0024] In accordance with various embodiments, the control circuit may comprise a first
circuit portion comprising al least one first switch. The first circult portion may receive a first
interrogation signal fransmitted from a surgical generator over a conductor pair. The control
circuit may also comprise a second circuit portion comprising at least one of a resistive element
and an inductive element disposed in an instrument of the device. The second circuit portion
may receive a second interrogation signal transmitied from the surgical generator over the

conductor pair. The second circuit portion may bs freguency-band separated from the first
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circuit portion. A characteristic of the first intervogation signal, when received through the first
circuit portion, may be indicative of a state of the at least one first swilch. A characieristic of the
second interrogation signal, when received through the second circuit portion, may uniqusly
identify the instrument of the device.

[0025] In accordance with various embodiments, the control circuit may comprise a first
circuit portion comprising a first swilch network and a second swilch nstwork., The first swiich
network may comprise at least one first switch, and the second switch nelwork may comprise al
least one second switch., The first circuit portion may communicate with a surgical generator
over a conductor pair. The control circuit may also comprise a second circuit portion comprising
a data circuit element. The data circuit element may be disposed in an instrument of the
surgical device and may fransmit or receive data. The data circuit element may be in data
communication with the surgical generalor over at leasl one conductor of the conductor pair.
10028] In accordance with various embodiments, a surgical generalor for providing &
drive signal {o a surgical device may comprise a surgical generator body having an aperiure.
The surgical generator may also comprise a receplacie assembly positioned in the aperturs.
The receptacle assembly may comprise a receplacle body and a flange having an inner wall
and an outer wall. The inner wall may be comprised of al least one curved seclion and at least
one linear section. The inner wall may define a cavity. A ceniral protruding portion may be
positioned in the cavity and may comprise a plurality of sockets and a magnet. An outer
periphery of the central profruding portion may comprise at least one curved section and al lsast
ong linear section.

[0627] In accordance with various embodiments, a surgical instrument may comprises
an slecirical conneclior assembly. The elecirical connecior assembly may comprise a flange
defining a central cavity and a magnetically compatible pin extending into the central cavity.
The electrical connecior assembly may comprise a circuit board and a plurality of slectrically
conductive pins coupled {o the circuit board. Each of the plurality of electrically conductive pins
may extend into the central cavity. The electrical connector assembly may further comprise a
strain relief member and a boot.

[06028] In accordance with various embodimenis, a surgical instrument system may
comprise a surgical gensrator comprising a receptacle assambly. The receplacle assembly
may comprise at least one curved section and at least one linear portion. The surgical
instrument system may comprise a surgical instrument comprising a connector assembly and
an adapter assembly cperatively coupled 1o the receptacie assembly and the connecior

assembly. The adapter assembly may comprise a distal portion contacting the receptacle
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assembly. The distal portion may comprise a flange with the Hlange having at least one curved
section and at least one linsar portion. The adapter assembly may comprise a proximal portion
contacting the connacior assembly. The proximal poriion may define a cavily dimensioned io
receive at least a portion of the conneclor assembly. The adapter assembly may further
comprise a circuit board.

[6028] in accordance with various embodimenis, methods may be utilized {e.g., in
conjunction with surgical instruments) to accomplish various surgical ohijectives. For example,
methods o control electrical power provided to tissue via first and second electrodes may
comprise providing a drive signal {o the tissue via the first and sscond electrodes and
modulating a power provided io the tissue via the drive signal based on a sensed lissue
impedance according to a first power curve. The first power curve may define, foreach of a
plurality of potential sensed tissue impedances, a first corresponding power. The methods may
also comprise monioring a total energy provided fo the lissue via the first and second
electrodes. When the {olal energy reaches a first energy threshold, the methods may comprise
determining whsther an impedance of the tissue has reached a first impedance threshold. The
methods may further comprise, conditioned upon the impedance of ths tissue falling to reach
the firsl impedance threshold, modulating the power provided 1o the lissue via the drive signal
based on the sensed tissue impedance according o a second power curve. The second power
curve may define, for sach of the plurality of potential sensed tissue impedances, a second
corresponding power.

[0030] Iin accordance with various embodiments, methods for controlling electrical
power provided io tissue via first and second elecirodes may comprise providing a drive signal
o the tissue via the first and second electrodes and delermining a power 1o be provided {o the
tissue. The delermining may comprise receiving an indication of a sensed lissue impedance;
determining a first corresponding power for the sensed tissue impedance according 10 a powsr
curve; and multiplying the corresponding power by a mulliplier. The power curve may define a
corresponding power for each of a plurality of potential sensed tissue impedances. The
methods may further comprise modulating the drive signal 1o provide the determined power io
the tissue and, conditioned upon the impedance of the tissue failing to reach a first impedance
threshold, increasing the multiplier as a funclion of the intal ensargy provided to the lissue.
10031] In accordance with various embodiments, methods for controlling electrical
power provided io tissue via first and second elecirodes may comprise providing a drive signal
o the tissue via the first and second electrodes and delermining a power 1o be provided {o the

tissue. The determining may comprise receiving an indication of a sensed lissue impedance;
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determiining a first corresponding power for the sensed tissue impsdance according o a power
curve; and mulliplving the corresponding power by a first multiplier o find a determined power.
The powsr curve may defing a corresponding power for sach of a plurality of potential sensed
tissue impedances. The methods may further comprise modulating the drive signal {o provide
the determined power 1o the tissue and moniforing a toial energy provided 1o the tissue via the
first and second elsclrodes. In addition, the methods may comprise, when the (otal ensrgy
reaches a first energy threshold, determining whether the impedance of the lissue has reached
a first impedance threshold; and, conditioned upon the impedance of the tissue not reaching the
first impedance threshold, increasing the first multiplier by a first amount.

[0032] In accordance with various embodiments, methods for controlling electrical
power provided 1o tissue via a surgical device may comprise providing a drive signat{o a
surgical device; receiving an indication of an impedancs of the issue; calculaling a rate of
increase of the impedance of the tissue; and modulating the drive signal to hold the raie of
increase of the impedance greater than or equal o a predetermined constant.

[0033] In accordance with various embodiments, methods for controlling electrical
power provided 1o tissue via a surgical device may comprise providing a drive signal. A power
of the drive signal may be proportional to a power provided o the tissue via the surgical device,
The methods may also comprise pericdically recelving indications of an impedance of the tissue
and applying a first composite power curve to the tissue, whersin applying the first composite
power curve 1o the tissue comprises. Applying the first composite power curve to the tissue
may comprise modulating a first predetermined number of first composite power curve pulses
on the drive signal; and for each of the first composite power curve pulses, determining a pulse
power and a pulse width according o a first function of the impedance of the tissug The
methods may also comprise applying a second composite power curve to the tissue. Applying
the second composite power curve o the tissue may comprise modulaling at least one second
composite power curve pulse on the drive signal; and for each of the at lsast one second
composite power curve pulses, determining a pulse power and a pulse widih according o a
second function of the impedance of the tissue.

[0034] in accordance with various embodimenis, a generator is provided 1o generate a
drive signal io a surgical device. The generator includes an ulirasonic generator module {o
generate a first drive signal to drive an ultrasonic device, an electrosurgery/radio frequency (RF)
generator module to generale & second drive signal to drive an elecirosurgical device, and a
foot switch coupled o each of the ultrasonic generator module and the electrosurgery/RF

generator module. The foot switch is configured to operate in a first mods when the ultrasonic
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device is coupled 1o the ulirasonic generator module and the foot swilch is configured to operate
in a second mode when the slectrosurgical device is coupled o the slectrosurgery/RF gensrator
module.

[0635] In accordance with various embodiments, a generalor is provided that includes a
user interface to provide fesdback in accordance with the operation of any one of the ultrasonic
device and the electrosurgical devics in accordance with a predstermined algorithm.

[0036] In accordance with various embodiments, a control circult of a surgical device s
provided. The control circuit comprises a first circuit portion coupled 1o at l2ast one swiich
operable belween an open siate and a closed state. The first circuit portion communicates with
a surgical generator over a conductor pair 1o receive a conirol signal to determine a state of the
at lzast one switch.

[0037] In accordance with various embodiments, a control circult of a surgical device s
provided. The control circuit comprises a first circuit portion coupled 1o at l2ast one swiich
operable belween an open siate and a closed state. The first circuit portion communicates with
a surgical generalor over a conducior pair 1o receive a control signal from input ferminals io
determine a state of the at lsast one switch. The control signal having a positive phase and a
negative phase. A first transisior is coupled betweaen the inpul terminals, a first capaciior, and a
first resistor is coupled in series with the first capacitor. During the positive phase of the control
signai the first transistor is held in culoff mode while the first capacitor charges to a
predetermined voltage and during an initial portion of the negative phase of the conirol signal
the first transisior transitions frorm cutofl mode to saturation mode and is held in saturation mode
until the first capacitor discharges through the first resistor. During a final portion of the negative
phase of the control signal the first transisior transitions from saturation mode o cutoff mode
when the first capacitor voltage drops below a predetermined threshold.

[0038] In accordance with various embodiments, a method is provided. The method
comprises receiving a control signal at a control circult of a surgical device and delermining the
state of the at least one swiich based on the value of the resisior. The control circuit comprising
a first circuit portion coupled 1o at least one switch operable belween an open state and a
closed state. The circuit portion o communicate with a surgical generator over a conduclor pair
to receive the control signal. The first clrcult portion comprising at leasi oneg resistor coupled o

the at least one switch.

FIGURES
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[6038] The novel feaiures of the various embodiments are set forth with particularity in
the appendsad claims. The described embodiments, however, both as o organization and
methods of operation, may be besl undersiood by reference (o the following description, taken
in conjunction with the accompanying drawings in which:

{0040] Figure 1 lllustrates one embodiment of a surgical system comprising a generalor
and various surgical instruments usable therewith;

[0041] Figure 2 lllustrales one embodiment of an example ultrasonic device thal may be
used for transection and/or sealing;

[6042) Figure 3 illustrates one embodiment of the end effector of the example ulirasonic
device of Figure 2.

[0043] Figure 4 illustrates one embodiment of an example elecirosurgical device that

may also be used for transection and sealing;

[0044] Figures 5, 8 and 7 illustrale one embodiment of the end effector shown in Figure
4,

[0045] Figure 8 is a diagram of the surgical system of Figure 1;

[06048] Figure 9 is a model lustrating motional branch current in one embodiment;
[0047] Figure 10 is a slructural view of a generator architeciure in one embodiment,
10048] Figures 11A-110 are funclional views of a generaler architecture inone
embodiment;

[0043] Figure 12 illustraies a controller Tor monitoring input devices and controliing

ouiput devices in one embodiment;

[0650] Figures 13A-13B iliustrate structural and functional aspects of one embodiment
of the generalor;

F0051] Figures 14-32 and 33A-33C illusirate embodiments of control circuits;

[0052] Figure 330-331 Hlustrate embodiments of cabling and adaptor configurations for
connecting various gensralors and various surgical instruments;

[0053] Figure 34 iilustraies one embodiment of a circuit 300 for active cancellation of
leakage current.

[0054] Figure 35 lllusirates one embodiment of a circuit thal may be implemented by the
generator of Figure 1 to provide active canceliation of lsakage current;

10055] Figure 38 illustrates an aliernative embodiment of a circuit that may be
implemented by the generator of Figure 1 {0 provide active cancellation of leakage current;
{00586] Figure 37 illustrates an aliernative embaodiment of a circuit that may be

implementied by the gsnerator of Figure 1 {o provide active cancellation of leakags current;
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[6057] Figure 38 lllusirates yet another embodiment of a circuit that may be
implemeanted by the generator of Figure 1 {o provide aclive cancellation of leakage current;
[0058] Figure 39 lllusirates an embodiment of a circult that may be implemented by the
generator of Figure 1 to provide cancellation of leakage current;

[0053] Figure 40 illustrates ancther embodiment of a circuit that may be implemented by

the generator of Figure 1 to provide cancellation of leakags current;

[00640] Figure 41 lllustrales a receptacie and connector inlerface in one embodiment;
10081] Figure 42 is an exploded side view of the receplacle assembly in one
embodiment;

[0082] Figure 43 is an exploded side view of the connsclor assembly in one
embodiment;

[0063] Figure 44 is a perspeclive view of the receptacle assembly shown in Figure 41,
10084] Figure 45 is a exploded perspective view of the receplacie assembly inone
embodiment;

[00885] Figure 45 is a front elevation view of the receplacie assembly in one
embodiment;

[0066] Figure 47 is a side elevation view of the receplacle assembly in one embodiment;
10087) Figure 48 is an enlarged view of a socketl in one embodiment;

[6068] Figure 48 is a perspective view of the connector assembly in one embodiment;
[0083] Figure 50 is an exploded perspective view of the connector assembly in one

embodiment;

[06740] Figure 51 is a side elevation view of a connecltor body in one embodiment;
[0071] Figure 52 is perspective view of the distal end of a connector body in one
embodiment;

[0072] Figure 53 is perspective view of the proximal end of a connector body in one

embodiment;

[0673] Figure 54 fllustrales a ferrous pin in one embodiment;

[0074] Figure 55 illustrates electrically conductive pins and a circuit board in one
embodiment;

[3075] Figure 56 illustraies a strain relisf member in one embodiment;

10078] Figure 57 illustrates a boot in one embodiment;

[0677] Figure 58 illustrales two adaplor assembiles in accordance with various non-

fimiting embodiments;

[06078] Figure 58 lllusirates a surgical generator in one embodiment;
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[06079] Figure 60 lllusirates a connector assembly connected to an adaptor assembly in
one embadiment;
[0080] Figure 61 lllusirates an adaptor assembly inserted into a receplacle assembly of
a surgical generator in one embodiment;
[0081] Figure 682 lllustrates a connector assembly connected to an adaplor assembly in
ane embodiment;
[0082] Figure 83 lllustrales a perspective view of a back panel of a generalor in one
gmbodiment;
[6083] Figure 64 fllustrates a back panel of a generator in one embodiment;
[0084] Figures 85 and 66 illustrate different portions of a back panei of a generator in
ane embodiment;
[0085] Figure 67 illustrales a neural network for controlling a generator in one
gmbodiment;
[6088] Figure 68 lllustrates measured temperature versus sstimated temperature output

by a surgical instrument contralled by a generator in one embodiment;

[6087] Figure 68 lllusirates one embodiment of a chart showing example power curves;
[00838] Figure 70 lllustrales one embodiment of a process flow for applving one or more
power curves 1o a tissue bite;

[6088) Figure 71 fllustrates one embodiment of a chart showing example power curves
that may be used in conjunction with the process flow of Figure 70;

[0090] Figure 72 lllusirates one embodiment of a chart showing example common
shape power curves that may be used in conjunction with the process flow of Figure 70;

[0091] Figure 73A illusirates one embodiment of a routine that may be performed by a
digitai device of the generator of Figure 1 to act upon a new tissue bile;

[0082] Figure 738 illustrates one embodiment of a routine that may be performed by a
digital device of the generator of Figurs 1 1o monitor tissue impedancs;

[0693] Figure 73C Hllustraies one embodiment of a routine that may be performed by a
digital device of the generator of Figure 1 {o provide one or more power curves io a lissue bite;
[6094] Figure 74 lllusirates one embodiment of a process flow for applying one or more
power curves o a fissue bite;

10095] Figure 75 illustrates one embodiment of a block diagram describing the selection
and application of composite load curves by the generator of Figure 1,

{0096] Figure 78 illustrales shows a process flow Hlustrating one emboediment of the

algorithm of Figure 75, as implementad by the generalor of Figure 1;
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[6097] Figure 77 lllusirates one embodiment of a process flow for generating a first
compaosite load curve pulse;
[0098] Figure 78 lllusirates one embodiment of a pulse timing diagram iHusirating an

example application of the aigorithm of Figure 78 by the generator of Figure 1;
{0093] Figure 79 lllustrates a graphical representation of drive signal voltage, current

and power according o an example composite load curve;

[00100] Figures 80-85 illustrate a graphical representations of example composite load
curves;
F0101] Figure 86 iilustraies one embodiment of a block diagram describing the

application of an algorithm for mainiaining a constant tissue impedance rate of change
[00102] Figure 87 lllusirates one embodiment of a control circuit comprising parallel
switched resistance circuit with high speed daia communication support and at least one data
element comprising at least one memory device.

[001G3] Figure 88 is a graphical representation of one aspect of a control signal in the
form of a constant current pulse wavesform that may be generated by the signal conditioning
circuit of the generator as shown in Figure 10

[00104] Figure 88A is a graphical represeniation of one aspect of a conlrol signal in the
form of the constant current pulse waveform of Figure 88 showing numerical values of various
features of the waveform according 1o one example embodiment.

[00105] Figure 89 is a graphical representation of various detection regions associated
with the aspect of the conirol signal shown in Figure 88.

[001086] Figure 30 is a graphical representation of one aspect of a control signal in the
form of a current pulse waveform measured at the generator with SW1 closed and a zero chm
cable/connector impedance.

[00107] Figure B30A is a graphical representation of one aspect of a control signal in the
form of the current pulse waveform of Figure 80 showing numerical values of various features of
the waveform according io one example embodiment.

f00108] Figure 91 is an oscilloscops trace of an actual measured analog-to-digital (ADC)
input waveform using a generalor and a control circuit.

[00109] Figure 92 lllustrales ancther embodiment of a control circult comprising parallel
swilched resistance circuit and at least one data element comprising at least one memory

device memaory davice.
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[00118] Figure 93 lllusirates one embodiment of a control circuit comprising a serial
switched resistance circuilt and at least one dala element comprising al ieast one memory
device.

[00111] Figure 94 illustrales one embodiment of a control circuit comprising a serial
swiiched resistance circuil with a precision voltage reference and at least one dala element
comprising at least ong memory device.

[00112] Figure 95 lllustrales one embodiment of a control circult comprising a variable
frequency swiiched resistance circuil and at least one data element comprising at least one
memory device.

f00113] Figure 98, is a graphical representation of one embodiment of a detection
method showing detection regions for the control circult comprising a variable freguency
switched resistance circult and a memory device, as described in conneclion with Figure 85.
100114] Figure 97 illustrates one embodiment of a control cireult comprising a paraliel
switched resistance circuit with a precision voliage reference and at lease one data element
comprising at lsast one memory device employing a variable slope waveform o determine
swilch states.

[00115] Figure 98 is a graphical representation of one embodiment of a detection method
showing delection regions for the controf circuit comprising a variable ramp/slope swiiched
resistance circuit and a memory device, as described in connection with Figure 97.

[00118] Figure 99 illustrales one embodiment of a control circult comprising a one-wire

multi-switch inpul devics.

DESCRIPTION

[00117) Before explaining various embodiments of surgical devices and generators in
detail, it should be noled that the Hllusirative embodiments are not limited in application or use fo
the details of construclion and arrangemesnt of parts lusirated in the accompanying drawings
and description. The illustrative embodiments may be implemented or incorporated in other
embodiments, variations and modifications, and may be pracliced or carried out in various
ways. Further, unless olherwise indicated, the terms and sxpressions employed herein have
been chosen for the purpose of describing the Hlustrative embodiments for the convenience of
the reader and are not for the purpose of limilation thereof. Also, it will be appreciated that one
or more of the fellowing-described embodiments, expressions of embodiments and/or
examples, can be combined with any one or more of the other following-described

embodiments, expressions of embediments and/or examples.



WO 2013/158537 PCT/US2013/036568
18

[00118] Various embodiments are directed to improved ultrasonic surgical devices,
electrosurgical devices and generators for uss therewith. Embodiments of the ultrasonic
surgical devices can be configured for ransecting and/or coagulating lissue during surgical
procedures, for example. Embodiments of the electrosurgical devices can be configured for
fransecting, coagulating, scaling, welding and/or desiccating tissue during surgical procedures,
for example.

[00119] Ermbodiments of the generator utilize high-speed analog-to-digital sampling {(e.g.,
approximately 200x oversampling, depending on frequency) of the generator drive signal
current and voltage, along with digital signal processing, o provide a number of advantages and
benefils over known generator architeciures. In one embodiment, for example, based on
current and voltage feedback data, a value of the ultrasonic transducer static capacilance, and a
value of the drive signal frequency, the generator may delermine the motlional branch current of
an ulirasonic fransducer. This provides the benefit of a virtually tuned system, and simulates
the presence of a system that is tuned or resonant with any valus of the static capacitance (e.g.,
Gy in Figure 9) at any frequency. Accordingly, conirol of the motional branch current may be
realized by tuning out the eflects of the siatic capacitance without the need for a tuning inductor.
Additionally, the glimination of the funing inducior may not degrade the generalor’s frequency
lock capabilities, as frequency lock can be realized by suitably processing the current and
voltage feedback data.

[00120] High-speed analog-to-digital sampling of the generator drive signal current and
voliage, along with digital signal processing, may also enable precise digital filtering of the
samples. For example, embodiments of the generator may utilize a low-pass digial filler (e.g., a
finite impulse response (FIR) filler) that rolis off between a fundamental drive signal frequency
and a second-order harmonic o reduce the asymmetrical harmonic distortion and EMi-induced
noise in current and vollage fesdback samples. The fillered current and vollage fesdback
samples represent subslantially the fundamental drive signal frequency, thus enabling a more
accurate impedance phase measurement with respect {o the fundamental drive signal
frequency and an improvement in the generalor's ability o maintain resonant frequency lock.
The accuracy of the impedance phass measurement may be further enhanced by averaging
falling edge and rising edge phase measurements, and by regulating the measured impedance
phase o 0°.

[00121] Various embodiments of the generalor may also ulilize the high-speed analog-ie-
digital sampling of the generator drive signal current and voltage, along with digital signal

processing, (o determine real power consumption and other guantities with a high degree of



WO 2013/158537 PCT/US2013/036568
19

precision. This may allow the generator o implement a number of useful algorithms, such as,
for example, controlling the amount of power delivered 1o tissue as the impedance of the tissue
changes and controlling the power delivery 1o maintain a constani rale of tissue impedance
increase.

[00122] Various embodiments of the generalor may have a wide frequency range and
increased output power necessary to drive both ultrasonic surgical devices and electrosurgical
devices. The lower vollage, higher current demand of electrosurgical devices may be mel by a
dedicated tap on a wideband power transformer, thereby eliminating the need for a separate
power amplifier and culput transformer. Moreover, sensing and feedback circuils of the
generator may support a large dynamic range that addresses the needs of both ulirasonic and
electrosurgical applications with minimal distortion.

[00123] Various embodiments may provide a simple, economical means for the generator
to read from, and optionally write o, data circuit (e.q., a single-wire bus device, such as a one-
wire protocol EEPROM known under the trade name "1-Wire") disposed in an instrument
attached {o the handpiece using existing multi-conductor generator/handpiece cables. In this
way, the generator s able 1o retrieve and process instrument-specific data from an instrument
atiached 1o the handpiece. This may enabie the generalor {o provide betler confrol and
improved diagnostics and error detection. Additionally, the ability of the generator {0 wrile data
to the instrument makes possible new functionality in terms of, for example, tracking instrument
usage and capturing operational data. Moreover, the use of frequancy band permiits the
backward compatibility of instruments conlaining a bus device with exisling generalors.
[00124] Disclosed embodiments of the generator provide aclive cancellation of leakage
current caused by unintended capacitive coupling between non-isolated and patient-isclated
circuits of the generator. In addition to reducing patient risk, the reduction of leakage current
may also lessen electromagnetic emissions.

[00125] These and other benefits of embodiments of the present invention will be
apparent from the description to follow.

[00128] it will be appreciated that the terms “proximal” and “distal” are used herein with
reference 1o a clinician gripping a handpiece. Thus, an end effector is distal with respect o the
more proximal handpiece. i will be further appreciated that, for convenisnce and clarity, spatial
terms such as “top” and “bottom” may also be used herain with respect to the clinician gripping
the handpiece. However, surgical devices are used in many orienfations and positions, and

these terms are not intended to be limiting and absoluts.
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[00127] Figure 1 iHlustrates one embodiment of a surgical system 100 comprising a
generator 102 configurable for use with surgical devices. According fo various embodiments,
the generator 102 may be configurable for use with surgical devices of different types, including,
for example, the ultrasonic surgical device 104 and electrosurgical or RF surgical device 108
Although in the embodiment of Figure 1 the generator 102 is shown separate from the surgical
devices 104, 108, in certain embadiments the generator 102 may be formed integrally with
either of the surgical devices 104, 108 to form a unitary surgical system.

100428] Figure 2 lHlustrates one embodiment of an example ultrasonic device 104 that
may be used for transection and/or sealing. The device 104 may comprise a hand piece 118
which may, in turn, comprise an ullrasonic transducer 114, The transducer 114 may be in
eleclrical communication with the generator 102, for example, via a cable 122 {(e.g., a muiti-
conductor cable). The transducer 114 may comprise piezocaramic elements, or other elemenis
or components suitable for converting the electrical energy of a drive signal into mechanical
vibrations. When activated by the gensrator 102, the ulirasonic transducer 114 may cause
fongiudinal vibwation. The vibration may be transmitied through an instrument portion 124 of
the device 104 {e.g., via a waveguide embedded in an ouler sheath} fo an end effecior 126 of
the instrument portion 124,

100429] Figure 3 lHlustrates one embodiment of the end effector 126 of the example
ultrasonic device 104. The end effector 126 may comprise a blade 151 that may be coupled fo
the ulirasonic fransducer 114 via the wave guide (not shown). When driven by the transducer
114, the blade 151 may vibrate and, when brought info conlact with lissue, may cut and/or
coagulate the tissue, as described herein. According to various embodiments, and as lllustrated
in Figure 3, the end effector 128 may alsc comiprise a clamp arm 155 that may be configured for
cooperative action with the blade 151 of the end effector 126, With the blade 151, the clamp
arm 155 may comprise a set of jaws 140, The clamp arm 155 may be pivotally connected at a
distal end of a shaft 153 of the instrument portion 124. The clamp arm 155 may include a clamp
arm tssue pad 163, which may be formed from TEFLON® or other suitable low-friction material.
The pad 183 may be mounted for cooperation with the blade 151, with pivotal movement of the
clamp arm 155 positioning the clamp pad 163 in substantially paralie! relationship to, and in
contact with, the blade 151, By this construction, a tissue bite {0 be clamped may be grasped
between the tissue pad 153 and the blade 151, The tissue pad 163 may be provided with a
sawtooth-like configuration including a plurality of axially spaced, proximally extending gripping
teeth 161 {o enhance the gripping of tissue in cooperation with the blade 151. The clamp arm

155 may transition from the open position shown in Figure 3 o a closed position (with the clamp
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arm 155 in contact with or proximily o the blade 151} in any suitable manner. For example, the
hand piece 116 may comprise a jaw closure trigger 138, When actuated by a clinician, the jaw
closure trigger 138 may pivol the clamp arm 155 in any suilable manner.

[00130] The generator 102 may be aclivated to provide the drive signal to the transducer
114 in any suitable manner. For example, the generator 102 may comprise a foot switch 120
coupled to the generator 102 via a footswitch cable 122 (Figure 8). A clinician may actlivale the
transducer 114, and thereby the transducer 114 and blade 151, by depressing the foot swilch
120. In addition, or instead of the fool swiich 120 some embodiments of the device 104 may
utilize one or more swiiches positionsd on the hand piece 1186 that, when activated, may cause
the generator 102 to activate the transducer 114, In one embodiment, for example, the one or
more swilches may comprise a pair of togale buttons 138a, 136h, for example, to determine an
operating mode of the device 104, When the loggle bulton 138a is depressed, for example, the
ultrasonic generator 102 may provide a maximurm drive signal to the fransducer 114, causing it
to produce maximum ultrasonic energy output. Depressing loggle button 138b may cause the
ultrasonic generator 102 o provide a user-selectable drive signal o the fransducer 114, causing
it io produce less than the maxdmum ultrasonic energy oulput. The device 104 additionally or
alternatively may comprise a second swiich o, for example, indicate a position of a jaw closure
frigger 138 for operating jaws 140 of the end effector 126, Also, in some embodiments, the
ultrasonic generator 102 may be aclivated based on the position of the jaw closure trigger 138,
{e.g., as the clinician depresses the jaw closure trigger 138 o close the jaws 140, ulirasonic
energy may be applisd.

[00131] Additionally or alternatively, the one or more switches may comprises a foggle
button 136¢ that, when depressed, causes the generator 102 to provide a pulsed output. The
pulses may be provided at any suitable frequency and grouping, for example. in certain
erhodiments, the power level of the pulses may be the power levels associated with toggie
bultons 138a, b {maximum, less than maximum), for example.

[00132] it will be appreciated that a device 104 may comprise any combination of the
toggle buttons 138a, b, ¢. For example, the device 104 could be configured to have only two
toggle butions: a ioggle bulton 136a for producing maximum ulfrasonic energy output and a
toggle button 136¢ for producing a pulsed output at either the mapimum or less than maximum
power level per. In this way, the drive signal ouiput configuration of the generator 102 could be
5 continuocus signals and S or 4 or 3 or 2 or 1 puised signals. In certain embodiments, the
specific drive signal configuration may be conirolied based upon, for example, EEPROM

settings in the generator 102 and/or user power level selection(s).
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[00133] in certain embodiments, a two-position swiich may be provided as an altermnative
to a teggle bulton 136¢. For examiple, a device 104 may include a toggle bution 136a for
producing a continuous oulput al a maximum power level and a two-position ioggle bulton 136b.
In a first detented position, toggle button 138b may produce a continuous oulput at a less than
maximum power level, and in a second detented position the toggle button 138b may produce 2
pulsed oulput {e.g., at sither a maximum or less than maximum power level, depending upon
the EEPROM setlings).

1001434] In some embodiments, the end effector 128 may also comprise a pair of
electrodes 159, 157. The electrodes 159, 157 may be in communication with the generator 102,
for example, via the cable 122, The electrodes 159, 157 may be used, for example, to measure
an impedance of a tissue bite present between the clamp arm 155 and the blade 151, The
generator 102 may provide a signal {8.9., a non-therapeutic signal) to the elecirodes 159, 157.
The impedance of the tissue bite may be found, for example, by monitoring the current, voliage,
etc. of the signal.

[00135] Figure 4 lllustrates one embodiment of an example electrosurgical device 106
that may also be used for ransection and sealing. According o various embodiments, the
transection and sealing device 108 may comprise a hand plece assembly 130, a shafl 165 and
an end effector 132. The shaft 165 may be rigid {e.g., for laparoscopic and/or open surgical
application) or flexible, as shown, (e.g., for endoscopic application). in various embodiments,
the shafi 165 may comprise one or more articulation points. The end effector 132 may
comprise jaws 144 having a first jaw member 167 and a second jaw member 168. The first jaw
member 167 and second jaw member 169 may be connecled to a clevis 171, which, in tum,
may be coupled {o the shaft 185, A translating member 173 may exiend within the shaft 165
from the end effector 132 to the hand piece 130. At the hand plece 130, the shaft 165 may be
directly or indirectly coupled {0 a jaw closure trigger 142 (Figure 4).

[00138] The jaw members 167, 168 of the end effector 132 may comprise respective
electrodes 177, 178. The electrodes 177, 179 may be connected o the generator 102 via
electrical leads 187a, 187b (Figure 5) extending from the end sffector 132 through the shaft 165
and hand piece 130 and ultimalely 1o the generalor 102 (e.g., by a mulliconducior cable 128).
The generator 102 may provide a drive signal io the electrodes 177, 179 to twing about a
therapeutic effect {o tissue present within the jaw members 167, 188, The elecirodes 177, 179
may comprise an active electrode and a return electrode, wherein the active elecirode and the
return electrode can be positionad against, or adjacent 1o, the tissue 1o be treated such that

current can flow from the active elscirode 1o the retumn elecirode through the lissus. As
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Hlustraied in Figure 4, the end effector 132 is shown with the jaw members 167, 168 in an open
position. A reciprocating blade 175 is illusirated between the jaw members 167, 168

[00137] Figures 5, 8 and 7 lllustrate one embodiment of the end effector 132 shown in
Figure 4. To close the jaws 144 of the end effector 132, a clinician may cause the jaw closure
frigger 142 to pivot along arrow 183 from a first position to a second position. This may cause
the jaws 144 o open and close according to any suitable method. For exampls, motion of the
jaw closure frigger 142 may, in turn, cause the transiating member 173 o ranslate within a bore
185 of the shaft 165. A distal portion of the transiating member 173 may be coupledio a
reciprocating member 187 such that distal and proximal motion of the franslating member 173
causes corresponding distal and proximal motion of the reciprocating member. The
reciprocating member 197 may have shoulder portions 181a, 181b, while the jaw members 167,
169 may have corresponding cam surfaces 188a, 188b. As the reciprocaling member 197 is
translated distally from the position shown in Figure 8 {o the position shown in Figure 7, the
shoulder portions 191a, 181b may contact the cam surfaces 1893, 188, causing the jaw
members 167, 169 to transition o the clossad position. Also, in various embodiments, the blads
175 may be positioned at a distal end of the reciprocating member 187, As the reciprocating
member exiends to the fully distal position shown in Figure 7, the blade 175 may be pushed
through any lissue present between the jaw members 167, 169, in the process, severing it
[060138] in use, a clinician may place the end effector 132 and close the jaws 144 around
a tissue bite o be acted upon, for example, by pivoling the jaw closure trigger 142 along arrow
183 as described. Once the lissue bite is secure between the jaws 144, the clinician may
initiate the provision of RF or other electro-surgical energy by the generator 102 and through the
electrodes 177, 179, The provision of RF energy may be accomplished in any suitable way.
For example, the clinician may activate the foot switch 120 (Figure 8} of the generator 102 to
initiate the provision of RF energy. Also, for example, the hand piece 130 may comprise one oy
more swilches 181 that may be actualed by the clinician to cause the generator 102 to begin
providing RF energy. Additionally, in some embodiments, RF energy may be provided based
on the position of the jaw closure trigger 142. For example, when the trigger 142 is fully
depressed (indicating that the jaws 144 are closed), RF energy may be provided. Also,
according to various embodiments, the blade 175 may be advanced during closure of the jaws
144 or may be separaiely advanced by the clinician after closure of the jaws 144 (e.q., afler a
RF energy has been applied {o the tissue).

f00139] Figure 8 is a diagram of the surgicai system 100 of Figure 1. In various

embodiments, the generaior 102 may comprise several separate functional elements, such as
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modules and/or blocks. Different functional elements or modules may be configured for driving
the different kinds of surgical devices 104, 106. For example an ullrasonic generator module
108 may drive an uitrasonic device, such as the ullrasonic device 104, An electrosurgery/RF
generator moduie 110 may drive the electrosurgical device 106, For example, the respective
maodules 108, 110 may generate respective drive signals for driving the surgical devices 104,
108. In various embodiments, the ultrasonic generaior module 108 and/for the electrosurgery
/RF generator module 110 each may be formed integrally with the generator 102, Allernatively,
one or more of the modules 108, 110 may be provided as a separate circull module elechrically
coupled to the generator 102. {The modules 108 and 110 are shown in phantom {o fllustrate
this option.} Also, in some embodiments, the electrosurgery/RF generator module 110 may be
formed integrally with the ultrasonic generaior module 108, or vice versa.

[00140] In accordance with the described embodiments, the ulirasonic generator module
108 may produce a drive signal or signals of particular vollages, currents, and frequencies, e.g.
55,500 cycles per second (Hz). The drive signal or signals may be provided {o the ultrasonic
device 104, and specifically to the transducer 114, which may operate, for example, as
described above. In one embodiment, the generator 102 may be configured io produce a drive
signal of a particular vollage, current, andfor frequency output signal that can be stepped with
high resolution, accuracy, and repeatability.

[00141) in accordance with the described embodiments, the electrosurgery/RF generalor
maodule 110 may generate a drive signal or signals with oulput power sufficient to perform
bipolar slectrosurgery using radio freguency (RF) energy. In bipolar electrosurgery applications.
The drive signal may be provided, for example, o the elecirodes 177, 179 of the electrosurgical
device 106, for exampie, as described above. Accordingly, the generator 102 may be
configured for therapeutic purposes by applying electrical energy to the tissue sufficient for
treating the tissus {e.g., coagulation, cauterization, tissue welding, ic.).

[00142] The generator 102 may comprise an inpul device 145 (Figure 1) located, for
example, on a front panel of the generator 102 conscle. The input device 145 may comprise
any suitable device that gensrates signals suitabie for programming the operation of the
generator 102. In operation, the user can program or otherwise conirol operation of the
generator 102 using the input device 145, The input device 145 may comprise any suitable
device that generates signals that can be used by the generator {e.q., by one or more
processors contained in the generator) to control the operation of the generator 102 {e.q.,
operation of the uitrasonic generator module 108 and/or slectrosurgery/RF generator module

118}, In various embodiments, the input device 145 includes one or mors of buttons, switches,
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thumbwheels, keyboard, keypad, touch screen monitor, pointing device, remole connsclionto a
general purpose or dedicaied compuier. in other embodiments, the input device 145 may
comprise a suitable user inlerface, such as ong or more user interface screens displayed on a
touch screen monitor, for example. Accordingly, by way of the inpul device 145, the user can
set or program various operating parameters of the generator, such as, for example, current (1},
voliage (V), frequency {f), and/or period (T} of a drive signal or signals generated by the
ultrasonic generalor module 108 and/or electrosurgery/RF generator module 110.

100143] The generator 102 may also comprise an oculput device 147 (Figure 1) located,
for example, on a front pansi of the generator 102 console. The oculput device 147 includes one
or more devices for providing a sensory feedback to a user. Such devices may comprise, for
example, visual feedback devices (e.g., an LCD display screen, LED indicators), audio feedback
devices {e.q., a speaker, a buzzer) or tactile feedback devices {g.q., haplic acluators).

1001 44] Although certain modules and/or blocks of the generator 102 may be described
by way of example, it can be appreciated that a greater or lesser number of modules and/or
blocks may be used and still fall within the scope of the embodiments. Further, although various
embodiments may be described in terms of modules and/or blocks {o facilitate description, such
modules and/or blocks may be implemented by one or more hardware components, e.q.,
processors, Digital Signal Processors (DSPs), Frogrammable Logic Devices (PLDs), Application
Specific Integrated Circuits (ASICs), circuils, registers and/or software components, e.q,,
programs, subroutines, logic and/or combinations of hardware and software components.
[00145] in one embodiment, the ullrasonic generalor diive module 108 and
electrosurgery/RF drive moduie 110 may comprise one or more embedded applications
implemented as firmware, software, hardware, or any combination thereof. The modules 108,
110 may comptrise various executable modules such as software, programs, dala, drivers,
application program interfaces (APIs), and so forth. The firmware may be stored in nonvolatile
memory (NVM}, such as in bit-masked read-only memory (ROM) or flash memory. In various
implementiations, storing the firmware in ROM may preserve flash memory. The NVM may
comprise other types of memory including, for example, programmable ROM {(PROM), erasable
programmable ROM (EPROM), electrically erasable programmable ROM (EEPROM), or battery
backed random-access memory (RAM) such as dynamic RAM (DRAM), Double-Data-Rale
DRAM (DDRAM), and/or synchronous DRAM (SDRAM).

[00148] In one embodiment, the modules 108, 110 comprise a hardware component
implemented as a processor for executing program instructions for monitoring various

measurable characteristics of the devices 104, 106 and generating a corresponding oulput drive
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signal or signals for operating the devices 104, 108, In embodiments in which the generator
102 is used in conjunction with the device 104, the drive signal may drive the ulirasonic
fransducer 114 in cutling and/or coagulation operaling modes. Electrical characteristics of the
device 104 and/or tissue may be measured and used {o conirol operational aspects of the
generator 102 and/or provided as feedback o the user. In embodiments in which the generator
102 is used in conjunction with the device 1068, the drive signal may supply electrical energy
{e.q., RF energy) lo the end effector 132 in cuiting, coagulation and/or desicealion modes.
Electrical characteristics of the device 106 and/or tissue may be measured and used o control
operational aspects of the generator 102 and/or provided as feedback {o the user. In various
embodiments, as previously discussed, the hardware components may be implemented as
D8P, PLD, ASIC, circuits, and/or registers. In one embodiment, the processor may be
configured 1o slore and execute computsr soflware program instruclions o generale the siep
function output signals for driving various components of the devices 104, 108, such as the
ulirasonic transducer 114 and the end effeciors 126, 132.

[00147] Figure 9 lllustrates an equivalent circuit 150 of an ultrasonic transducer, such as
the ulirasonic transducer 114, according o one embodiment. The circuit 150 comprises a first
“motional” branch having a serially connected inductance L, resistance R and capacitance €,
that define the eleciromechanical properties of the resonator, and a second capacitive branch
having a static capacitance C,. Drive current [; may be received from a generalor at a drive
voltage Vg, with motional current {, flowing through the first branch and current /,— {, flowing
through the capacitive branch. Control of the electromechanical properties of the ultrasonic
transducer may be achieved by suitably conirolling /;and V. As explained above, known
generator architectures may include a tuning inductor L (shown in phantom in Figure 9} for
tuning out in a parallel resonance circuit the stalic capacitance Gy at a resonant frequency so
that substantially all of generator’s current output §; lows through the motional branch. In this
way, control of the motional branch current [, is achieved by controlling the generator current
output {;. The tuning inductor L, is specific o the statlic capacitance Cp of an ultrasonic
fransducer, however, and a different ulfrasonic transducer having a different static capaciiance
requires a different tuning inductor L. Morsover, becauss the tuning induclor L,is matched
the nominal value of the static capacitance Cpat a single resonant frequency, accurate control
of the motional branch current [, is assured only at that frequency, and as frequency shifts
down with transducer temperature, accurate control of the motional branch current is

compromised.
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[00148] Various embodiments of the generator 102 may not rely on a tuning inductor L, 1o
monitor the motional branch current /. Instead, the generalor 102 may use the measured
value of the slalic capacitance Gy in between applications of power for a specific ulirasonic
surgical device 104 {along with drive signal voliage and current feedback data) to determine
values of the motional branch current /,, on a dynamic and ongoing basis {e.q., in reai-time).
Such embodiments of the generalor 102 are therefore able to provide virtual tuning to simulate
a system thal is tuned or resonant with any value of static capacitance Gy at any frequency, and
not just at a single resonant frequency dictated by a nominal value of the sitatic capacitance Cs
[00149] Figure 10 is a simplified block diagram of one embodiment of the generator 102
for proving inductorless tuning as described above, among other benefits. Figures T1A-11C
Hlustraie an architecture of the generator 102 of Figure 10 according o one embodiment. With
reference to Figure 10, the generaltor 102 may comprise a palient isolated stage 152 in
communication with a non-isolated stage 154 via a power fransformer 156, A secondary
winding 158 of the power transformer 156 is contained in the isolated siage 152 and may
comprise a apped configuration {8.g., a cenlerdappsd of non-center tapped configuration) to
define drive signal outputs 160a, 180b, 160c for outputling drive signals to different surgical
devices, such as, for example, an ulfrasonic surgical device 104 and an elsclrosurgical device
106. In particular, drive signal oulputs 180a, 160c may oulput a drive signal {e.g., & 420V RMS
drive signal) o an ultrasonic surgical device 104, and drive signal cutputs 1680b, 180c may
output a drive signal {e.g., a 100V RMS drive signal} to an elecirosurgical device 106, with
ouiput 160b corresponding to the cenler tap of the power transformer 156, The non-isolated
stage 154 may comprise a power amplifier 182 having an outpul connecied to a primary winding
184 of the power transformer 156. In certain embodiments the power amplifier 162 may
comprise a push-pull amplifier, for example. The non-isciated stage 154 may further comprise a
programmable logic device 166 for supplying a digital ocutput o a digital-te-analog converter
{BAC) 188, which in lurn supplies a corresponding analog signal to an input of the power
ampiifier 162. In cerlain embediments the programmabie logic device 166 may comprise a
field-programmable gate array (FPGA), for example. The programmabile logic device 166, by
virtue of controlling the power ampilifier's 162 input via the DAC 168, may therefore control any
of a number of parameters (e.¢., frequency, waveform shape, wavelorm amplitude) of drive
signals appearing at the drive signal outputs 160a, 180b, 160c. In certain embodiments and as
discussed below, the programmabie logic device 188, in conjunction with a processor (e.g.,

processor 174 discussed below), may implement a number of digital signal processing (DSP})-
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based and/or other control algorithms o control paramelers of the drive signals oulput by the
generator 102.

[00150] Power may be supplied to a power rail of the power amplifier 182 by a swilch-
maode regulator 170, In certain embodiments the switch-mode reguilator 170 may comprise an
adjustable buck regulator, for example. The non-isclated stage 154 may further comprise a
processor 174, which in one embodiment may comprise a BSP processor such as an Analog
Devices ADSP-21488 SHARC DSP, available frorn Analog Devices, Norwood, MA, Tor example.
in certain embodiments the processor 174 may control operation of the swilch-mode power
converter 170 responsive to voltage feedback data received from the power amplifier 162 by the
processor 174 via an analog-lo-digital converter (ADC) 176, In one embodiment, for example,
the processor 174 may receive as input, via the ADC 176, the waveform envelope of a signal
{e.q., an RF signal} being amplified by the power amplifier 162, The processor 174 may then
control the switch-maode regulator 170 (e.q., via a pulse-width modulated (PWM) output) such
that the rail voltage supplied to the powsr amplifier 162 tracks the waveform envelope of the
amplified signal. By dynamically modulating the rail voltage of the power ampiifier 162 based on
the wavelorm envelope, the efficiency of the power amplifier 162 may be significantly improved
ralative io a fixed rall vollage amiplifier schemes.

[001451] In certain embodimenis and as discussed in further delail in connection with
Figures 13A-13B, the programmable logic device 188, in conjunction with the processor 174,
may implement a direct digital synthesizer (DDS) cantrol scheme to control the waveform
shape, frequency and/or amplitude of drive signals oulput by the generalor 102, In one
embodiment, for example, the programmabie logic device 188 may implement a DDS control
algorithm 268 by recalling wavelorm samples siored in a dynamically-updated look-up table
(LUT}, such as a RAM LUT which may be embedded in an FFPGA. This control algorithm is
particuiarly useful for ultrasonic applications in which an ultrasonic transducer, such as the
ultrasonic transducer 114, may be driven by a clean sinusoidal current at its resonant frequency.
Because other frequencies may excite parasitic resonances, minimizing or reducing the folal
distortion of the motional branch current may correspondingly minimize or reduce undesirable
resonance effects. Because the waveform shape of a drive signal output by the generator 102
is impacted by various sources of distortion present in the oulput drive circuit {e.g., the powsr
fransformer 156, the power amplifier 162}, voltage and current feedback data based on the drive
signal may be input into an algorithm, such as an error control algorithm implemented by the
processor 174, which compensatles for distortion by suitably pre-disiorting or modifying the

waveform samples stored in the LUT on a dynamic, ongoing basis (e.g., in real-time). In one
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embodiment, the amount or degree of pre-distortion applied to the LUT samples may be based
on the error between a computed motional branch current and a desired current waveform
shape, with the error being determined on a sample-by sample basis. in this way, the pre-
distorted LUT samples, when processed through the drive circult, may result in a motional
branch drive signal having the desired waveform shape {e.g., sinusoidal) for optimally driving
the ultrasonic transducer. In such embodiments, the LUT waveform samples will therefore not
raprasant the desired waveform shaps of the drive signal, but rather the waveform shape that is
required to ultimately produce the desired waveform shape of the motional branch drive signal
when distortion effects are taken into account.

[00152] The non-isolated stage 154 may further comprise an ADC 178 and an ADC 18C
coupled to the output of the power transformer 1586 via respective isclation transformers 182,
184 Tor respeclively sampling the voltage and current of drive signals outpul by the generator
102. In certain embodiments, the ADCs 178, 180 may be configured o sample at high speeds
{e.q., 80 Msps) to enable oversampling of the drive signais. In one embodiment, for example,
the sampling speed of the ADCs 178, 180 may enable approximately 200x {depending on drive
frequency) oversampling of the drive signals. In certain embodiments, the sampling operations
of the ADCs 178, 180 may be performed by a single ADC receiving input voliage and current
signals via a two-way mulliplexer. The use of high-speed sampling in embodiments of the
generator 102 may enable, among othser things, calculation of the complex current flowing
through the motional branch (which may be used in cerfain embodiments 1o implement BDS-
based waveform shape conirol described above), accurate digital fillering of the sampled
signals, and calculation of real power consumption with a high degree of precision. Voltage and
cuirent feedback data output by the ADCs 178, 180 may be received and processed {(e.g., FIFO
buffering, multiplexing) by the programmable logic device 166 and stored in data memory for
subssguent retrisval by, Tor example, the processor 174, As noted above, voltage and current
feedback data may be used as input o an algorithm for pre-distorting or modifying LUT
waveform samples on a dynamic and ongoing basis. In certain embodiments, this may require
each stored voliage and current feedback data pair to be indexed based on, or otherwise
associated with, a corresponding LUT sample that was output by the programmabile logic device
166 when the voltage and current feedback data pair was acquired. Synchronization of the LUT
samples and the voltage and current feedback data in this manner contributes to the correct
timing and stability of the pre-distortion algorithm.

[00153] In certain embodiments, the voliage and current feedback data may be used {o

control the frequency andfor amplitude (e.g., current amplitude) of the drive signals. Inone
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embodiment, for example, voliage and current feedback data may be ussd o determine
impesdance phase. The frequency of the drive signal may then be controlled {o minimize or
reduce the difference between the delermined impedance phase and an impedance phass
setpoint {(.g., 0%, thereby minimizing or reducing the effecis of harmonic distortion and
correspondingly enhancing impedance phase measurement accuracy. The determination of
phase impedance and a freguency control signal may be implemented in the processor 174, for
exampie, with the frequency control signal being supplied as input io a BDS control algorithm
implementied by the programmable logic device 166.

[00154] in another embodiment, for example, the current feedback data may be
monitored in order fo maintain the current amplitude of the drive signal at a current amplitude
setpoint. The current amplitude setpoint may be specified directly or determined indirectly
based on specified voltage amplilude and power selpoinis. in cerlain embodiments, conirol of
the current amplitude may be implemented by control algorithm, such as, for example, a
proportional-integrai-derivative (PID) conirol algorithm, in the processor 174, Variables
controlied by the control algorithm 1o suitably conirol the current amplitude of the drive signal
may include, for example, the scaling of the LUT waveform samples stored in the programmable
logic device 186 and/or the full-scale output vollage of the DAC 168 (which supplies the input to
the power amplifier 162) via a BAC 186,

[00155] The non-isolaied siage 154 may further comprise a processor 190 for providing,
among other things user interface (Ul) functionality. In one embodiment, the processor 180 may
comprise an Atmel AT91SAMO283 processor having an ARM 826EJ-8 core, available from
Atmel Corperation, San Jose, California, for example. Examples of Ul funclionality supported
by the processor 190 may include audible and visual user feedback, communication with
peripheral devices {e.g., via a Universal Serial Bus (USB) interface), communication with the
footswitch 120, communication with an input device 112 (e.g., a touch screen display) and
communication with an outpul device 147 {e.g., a speaker). The processor 180 may
communicate with the processor 174 and the programmable logic device (e.q., via serial
peripheral interface (SP1) buses). Although the processor 190 may primarily support Ul
functionality, it may also coordinate with the processor 174 {o implement hazard mitigation in
ceriain embodiments. For examiple, the processor 180 may be programmed (o monitor varicus
aspects of user input and/or other inpuis (2.g., louch screen inpuds, footswiich 120 inpuls,
temperature sensor inputs) and may disable the drive output of the generator 102 when an

srroneous condition is delected.
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[00158] in certain embodiments, both the processor 174 and the processor 180 may
determine and monitor the operating state of the generalor 102, For the processor 174, the
operaling stale of the generalor 102 may diclate, for example, which control and/or diagnostic
processes are implemented by the processor 174, For the processor 190, the operating state of
the generator 102 may dictate, for exampie, which slements of a user interface (e.g., display
screens, sounds) are presented o a user. The processors 174, 180 may independently
maintain the current operating state of the generator 102 and recognize and evaluale possible
fransitions out of the current operating state. The processor 174 may function as the master in
this relationship and delermine when transitions between operating states are io occur. The
processor 190 may be aware of valid transitions between operating states and may confim if a
particular transition is appropriate. For example, when the processor 174 instructs the
processor 180 {o transilion to a specific stale, the processor 180 may verify that requested
fransition is valid. In the event that a requestad transition belween states is delermined to be
invalid by the processor 190, the processar 180 may cause the generator 102 o enter a failure
maode.

[00157] The non-isolaled siage 154 may further comprise a controlier 186 for monitoring
input devices 145 {(e.q., a capacitive touch sensor used for tuming the generator 102 on and off,
a capacitive touch screen). In cerlain embodiments, the controlier 186 may comprise al least
one processor and/or other controller device in communication with the processor 190, Inone
embodiment, for example, the controller 196 may comprise a processor {e.g., a Mega168 8-bit
contfroller available frorn Atmel) configured fo moniior user inpul provided via one or more
capacitive touch sensors. In one embodiment, the controller 198 may comprise a touch screen
controlier {e.g., a Q75480 touch screen controller available from Almel) to control and manage
the acquisition of touch data from a capacilive touch screen.

[00158] In certain embodiments, when the generator 102 is in a "power off’ siate, the
controller 196 may contlinue to receive operating power (e.g., via a line from a power supply of
the generator 102, such as the power supply 211 discussed below). In this way, the controller
196 may continue to monitor an input device 145 (e.q., a capacitive fouch sensor located on a
front panel of the generator 102) for turning the generator 102 on and off. When the generator
102 is in the power off state, the controller 186 may wake the power supply (e.q., enable
operation of one or more BC/DC voltage converters 213 of the power supply 211) if activation of
the "on/off” input device 145 by a user is delected. The controller 195 may therefore initiale a
sequence for transitioning the generator 102 1o a "power on” state. Conversely, the controller

1868 may initiale a sequence for transitioning the generalor 102 1o the power off state if
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activation of the "on/off” input device 145 is detected when the generator 102 is in the power on
state. In ceriain embodiments, for example, the controller 196 may report activation of the
“on/off” input device 145 1o the processor 180, which in turn implemenis the necessary process
sequence for transitioning the generator 102 to the power off state. In such embodiments, the
controlier 196 may have no independent ability for causing the removal of power from the
generator 102 after its power on siate has been established.

[00159] In cerfain embodiments, the conlroller 196 may cause the generator 102 1o
provide audible or other sensory feedback for alerting the user that a power on or power off
sequence has been initiated. Such an alert may be provided at the beginning of a powsron or
power off sequence and prior o the commencement of other processes associated with the
sequence.

[00160] In cerfain embodiments, the isolated stage 152 may comprise an instrument
interface circuit 198 fo, for example, provide a communication interface between a control circuit
of a surgical device {e.g., a control circuit comprising handpiece swilches) and components of
the non-isclated stage 154, such as, for example, the programmable logic device 168, the
processor 174 and/or the processor 180, The instrument interface circuit 188 may exchange
information with componenis of the non-isolated slage 154 via a communication link that
maintains a suitable degree of electrical isolation between the slages 152, 154, such as, for
example, an infrared (iR}-based communication link. Power may be supplied to the instrument
interface circuit 198 using, for example, a low-dropout voliage regulator powered by an isolation
fransformer driven from the non-isolaled stage 154,

[00161] In one embodiment, the instrument interface circuit 198 may comprise a
programmable logic device 200 {e.g., an FPGA) in communication with a signal conditioning
circuit 202, The signal conditioning circuit 202 may be configured to receive a periodic signal
from the programmable logic device 200 (e.g., a 2 kHz square wave) 1o generate a bipolar
interrogation signal having an identical frequency. The inferrogation signal may be generated,
for example, using a bipolar current source fed by a differential amplifier. The interrogation
signai may be communicated o a surgical device control circuit {e.g., by using a conductive pair
in a cable thai connects the generator 102 to the surgical device) and moniiored o defermine a
state or configuration of the control circuit. As discussed below in connection with Figures 16-
32, for example, the control circuit may comprise a number of swilches, resistors andfor dicdes
to modify one or more characteristics {e.q., amplitude, rectification) of the interrogation signal
such that a stale or configuration of the control circuit is uniguely discernable based on the one

or move characteristics. In one embodiment, for example, the signal conditioning circuit 202
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may comprise an ADC for generating samples of a voltage signal appearing across inputs of the
control circuit resulting from passage of interrpgation signal therethrough. The programmable
logic device 200 (or a component of the non-isolated stage 154) may then determine the stale
or configuration of the control circuit based on the ADC samples.

[00182] In one embodiment, the instrument interface circuit 198 may comprise a first data
circuit interface 204 o enable information exchange between the programmable logic device
200 {or other element of the instrument interface circuit 188) and a first dala circuit disposed in
or otherwise associated with a surgical device. In certain embodiments and with reference to
Figures 33E-330, for example, a first data circuit 206 may be disposed in a cable integrally
atiached 1o a surgical device handpiece, or in an adaptor for interfacing a specific surgical
device type or model with the generator 102, In certain embodiments, the first data circuit may
comprise a non-volatile slorage device, such as an eleclrically erasable programmabils read-
only memory (EEFROM) device. In certain embodiments and referring again o Figure 10, the
first data circuit interface 204 may be implemented separately from the programmable logic
device 200 and comprise suitable circuitry {&.g., discrete logic devices, a processor) (o enable
communication between the programmable logic device 200 and the first data circuit. in other
embodiments, the first data circuil interface 204 may be inlegral with the programmable logic
device 200.

[00163] in certain embodiments, the first data circuit 206 may store information pertaining
to the particular surgical device with which it is associated. Such information may include, Tor
example, a model number, a serial number, a number of operations in which the surgical device
has been used, and/or any other type of information. This information may be read by the
instrument interface circuit 198 {e.g., by the programmable logic device 200), transferred to a
component of the non-isclated siage 154 {e.g., to programmable iogic device 166, processor
174 and/or processor 180} for presentation to a user via an output device 147 and/or for
controlling a funclion or operation of the generator 102, Additionally, any type of information
may be communicated to first data circuit 206 for storage therein via the first data circuit
interface 204 {e.g., using the programmable logic device 200). Such information may comprise,
for example, an updated number of operations in which the surgical device has been used
andfor dates and/or times of iis usage.

100164] As discussed previously, a surgical instrument may be detachable from a
handpiece {e.g., instrument 124 may be detachable from handpiece 116} to promote instrument
interchangeability and/or disposability. in such cases, known generators may be limited in their

ability to recognize particular instrument configurations being used and to optimize confrol and
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diagnostic processes accordingly. The addition of readable data circuils to surgical device
instruments to address this issue is problematic from a compatibility standpoint, however. For
example, designing a surgical device to remain backwardly compatible with generators that lack
the requisite data reading functionality may be impractical due to, for example, differing signal
schemes, design complexity and cost. Embodiments of instruments discussed below in
connection with Figures 18-32 address these concerns by using data circuits that may be
implemantsd in existing surgical instrurmsnis economically and with minimal design changss o
preserve compatibility of the surgical devices with current generator platforms.

[00165] Additionally, embodiments of the generator 102 may enable communication with
instrument-based dala circuits, such as those described below in connection with Figures 16-32
and Figures 33A-33C. For example, the generator 102 may be configured to communicale with
a second data circuit {e.g., data circuit 284 of Figure 16) contained In an insirument {e.q.,
instrument 124 or 134) of a surgical device. The instrument interface circuit 198 may comprise
a second data circuit interface 210 o enable this communication. in one embodiment, the
second data circult interface 210 may comprise a tri-state digital interface, although other
interfaces may also be used. In certain smbodiments, the second data circui may generally be
any circuif for ransmitling and/or receiving data. In one embodiment, for example, the second
data circuit may store information pertaining 1o the pariicular surgical instrument with which it is
associated. Such information may include, for example, a model number, a serial number, a
number of operations in which the surgical instrument has been used, andior any other type of
information. Additionally or allernatively, any type of information may be communicated o
second data circult for storage therein via the second data circull interface 21C {e.g., using the
programmable logic device 200). Such information may comprise, for example, an updated
number of operations in which the instrument has been used and/or dales and/or times of its
usage. In cariain embodiments, the second data circuit may tfransmit dala acquired by one or
more sensors {8.g., an instrument-based temperalure sensor). In certain embodiments, the
second data circult may receive data from the generalor 102 and provide an indication to a user
{e.g., an LED indicatlion or other visible indication) based on the received data.

[00168] in certain embodiments, the second data circuit and the second data circuit
interface 210 may be configured such that communication between the programmabile logic
device 200 and the second data circuit can be effecied without the need to provide additional
conductors for this purpose (e.q., dedicated conductors of a cable connecting a handpiece o
the generator 102}, In one embodiment, for example, information may be communicaied to and

from the second data circult using a one-wire bus communication scheme implementad on
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exdsting cabling, such as one of the conduciors used transmit interrogation signals from the
signal conditioning circuit 202 to a control circuit in a handpiece. In this way, design changes or
modifications o the surgical device that might otherwise be necessary are minimized or
reduced. Moreover, as discussed in further detail below in connection with Figures 16-32 and
Figures 33A-33C, because different types of communications can be implemented over a
comman physical channel {either with or without frequency-band separation), the presence of a
sacond dala circuit may be “invisible” {0 generators that do not have the requisite data reading
functionality, thus enabling backward compatibility of the surgical device instrument.

[00167) in certain embodiments, the isolated stage 152 may comprise at least one
blocking capacitor 286-1 connecied o the drive signal output 160b to prevent passage of BC
current to a patient. A single blocking capacitor may be required o comply with medical
raegulations or standards, Tor example. While failure in single-capacitor designs is relatively
uncommon, such failure may nonetheless have negative conseguences. In one embodiment, a
second blocking capacitor 296-2 may be provided in series with the blocking capaciior 286-1,
with current leakage from a point belween the blocking capacitors 286-1, 286-2 being monifored
by, for example, an ADC 298 for sampling a voltage induced by leakage current. The samples
may be received by the programmable logic device 200, for example. Based on changes in the
leakage current {as indicated by the vollage samples in the embodiment of Figure 10), the
generatort02 may determine when at least one of the blocking capacitors 286-1, 286-2 has
failed. Accordingly, the embodiment of Figure 10 may provide a benefit over single-capacitor
designs having a single point of failurs.

[001638] In certain embodiments, the non-isclated stage 154 may comprise a power
supply 211 for cutputting BC power at a suilable voltage and current. The power supply may
comprise, for example, a 400 W power supply for outputting a 48 VDO system voltage. The
power supply 211 may further comprise one or more DC/DC voltage converters 213 for
receiving the oulput of the power supply to generate DC outpuls al the voltages and currents
required by the various components of the generator 102, As discussed above in connection
with the controlier 186, one or more of the DC/DC voltage converters 213 may receive an input
from the controller 186 when activation of the “on/off” input device 145 by a user is delected by
the controller 196 (o enable operation of, or wake, the DC/DC voliage converters 2138,

100169] Figures 13A-13B illustrate certain functional and structural aspects of one
embodiment of the generator 102, Feedback indicaling current and voltage oulput from the
secondary winding 158 of the power transformer 158 is received by the ADGCs 178, 180,

respectively. As shown, the ADCs 178, 180 may be implementad as a 2-channel ADC and may
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sample the feedback signals at a high speed (e.g., 80 Msps) io enable oversampling {e.g.,
approximately 200x oversampling) of the drive signais. The current and voltage feedback
signals may be sultably conditioned in the analog domain {e.q., amplified, fillered) prior to
processing by the ADCs 178, 180. Current and vollage feedback samples from the ADCs 178,
180 may be individually buffered and subsequently multiplexed or interleaved info a single data
stream within block 212 of the programmabile logic device 166, In the embodiment of Figures
13A-138, the programmable logic device 166 comprises an FPGA.

100470] The multiplexed current and vollage feedback samples may be received by a
paratlel data acquisition port (PDAP) implemented within block 214 of the processor 174. The
PDAP may comprise a packing unit for implementing any of a number of methodologies for
correlating the multiplexed feedback samples with a memory address. In one embodiment, for
example, feedback samples corresponding to a particular LUT sample output by the
programmable logic device 166 may be stored at one or more memory addresses that are
correlated or indexed with the LUT address of the LUT sample. In another embodiment,
feedback samples corresponding {o a particular LUT sample output by the programmable logic
device 166 may be stored, along with the LUT address of the LUT sample, at a common
memory location. In any event, the feedback samples may be stored such that the address of
an LUT sample from which a particular set of feedback samples originaled may be
subsequently ascertained. As discussed above, synchronization of the LUT sample addresses
and the fesdback samples in this way contributes o the correct timing and stability of the pre-
distortion algorithm. A direct memory access (DMA) controller implemented at block 218 of the
processor 174 may slore the feedback samples (and any LUT sample address data, where
applicable) at a designated memory location 218 of the processor 174 {e.q., internal RAM).
[00171] Block 220 of the processor 174 may implement a pre-distortion algorithm for pre-
distoriing or modifying the LUT samples storad in the programmable logic device 186 on a
dynamic, ongoing basis. As discussed above, pre-distorion of the LUT samples may
compensate for various sources of distortion present in the output drive circuit of the generator
102. The pre-distorted LUT samples, when processed through the drive circuit, will therefore
result in a drive signal having the desired waveform shape {e.g., sinuscidal) for optimally driving
the ulirasonic ransducer.

100472) Al block 222 of the pre-distortion algorithm, the current through the motional
branch of the ulirasonic tfransducer is determined. The motional branch current may be
determined using Kirchoff's Current Law based on, for exampile, the current and voliage

feedback samples siored at memory iocation 218 {which, when suitably scaled, may be
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reprasentative of {,and V, in the model of Figure @ discussed above), a value of the ulfrasonic
transducer siatic capacitance G, {measured or known a prior) and a known value of the drive
frequency. A molional branch current sample for each set of stored current and voltags
feedback samples associated with a LUT sample may be determined.

[00173] At block 224 of the pre-distortion algorithm, each motional branch current sample
determined at block 222 is compared to a sample of a desired current waveform shape o
determine a difference, or sample amplitude error, betwsen the compared samples. For this
determination, the sample of the desired current waveform shape may be supplied, for example,
from a wavelorm shape LUT 226 containing amplitude samples for one cycie of a desired
current waveform shape. The particular sample of the desired current waveform shape from the
LUT 226 used for the comparison may be diciated by the LUT sample address associated with
the motional branch current sample used in the comparison. Accordingly, the input of the
motional branch current {o block 224 may be synchronized with the input of its associated LUT
sample address to block 224, The LUT samples stored in the programmable logic device 1688
and the LUT samples stored in the waveform shape LUT 226 may therefore be equal in
number. In certain embodiments, the desired current wavsform shape representad by the LUT
samples stored in the waveform shape LUT 226 may be a fundamental sine wave. Gther
waveform shapes may be desirable. For example, it is contemplated that a fundamental sine
wave for driving main longitudinal motion of an ulfrascnic transducer superimposed with one or
maore other drive signals at other frequencies, such as a third order harmonic for driving at least
two mechanical resonances for beneficial vibrations of transverse or other modes, could be
used.

[00174] Each value of the sample amplifude error determined at block 224 may he
transmiited to the LUT of the programmabile logic device 168 {shown at block 228 in Figure
13A) along with an indication of is associated LUT address. Based on the value of the sample
amplilude error and i3 associated address (and, optionally, values of sample ampilfude arvor for
the same LUT address previously received), the LUT 228 (or other control block of the
programmable logic device 168) may pre-distort or modify the value of the LUT sample stored at
the LUT address such that the sample ampiitude error is reduced or minimized. It will be
appreciatad that such pre-distortion or modification of sach LUT sample in an ilerative manner
across the entire range of LUT addresses will cause the wavelorm shape of the generalor's
output current to match or conform to the desired current waveform shape represented by the

samnples of the waveform shape LUT 226.
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[00175] Current and voltage amplilude measurements, power measurements and
impedance measurements may be determined at block 230 of the processor 174 based on the
current and voltage feedback samples stored at memory location 218. Prior to the
determination of these quantities, the feedback samples may be suitably scaled and, in certain
embodiments, processed through a suitable fiiter 232 to remove noise resulling from, for
example, the data acquisilion process and induced harmonic components. The filtered voltags
and current samples may therefore subsiantially represent the fundamental frequency of the
generator's drive output signal. In cerlain embodiments, the filter 232 may be a finile impulse
response {FIR) fliter applied in the frequency domain. Such embodiments may use the fast
Fourier transform {(FFT) of the output drive signal current and vollage signals. In cerain
embodiments, the resulting frequency specirum may be used o provide additional generator
funclionality. In one embodiment, for example, the ratio of the second and/for third order
harmonic component relative 1o the fundamental frequency component may be used as a
diagnostic indicator.

[001786] At block 234, a root mean square (RMS) calculation may be applied to a sample
size of the current feedback samples representing an integral number of cycles of the drive
signal to generale a measuremeant |, representing the drive signal oulpul current.

100477) Al block 238, a root mean square (RMS) calculation may be applied 1o a sample
size of the voltage feedback samples representing an integral number of cycles of the drive
signal to determing a measurement V., representing the drive signal ouiput voliage.

[00178] Al block 238, the current and vollage feedback samiples may be multiplied point
by point, and a mean calculation is applisd fo samples representing an integral number of
cycles of the drive signal o determing a measurement P, of the generator’s real output power.
[00179) Al block 240, measurement #, of the generalor's apparent output power may be
determined as the product Ve lne.

[00180] Al block 242, measurement 2, of the load impedance magniiude may be
determined as the quotient Vo

in certain embodiments, the guantities /s, Vime Pr, P and 2, determined at blocks 234, 2386,
238, 240 and 242 may be used by the generator 102 {o implement any of number of control
andfor diagnostic processes. In certain embodiments, any of these guantities may be
communicated fo a user vig, for example, an cutput device 147 integral with the generator 102
or an oulput device 147 connecied to the generalor 102 through a sultable communication
interface (e.g., 8 USB interface). Various diagnostic processes may include, without limitation,

handplecs integrity, instrument integrity, instrument attachmant integrity, instrument overload,
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approaching instrument overload, Tfrequency lock failure, over-voltags, over-cuirent, over-power,
voltages sense fallure, currant sense fallure, audio indication Tailure, visual indication faillure,
short circull, power delivery faillure, blocking capacitor failure, for example.

[00181] Block 244 of the processor 174 may implement a phase coniral algorithm for
determining and controlling the impedance phase of an electrical load {e.g., the ultrasonic
fransducer) driven by the generator 102, As discussed above, by controlling the frequency of
the drive signal to minimize or reduce the difference betwsen the determined impedance phase
and an impedance phase seipoint {e.g., 0%, the effects of harmonic distortion may be minimized
or reduced, and the accuracy of the phase measurement increased.

f00182] The phase control algorithm receives as input the current and voltage feedback
samples stored in the memory location 218. Prior io theilr use in the phase conirol algorithm,
the feadback samples may be suilably scaled and, in cerlain embodiments, processed through
a suitable filter 246 {which may be identical t¢ filler 232} to remove noise resulting from the data
acguisition process and induced harmonic compenents, for example. The fillered voltage and
current samples may therefore substantially represent the fundamental frequency of the
generators drive oulput signal.

[00183] Al block 248 of the phase conirol algorithm, the current through the motional
branch of the ultrasonic transducer is determined. This determination may be ideniical to that
described above in connection with block 222 of the pre-distortion algorithm. The cutput of
block 248 may thus be, for sach set of stored current and voltage feedback samples associated
with a LUT sample, a motional branch current sample.

[00184] At block 250 of the phase control algorithm, impedance phase is determined
based on the synchronized input of motional branch current samples determined at block 248
and corresponding vollage feedback samples. In cerlain embodiments, the impedance phase is
determined as the average of the impedance phase measured at the rising edge of the
waveforms and the impedance phase measured at the falling edgs of the wavsforms.

[00185] Al block 252 of the of the phase conirol algorithm, the value of the impedance
phase determined at block 222 Is compared to phase setpoint 254 to delermine a difference, or
phase error, between the compared values.

[00188] At black 256 of the phase conirol algorithm, based on a value of phase error
delermined at block 252 and the impedance magnitude determined at block 242, a frequency
output for controlling the frequency of the drive signal is determined. The value of the frequency
ouiput may be continuously adjusted by the block 256 and fransferred to a DDS control biock

268 (discussed below) in order to maintain the impedance phase determined at block 250 at the
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phase setpoint {e.¢., zero phass error). In cerlain embodiments, the impedance phase may be
regulated o a 0° phase seipoint. In this way, any harmonic distortion will be centered about the
crest of the vollage waveform, enhancing the accuracy of phase impedancs delermination.
[00187] Block 258 of the processor 174 may implement an algorithm for moduialing the
current amplitude of the drive signal in order {o control the drive signal current, voltage and
power in accordance with user specified seipoints, or in accordance with requirements specified
by other processes or algorithms implemented by the generalor 102, Control of these quantities
may be realized, for example, by scaling the LUT samples in the LUT 228 and/or by adjusting
the full-scale output voltage of the DAC 168 {which supplies the input to the power amplifier
182} via a DAL 186. Block 260 (which may be implemented as a PID controlier in certain
embodiments) may receive as input current Teedback samples {(which may be suitably scaled
and filtered) from the memory location 218. The current feedback samples may be compared o
a “current demand” Iy value diclated by the controlied variable (e.g., current, voliage or power)
to determine if the drive signal is supplying the necessary current. In embodiments in which
drive signal current is the control variable, the current demand {; may be specified direclly by a
current setpoint 262A ({,). For example, an RMS value of the current feedback data
{determined as in block 234) may be compared to user-specified RMS current setpoint [ to
determine the appropriale controller action. |, for example, the current feedback dala indicales
an RMS value less than the current setpoint /,, LUT scaling and/or the tull-scale output voltage
of the BAC 168 may be adjusted by the block 260 such that the drive signal current is
increased. Conversely, block 260 may adjust LUT scaling and/or the full-scale output voltage of
the DAC 168 {o decrease the drive signal current when the current feedback dala indicates an
RMS value greater than the current setpoint /.

[060188]) in embodiments in which the drive signal voltage is the control variable, the
current demand f; may be specified indirectly, for example, based on the curvent required
maintain a desired vollage setpoint 2628 (V) given the load impedance magnitude 2,
measured at block 242 {e.g. Iy = V/Zy). Similarly, in embodiments in which drive signal power
is the conirol variable, the current demand iy may be specified indirectly, for example, based on
the current required to maintain a desired power sefpoint 262C (F,,) given the voltage Vi
measured at blocks 236 (e.g. {y = Poy/Vins)-

100189] Block 268 may implement a DDS control algorithm for controliing the drive signal
by recalling LUT samples stored in the LUT 228, In ceriain embodiments, the DBS control
algorithm be a numerically-controlled oscillator (NCQ) algorithm for generating samples of a

waveform at a fixed clock rate using a point {memory location)-skipping technigue. The NCO
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algorithm may implement a phase accumulator, or freguency-to-phase converter, that functions
as an address pointer for recalling LUT samples from the LUT 228. In one embodiment, the
phase accumulator may be a D step size, modulo N phase accumuiator, where D is a posilive
integer representing a frequency control value, and N is the number of LUT samples inthe LUT
228. Afrequency control value of D=1, for example, may cause the phase accumulator to
sequentially point to every address of the LUT 228, resulling in 8 wavetorm oulput replicating
the waveform stored in the LUT 228, When D>1, the phase accumulalor may skip addresses in
the LUT 228, resulting in a waveform output having a higher frequency. Accordingly, the
frequency of the waveform generated by the DES control algorithm may therefore be controlled
by suitably varving the frequency control value. In certain embodiments, the frequency control
value may be determined based on the ouiput of the phase control algorithr implementsd at
block 244. The oulpul of block 268 may supply the inpul of DAC 168, which in turn supplies a
corresponding analog signal {o an input of the power ampiifier 162,

[00190] Block 270 of the processor 174 may implement a switch-mode converter control
algorithm for dynamically modulating the rall voltage of the power amplifier 162 based on the
waveform envelope of the signal being amplified, thereby improving the efficiency of the power
ampiifier 162, In certain embodiments, characteristics of the waveform envelope may be
delermined by monitoring one or more signals contained in the power amplifier 162, Inone
embodiment, for example, characteristics of the wavsform envelope may be determined by
monitoring the minima of a drain voltage {e.g., a MOSFET drain voltage) that is modulated in
aceordance with the envelope of the amplified signal. A minima voltage signal may be
generated, for example, by a voltage minima delector coupled to the drain vollage. The minima
voltage signal may be sampled by ADC 1786, with the outpul minima voltage samples being
received at biock 272 of the swilch-mode converter control algorithm. Based on the vaiues of
the minima voltage samples, block 274 may confrol a PWM signal cutput by a PWM generator
278, which, in turn, conirols the rail voltage supplied o the power amplifier 162 by the switch-
mode regulator 170, In certain embodiments, as iong as the values of the minima voltage
samnples are less than a minima farget 278 input into block 262, the rail voliage may be
modulated in accordance with the wavelorm enveippe as characterized by the minima vollage
samplss. When the minima voltage samples indicaie low envelope power levels, for example,
block 274 may cause a low rail voltage 1o be supplied to the power amplifier 182, with the full
rail voltage being supplied only when the minima voliage samples indicate maximum envelope

power levels. When the minima voltage samples fall below the minima target 278, block 274
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may cause the rail voltage o be mainiained at a minimum value suitable Tor ensuring proper
operation of the power ampiifier 162.

[00191] Figures 33A-33C illustraie conirol circuits of surgical devices according 1o various
embodiments. As discussed above in connection with Figure 10, a control circuit may modify
characteristics of an interrogation signal transmiited by the generalor 102. The characieristics
of the interrogation signal, which may uniquely indicate a state or configuration of the control
circuit, can be discerned by the generalor 102 and used 1o control aspects of ils operation. The
control circuils may be contained in an ultrasonic surgical device (e.g., iy the handpiece 118 of
the ulirasonic surgical device 104), or in an eleclrosurgical device (e.g., in the handpiece 130 of
the electrosurgical device 108).

[00192] Referring to the embodiment of Figure 33A, a control circuit 300-1 may be
connected to the generator 102 o receive an inlerrogation signal (e.q., a bipolar interrogation
signal at 2kHz) from the signal conditioning circuit 202 {e.q., from generator terminals HS and
SR (Figure 10) via a conductive pair of cable 112 or cable 128). The control circuit 300-1 may
comprise a first branch that includes series-connected diodes D1 and B2 and a switch SWH1
connected in parallel with D2. The control circuit 300-1 may aiso comprise a second branch
that includes serigs-connected diodes D3, D4 and D5, a switch SW2 connected in parallel with
D4, and a resistor R1 connecied in parallel with DS, In certain embodiments and as shown, D5
may be a Zener dicde. The control circuit 300-1 may additionally comprise a data storage
element 302 that, together with one or more components of the sscond branch (s.g., B5, R1)},
define a data circuit 304, in certain embodimenis, the dala slorage element 302, and possibly
other components of the data circuit 304, may be contained in the instrument {e.g., instrument
124, instrument 134) of the surgical device, with other components of the control circuit 300-1
{e.q., SW1, W2 D1, D2, D3, D4) being contained in the handpiece {(e.g., handpiece 116,
handpiece 130}. In cerlain embodiments, the data slorage element 302 may be a single-wire
bus device (&.9., a single-wire prolocol EEPROM), or other single-wire protocol or local
interconnect network (LIN) protocol device. In one embodiment, for example, the data slorage
element 302 may comprise a Maxim DS2Z28EC20 EEPROM, available from Maxim integrated
Products, Inc., Sunnyvale, CA, known under the trade name "1-Wire.” The data storage
element 302 is one example of a circuit element that may be contained in the data circuit 304.
The data circuit 304 may additionally or alternatively comprise one or more other circuit
elements or componenis capable of ransmitling or recelving data. Such circuit elementis or
components may be configured to, for exampie, ransmit dala acquired by one or more sensors

{e.g., an inslrument-based temperature sensor) and/or receive data from the generator 102 and
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provide an indication 1o a user {e.g., an LED indication or other visible indication) based on the
received dala.

[00193] During operation, an interrogation signal (e.g., a bipolar interrogation signal at
2kHz) from the signal conditioning circult 202 may be applied across both branches of the
control circuit 300-1. in this way, the voltage appearing across the branches may be uniquely
determined by the states of SW1 and SW2. For example, when SW1 is open, the voltage drop
across the control circuit 300-1 for negative values of the inlerrogation signal will be sum of the
forward voltage drops across D1 and D2, When SW1 is closed, the voltage drop for negative
values of the interrogation signal will be determined by the forward vollage drop of D1 only.
Thus, for example, with a forward voltage drop of 0.7 volis for each of B1 and D2, open and
closed states of SW1 may correspond o voltage drops of 1.4 volts and 0.7 volis, respectively.
In the same way, the voltage drop across the control circuli 300-1 for positive values of the
interrogation signal may be uniquely determined by the state of SW2. For example, when SW2
is open, the voltage drop across the control circuit 300-1 will be the sum of the forward voltage
drops across D3 and D4 (e.g., 1.4 volis) and the breakdown voltage of B5 {e.g., 3.3 volis).
When SW2 is closed, the voltage drop across the control circuit 300-1 will be the sum of the
forward voltage drop across D3 and the breakdown voltage of D5, Accordingly, the state or
configuration of SW1 and SW2 may be discerned by the generator 102 based on the
interrogation signal voltage appearing across the inputs of the control circuit 300-1 (2.g., as
measured by an ADC of the signal conditioning circuit 202).

[00194] in certain embodiments, the generator 102 may be configured o communicale
with the data circuit 304, and, in particular, with the data storage element 302, via the second
data circuit interface 210 (Figure 10) and the conductive pair of cable 112 or cable 128. The
frequency band of the communication protocol used to communicate with the data circuit 304
may be higher than the frequency band of the interrogation signal. in cerlain embodiments, for
exampie, the frequency of the communication profocol for the data storage element 302 may
be, for example, 200 kHz or & significantly higher frequency, whereas the frequency of the
interrogation signal used o determing the different states of SW1 and SWZ may be, for
exampie, 2 kHz. Diode D5 may limil the voltage supplied fo the data siorage element 302 to a
suitable operating range {e.g., 3.3-5V).

100195] As explained above in connection with Figure 10, the data cireuit 304, and, in
particular, the data storage element 302, may siore information pertaining to the particular
surgical instrument with which it is associated. Such information may be retrieved by the

generator 102 and include, for example, a mods! number, a serial number, a numbsr of
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operations in which the surgical instrument has been used, and/or any other type of information.
Additionally, any type of information may be communicatled from the generator 102 o the data
circuit 304 for storage in the data storage element 302, Such information may comprise, for
example, an updated number of operations in which the instrument has been used and/for dales
and/or times of iis usage.

[00198] As noted above, the data circult 304 may additionally or alternatively comprise
components or elemenis other than the dala siorage element 302 for transmilting or receiving
dala. Such componentis or elements may be configured o, for example, fransmit data acguired
by one or more sensors (e.g., an instrument-based temperature sensor) and/or receive data
from the generator 102 and provide an indication ic a user {&.g., an LED indication or other
visible indication) based on the recsived data.

[00197] Ermbodiments of the control circuit may comprise additional swiiches, With
reference 1o the embodiment of Figure 338, for example, control circult 300-2 may comprise a
first branch having a first switch SW1 and a second switch SW2 (for a total of three swilches),
with each combination of SW1 and SW2 slates corresponding 1o a unique voltage drop across
the conirol circuit 300-2 for negative values of the interrogation signal. For examiple, the open
and closed states of S3W1 add or remove, respectively, the forward vollage drops of D2 and D3,
and the open and closed slates of SW2 add or remove, respectively, the forward voltage drop of
D4. In the embodiment of Figure 33C, the first branch of control circuit 300-3 comprises three
switches (for a total of four swilches), with the breakdown voltage of Zener dicde D2 being used
fo distinguish changes in the voltage drop resulling from the operation of SW1 from vollage
changes resulting from the operation of SW2 and SW3.

f00198] Figures 14 and 15 illustrate control circuits of surgical devices according to
various embodiments. As discussed above In connection with Figure 10, a control circuit may
madify characleristics of an interrogation signal fransmitted by the generalor 102, The
characteristics of the inferrogation signal, which may uniquely indicate the stale or configuration
of the control circuill, can be discerned by the generalor 102 and used to control aspects of s
operation. The control circuit 280 of Figure 14 may be contained in an ullrasonic surgical device
{e.g., in handpiece 116 of ultrasonic surgical device 104}, and the control circuit 282 of Figure
15 may be contained in an electrosurgical device (e.q., in handpiece 130 of eleclrosurgical
device 106).

[00199] Referring to Figure 14, control circuit 280 may be connecied 1o the generator 102
o receive an inlerrogation signal (e.g., a bipolar interrogation signal at 2kHz) from the signal

conditioning circuit 202 {e.q., from generator terminals HS and SR (Figure 10} via a conductive
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pair of cable 112). The control circuit 280 may comprise a first switch SW1 in series with a first
diode D1 to define a first branch, and a second switch SW2 in series with a second diode D2 10
define a second branch. The first and second branches may be conneciad in paraliel such that
the forward conduction direction of D2 is oppaosite that of D1, The interrogation signal may be
applied across both branches. When both SW1 and SW2 are open, the contral circuit 280 may
define an open circuit. When SW1 is closed and SWZ2 is open, the interrogation signal may
undergo hatf-wave rectification in a first direction {e.g., positive half of interrogation signal
blocked). When SW1 is open and SWZ2 is closed, the interrogation signal may undergo half-
wave rectification in a second direction {e.g., negative half of interrogation signal blocked).
When both SW1 and SW2 are closed, no rectification may occur. Accordingly, based on the
different characteristics of the interrogation signal corresponding to the different states of SWH1
and S8W2, the state or configuration of the control circuil 280 may be discerned by the generator
102 based on a vollage signal appearing across the inputs of the control circuit 280 (e.g., as
measured by an ADC of the signal conditioning circuit 202).

[00200] In certain embodiments and as shown in Figure 14, the cable 112 may comprise
a data circuit 208. The data circuit 206 may comprise, for example, a non-volatile storage
device, such as an EEPROM device. The generalor 102 may exchange information with the
datla cirouit 206 via the first data circuil interface 204 as discussed above in connection with
Figure 10. Such information may be specific {0 a surgical device integral with, or configured for
use with, the cable 112 and may comprise, for example, a model number, a serial number, a
number of operations in which the surgical device has been used, and/or any ofther lype of
information. Information may alse be communicaled from the generator 102 o the data circuit
206 for storage therein, as discussed above in connection with Figure 10, In certain
embodiments and with reference o Figures 33E-33G, the data circuit 206 may be disposed in
an adaptor for interfacing a specific surgical device type or model with the generator 102.
[00201] Referring to Figure 15, control circuif 282 may be connected o the generator 102
to receive an interrogation signal (e.q., a bipolar interrogation signal at 2kHz) from the signal
conditioning circuit 202 {e.g., from generator terminals HS and SR (Figure 10} via a conductive
pair of cable 128). The control circuit 282 may comprise series-connected resistors R2, R3 and
R4, with swiiches 8W1 and SW2 connecled across R2 and R4, respectively. The interrogation
signal may be applied across at least one of the series-connectied resistors to generale &
voltage drop across the control circuit 282, For example, when both SW1 and SW2 are open,
the voltage drop may be determined by R2, R3 and R4, When SW1 is closed and SW2 is open,
the voitage drop may be determined by R3 and R4, When 3W1 is open and SW2 is closed, the
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voltage drop may be determined by R2 and R3. When both SW1 and SW2 are closed, the
voltags drop may be determined by R3. Accordingly, based on the voltage drop across the
control circuil 282 {e.g., a5 measured by an ADC of the signal conditioning circuit 202), the state
or configuration of the control circuit 282 may be discermned by the generator 102,

[00202] Figure 18 lllustrates one embodiment of a control circuit 280-1 of an ultrasonic
surgical device, such as the ulirasonic surgical device 104, The control circuit 280-1, in addition
to comprising componenis of the control circuit 280 of Figure 14, may comprise a data circuit
284 having a data storage element 286, In cerlain embodiments, the dala storage element 286,
and possibly other components of the dala circuit 284, may be contained in the instrument {e.qg.,
instrument 124) of the ulirasonic surgical device, with other componenis of the control circuit
280-1 {e.g., SW1, SW2, D1, D2, B3, D4, C1) being contained in the handpisce {e.g., handpiece
116). In ceriain embodiments, the dala storage element 288 may be a single-wire bus device
{2.g., a single-wire protocol EEFROM), or other single-wire protocol or local interconnect
network (LIN) protocol device. In one embodiment, for example, the data storage element 288
may comprise a8 Maxdim DS28EC20 one-wire EEPROM, available from Maxim Integrated
Products, Inc., Sunnyvale, CA, known under the trads name “1-Wire.”

[00203] In cerfain embodiments, the generator 102 may be configured to communicate
with the data circuit 284, and, in particular, with the dala storage element 286, via the second
data circult interface 210 (Figure 10) and the conductive pair of the cable 112, In particular, the
frequency band of the communication protocol used to communicate with the data circuit 284
may be higher than the frequency band of the interrogation signal. in certain embodimenis, for
example, the frequency of the communication protocol for the data storage element 286 may
be, for example, 200 kHz or a significantly higher frequency, whereas the frequency of the
interrogation signal used o determine the different states of SW1 and SW2 may be, for
exampie, 2 kHz. Accordingly, the value of capacitor C1 of the data circuit 284 may be selecied
such that the data storage element 286 is “hidden” from the relatively low frequency of the
interrogation signal while allowing the generaior 102 to communicale with the dala storage
element 2886 at the higher frequency of the communication protocol. A series dicde B3 may
protect the data storage element 286 from negative cycles of the interrogation signal, and a
parallel Zener diode D4 may limil the voltage supplied to the dala siorage element 286 o a
suilable operating range {&.g., 3.3-3Y)}. When in the forward conduction mode, D4 may alsc
clamp negative cycles of the interrogation signal to ground.

[00204] As explained above in connection with Figure 10, the data circuit 284, and, in

particular, the data storage element 286, may store information pertaining to the particular
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surgical instrument with which it is associated. Such information may be retrieved by the
generator 102 and include, Tor example, a model number, a serial number, a number of
operations in which the surgical instrument has been used, and/or any other type of information.
Additionally, any type of information may be communicated from the generator 102 fo the data
circuit 284 for storage in the data storage element 286. Such information may comprise, for
example, an updated number of operations in which the instrument has been used and/or dates
andfor times of iis usage. Moreover, because the different types of communications belween
the generator 102 and the surgical device may be frequency-band separaled, the presence of
the daia siorage element 288 may be “invisible” to generators that do not have the requisiie
data reading functionality, thus enabling backward compatibility of the surgical device.

[00205] in certain embodiments and as shown in Figure 17, the data circuit 284-1 may
comprise an inductor L1 to provide isolation of the dala siorage element 286 from the stales of
SW1 and SW2. The addition of L1 may additionally enable use of the dala circuit 284-1 in
electrosurgical devices. Figure 18, for examiple, iHlusirates one embodiment of a control circuit
282-1 that combines the control circuit 282 of Figure 15 with the data circuit 284-1 of Figure 17.
[00208] in certain embodiments, a data circuit may comprise one or more swilches {o
modify one or more characteristics {e.g., amplifude, rectification) of an interrogation signal
received by the data circuit such that a stale or configuration of the one or more swilches is
uniguely discernable based on the one or more characteristics. Figure 19, for example,
fHlusirates one embodiment of a control circuit 282-2 in which the data circuit 284-2 comprises a
switch SW3 connected in parallel with D4, An inlerrogation signal may be communicated from
the generalor 102 (2.g., from the signal conditioning circuit 202 of Figure 10} at a frequency
sufficient for the interrogation signal to be received by the data circuit 284-2 via C1 but blocked
from other portions of the control circuit 282-2 by L1, in this way, one or more characteristics of
a first interrogation signal {e.g., a bipolar interrogation signal at 25 kHz} may be used {o discerm
the slate of SW3, and one or more characteristics of a second interrogation signal at a lower
frequency {e.q., a bipolar interrogation signal at 2 KHz) may be used to discem the stales of
SW1 and SW2. Although the addition of SW3 is illustrated in connection with the control circuit
282-2 in an electrosurgical device, it will be appreciated that 8W3 may be added o a conirol
circuit of an ultrasonic surgical device, such as, for example, the control circult 280-2 of Figure
17,

[00267] Additionally, it will be apprecialed that switches in addition o SW3 may be added
io a data circuil. As shown in Figures 20 and 21, for example, embodiments of the data circuit

284-3 and 284-4, respectively, may comprise a second switch SW4. In Figure 20, voltage
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values of Zener diodes D5 and D6 may be selected such that their voltage values sufficiently
differ to allow reliable discrimination of the intsrrogation signal in the presence of noise. The
sum of the voltages values of D5 and DB may be equal to or less than the voltage value of D4
In certain embodiments, depending upon the voltages values of D6 and D&, it may be possible
to eliminate D4 from the embodiment of the data circuit 284-3 iHlustrated in Figure 20.

[00208] in certain cases, the switches {e.g., SW1-8W4) may impede the ability of the
generator 102 to communicate with the data storage element 286. In one embodiment, this
issue may be addressed by declaring an error if the states of the swilches are such that they will
interfere with communication between the generator 102 and the data storage element 286, In
another embodiment, the generalor 102 may only permit communication with the data storage
element 286 when determined by the generator 102 that the stales of the switches will not
interfere with the communication. Because the stales of the switches may be unprediciable to
an extent, the generaior 102 may make this delermination on a recurring basis. The addition of
L1 in cerlain embodiments may prevent interference caused by switches exiernal {o the data
circuit {e.g., SW1 and SW2). For switches contained within the data circuit {e.g., SW3 and
SW4), isolation of the switches by frequency band separation may be realized by the addition of
a capacior C2 having a capacitance value significantly smalier than C1 (e.g., C2<<(C1).
Embodiments of dala circuils 284-5, 284-6, 284-7 comprising C2 are shown in Figures 22-24,
respectively.

[00208] In any of the embodiments of Figures 18-24, depending on the frequency
response characieristics of D4, it may be desirable or necessary 1o add a fast diods in paraliel
with D4 and pointing in the same direction.

f00210] Figure 25 lllustrates aone embodiment of a control circuit 280-5 in which
communication between the generator 102 and a data storage element is implemented using an
amplitude-modulated communication protocol (e.¢., amplitude-modulated one-wire profocol
[known under the trade name “1-Wire”] amplitude-modulated LIN protocol). Amplilude
modulation of the communication protocel on a high-frequency carrier {e.g., 8 MHz or higher)
subsiantially increases frequency band separation between low frequency interrogation signals
{e.g., interrogation signals at 2 kHz) and the native "baseband” frequency of the communication
protocol used in the embodiments of Figures 16-24. The control circull 280-5 may be similar to
the control circuit 280-1 of Figure 16, with the datla circuit 288 comprising an additional capaciior
C3 and resistor RS, which, in conjunction with D3, demodulate the amplitude-modulated
communication protocol for receipt by the data storage element 286. As in the embodiment of

Figure 18, D3 may protect the data storage element 286 from negative cycles of the
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interrogation signal, and D4 may Hmit the voltage supplied o the data storage element 286 to a
suitable operating range (e.g., 3.3-5V) and clamp negative cycles of the interrogation signal fo
ground when in the forward conduction mode. The increased frequency separation may allow
C1 o be somewhat smali relative o the embodiments of Figures 16-24. Additionally, the higher
frequency of the carrier signal may also Improve noise immunity of communications with the
daia siorage elemaent because it is further removed from the frequency rangs of electrical noise
that may be generated by other surgical devices used in the same operating room environment,
in certain embodiments, the relatively high frequency of the carrier in combination with the
frequency response characteristics of D4 may make it desirable or necessary 1o add a fast
dicde in parailei with B4 and pointing in the same direclion.

[00211] With the addition of an inductor L1 to prevent inlerference with data storage
element 286 communicalions caused by swilches exiernal to the dala circuit 288 {(e.g., SW1
and 5W2), the data circuit 288 may be used in control circuits of electrosurgical instruments, as
shown in the embodiment of the data circuit 288-1 of Figure 26.

[00212] With the exception of C2 and R3, and the more likely need for D7, the
embodiments of Figures 25 and 26 are similar to the "baseband” embodimenis of Figures 16-
24. For example, the manner in which switchss may be added to the dala circuits of Figures
19-21 is directly applicable {o the embodiments of Figures 25 and 26 (including the possibility of
eliminating D4 from the modulated-carrier equivalent of the Figure 20). Modulated-carrier
eguivalents of the data circuits embodied in Figurss 22-24 may simiply require the addition of an
appropriately-sized inductor L2 in seres with C2 in order to isolale the inferrogation frequency
for the additional switches {e.g., SW3, SW4) {o an intermediate frequency band between the
carrier frequency and the lower interrogation frequency for swilches external to the data circuit.
An embodiment of one such data circuit 282-7 is shown in Figure 27.

[00213] in the embodiment of Figure 27, any inlerference with the generator’s ability to
communicate with the data storage element 286 caused by states of SW1 and SW2 may be
addressed as described above in connection with the embodiments of Figures 18-24. For
example, the generalor 102 may declare an error if swiich states will prevent communication, or
the generator 102 may only parmil communication when determined by the generator 102 that
the switch stales will not cause interference.

100214] In certain embodiments, the data circuit may not comprise a data storage
element 286 (e.q., an EEPROM device) 1o store information. Figures 28-32 Hlustrate
embodiments of control circuits that utilize resistive and/or inductive elements to modity one or

more characteristics of an interrogation signal {e.g., amplituds, phase) such that a stale or
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configuration of the control circuit may be uniguely discerned based on the one or more
characieristics.

[00215] in Figure 28, for example, the data circuil 280 may comprise an identification
resistor R1, with the value of C1 selected such that R1 is "hidden” from a first low frequency
interrogation signal {e.g., an interrogation signal at 2kHz} for determiining the states of SW1 and
SW2. By measuring the voltage and/or curent {e.g., amplitude, phase} at the inputs of the
control circuit 280-6 resulting from a second interrogation signal within a substantially higher
frequency band, the generator 102 may measure the value of R1 through €1 In order fo
determine which of a plurality of identification resistors is contained in the instrument. Such
information may be used by the generator 102 to identify the instrument, or a particular
characteristic of the instrument, so thatl control and diagnostic processaes may be optimized.
Any interference with the generator's ability 1o measure R1 caused by slates of SW1 and SW2
may be addressed by declaring an error if switch states will prevent measurement, or by
maintaining the vollage of the second higher-frequency interrogation signal below the turmn-on
voltages of B1 and D2, Such interference may also be addressed by adding an inductor in
series with the swilch circuilry (L1 in Figure 28} o block the second higher-frequency
interrogation signal while passing the first, lower-frequency interrogation signal. The addition of
an inductor in this manner may also enable the use of the data circuit 250 in control circuits of
electrosurgical instruments, as shown in the embodiment of the data circuit 280-2 of Figure 30.
[00218] In cerfain embodiments, multiple capacitors C1 for allowing inlerrogation at
muitiple frequencies could be used io differentiale between a larger number of distinet R
values for a given signal-io-noise ratio, or for a given sst of component lolerances. in one such
embodiment, inductors may be placed in series with all but the lowest value of C1 to create
specific pass bands for different interrogation frequencies, as shown in the embodiment of the
data circuit 280-3 in Figure 31.

[00217] in embodiments of control circuils based on the control circuit 280 of Figure 14,
identification resisiors may be measured without the need for frequency band separation.
Figure 32 illustrates one such embodiment, with R1 selecled to have a relatively high value.
[00218] Figures 33D0-331 illustrate embodiments of multi-conductor cables and adaptors
that may be used to establish electrical communication belween the generalor 102 and a
handpiece of a surgical device. In particular, the cables may transmit the generator drive signal
to surgical device and enable control-based communications between the generator 102 and a
control circuit of the surgical device. In cerlain embodiments, the cables may be integrally

formed with the surgical device or configured for removable engagement by a suilable
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connector of the surgical device. Cables 112-1, 112-2 and 112-3 (Figures 33E-33G,
raspectively) may be configured for use with an ultrasonic surgical device {e.g., ultrasonic
surgical device 104), and cable 128-1 (Figure 33D) may be configured for use with an
electrosurgical device (e.g., electrosurgical device 108). One or more of the cables may be
configured 1o connect directly with the generator 102, such as cable 112-1, for example. In
such embodiments, the cable may comprise a data circuit {e.q., data circuit 208) for storing
information pertaining 1o the parlicular surgical devics with which it is associated (e.g., a model
number, a serial number, a number of operations in which the surgical device has been used,
and/or any other type of information). In certain embodiments, one or more of the cables may
connect to the generalor 102 via an adaptor. For example, cables 112-2 and 112-3 may
connect {0 the generator 102 via a first adaptor 282 {Figure 331), and cable 128-1 may connect
to the generator 102 via a second adaptor 284 {Figure 33H). In such embodiments, a dala
circuit {e.g., data circuit 208) may be disposed in the cable {e.g., cables 112-2 and 112-3} orin
the adaptor (e.¢., second adaptor 284).

[00219] In various embodiments, the generatort2 may be elecirically isolated from the
surgical devices 104, 106 in order to prevent undesired and polentiaily harmiful currents in the
patient. For example, if the generatort02 and the surgical devices 104, 106 were not
electrically isolated, voliage provided {o the devices 104, 106 via the drive signal could
potentiaily change the electrical potential of patent tissue being acted upon by the device or
devices 104, 106 and, thereby, resull in undesired currents in the patient. It will be appreciated
that such concerns may be more acule when using an ulirasonic surgical device 104 that is not
intended to pass any current though tissus. Accordingly, the remainder of the description of
active cancslilation of ieakage current Is described in terms of an ultrasonic surgical device 104.
it will be appreciated, however, that the systems and methods described herein may be
applicable io electrosurgical devices 106 as well.

[00220] According to various embodiments, an isolalion transformer, such as the isolation
transformer 156, may be used to provide electrical isolation between the generatort(2 and the
surgical device 104. For example, the transformer 158 may provide isolation between the non-
isolated stage 154 and the isolated siage 152 described above. The isclated stage 154 may be
in communication with the surgical device 104. The drive signal may be provided by the
generatorti2 (e.g., the generator module 108) to the primary winding 164 of the isolation
transformer 156 and provided o the surgical device 104 from the secondary winding 158 of the
isolation transformer. Considering the non-idealifies of real transformers, however, this

arrangement may not provide complete slectrical isolation. For example, a real transformer
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may have stray capacitance between the primary and secondary windings. The stray
capacitance may prevent complete electrical isolation and aliow electrical potential present on
the primary winding o affect the potential of the secondary winding. This may result in leakage
currents within the patient.

[00221] Contemporary industry standards, such as the International Eleciretechnical
Commission (IEC) 60601-1 standard limit allowable patient leakage current o 10 A or less.
Leakage curreni may be passively reduced by providing a leakage capacitor belwsen the
secondary winding of the isolation fransformer and ground {e.g., earth ground). The leakage
capacitor may operate {o smooth changes in patient-side potential coupled from the non-
isolated side via the stray capacitance of the isolation transformer and thereby reduce leakage
current. As the voliage, cuirent, power andior frequency of the drive signal provided by the
generator102 increase, however, the leakage current may also increase. in various
embodiments, induced leakage current may increase beyond the capability of a passive leakage
capacitor o keep it below 10 pA and/or other leakage current standards.

[00222] Accordingly, various embodiments are directed o systems and methods for
actively canceliing leakage current. Figure 34 lllusirates one embodiment of a circuit 800 for
active cancellation of leakage current. The circuit 800 may be implemented as a parlof or in
conjunciion with the generalor10Z2. The circult may comprise an isolation transformer 802
having a primary winding 804 and a secondary winding 806. The drive signal 816 may be
provided across the primary winding 804, generating an isolated drive signal across the
secondary winding 806, in addition to the isolated drive signal, siray capacitance 808 of the
isolation transformer 802 may couple some component of the potential of the drive signal
relative to ground 818 to the secondary winding 806 on the patient side.

[00223] Aleakage capacitor 810 and active cancellation circuit 812 may be provided, as
shown, connected beiween the secondary winding 806 and ground 818, The aclive
cancellation circuit 812 may generaie an inverse drive signal 814 that may be about 180° cut of
phase with the drive signal 816. The active cancellation circuit 8412 may be electrically coupled
to the leakage capacitor 810 to drive the leakage capacitor {0 a potential that, relative to ground
818, is about 180° out of phase with the drive signal 816. Accordingly, eleclrical charge on the
patient-side secondary winding 806 may reach ground 818 via the leakage capacitor 810
instead of through the patient, reducing leakage current. According to varicus embodiments,
the leakage capaciior 810 may be designed {o meet adequate, industry, govermnment and/or

design standards for robustness. For example, the leakage capacitor 810 may be a Y-type
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capacitor complying with the IEC 80384-14 siandard andfor may comprise mutlliple physical
capacitors in series.

[00224] Figure 35 lllusirates one embodiment of a circuit 820 that may be implemenied
by the generatori02 fo provide active cancellation of leakage current. The circuit 820 may
comprise a generator circuit 824 and a patient-side circuit 822. The generator circuit 824 may
generate and/or modulale the drive signal, as described herein. For example, in some
embodiments, the generator circult 824 may operate similar to the non-isolated stage 154
described above. Also, for example, the palient-side circuit 822 may operate similar to the
isclated state 152 described above.

[00225] Electiical isclation between the generalor circuit 824 and the patient-side circuit
822 may be provided by an isolation transformer 826. The primary winding 828 of the isolation
transformer 826 may be coupled o the generalor circuil 824. For example, the generator circuit
824 may generale the drive signal across the primary winding 828, The drive signal may be
generated across the primary winding 828 according to any suitable method. For example,
according io various embodiments, the primary winding 828 may comprise a center tap 829 that
may be held to a DC voltage {e.g., 48 volts). The generalor circuil 824 may comprise output
stages 825, 827 that are, respectively, coupled {o the other ends of the primary winding 828.
Qutput stages 825, 827 may cause currenis corresponding to the drive signal o flow in the
primary winding 828. For example, positive portions of the drive signal may be realized when
the oulput stage 827 pulls its ouiput vollage lower than the center tap voltage, causing the
ouiput stage 827 1o sink current from across the primary winding 828. A corresponding current
may be induced in the secondary winding 830, Likewise, negative portions of the drive signal
may be implemented when the oulput stale 827 pulls iis oulput vollage lower than the center tap
voltage, causing the culput stage 825 1o sink an opposite current across the primary winding
828. This may induce a corresponding, opposite current in the secondary winding 830. The
patient-side circuit 822 may perform various signal conditioning and/or other processing o the
isolated drive signal, which may be provided io a device 104 via oulput lines 821, 823.

[00226] An active cancellation transformer 832 may have a primary winding 834 and a
secondary winding 836. The primary winding 834 may be electrically coupled to the primary
winding 828 of the isolation iransformer 826 such that the drive signal is provided across the
winding 834. For example, the primary winding 834 may comprise two windings 843, 845, A
first end 835 of the first winding 845 and a first end 839 of the second winding 843 may be
electrically coupled to the center tap 829 of the winding 828. A second end 841 of the first

winding 845 may be electrically coupled to the outpul stage 827, while a second end 837 of the
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second winding 843 may be slectrically coupled 1o the output stale 825. The secondary winding
836 of the cancellation transformer 832 may be coupled to ground 818 and {o a first electrode of
a cancellation capacitor 840. The other electrode of the cancellation capacitor 840 may be
coupled to the oulput line 823, An optional load resistor 838 may also be sleclrically coupled in
parallel across the secondary winding 836.

[00227] According to various embodiments, the secondary winding 838 of the active
cancsllation transformer may be wound and/or wired 1o the other componenis 840, 838, 818,
such that its pelarity is opposite the polarity of the primary winding 834, For example, an
inverse drive signal may be induced across the secondary winding 836. Relative to ground 818,
the inverse drive signai may be 180° out of phase with the drive signal provided across the
primary winding 834 of the active cancellation transform 832. In conjunction with the load
resisior 838, the secondary winding 836 may provide the inverse drive signal at the canceliation
capacilor 840. Accordingly, charge causing leakage potential appearing at the patlient-side
circuit 822 due to the drive signal may be drawn to the cancellation capacitor 840. In this way,
the capacitor 840, secondary winding 836 and load resistor 838 may sink potential leakage
current to ground 818, minimizing patient leakage curent.

[00228] According lo various embodiments, the parameters of the components 832, 838,
840 may be selected {o maximize leakage current canceliation and, in various embaodiments, o
lessen electromagnetic emissions. For example, the aclive canceliation transformer 832 may
be made from malerials and according 1o a construction that allows it o match ths freguency,
fermnperature, humidity and other characieristics of the isolation ransformer 826. Other
parameters of the active transformer 832 (e.g., number of turns, turn ratios, elfc.) may be
selecied {0 achieve a balance between minimizing output-induced current, electromagnetic
{(EM) emissions and leakage current due o applied external vollage. For exampie, the circuit
820 may be configured to meet the IEC 60801 or other suitable industry or government
standards. The value of the load resistor 838 may be similarly chosen. In addilion, the
parameters of the cancellation capaciior 840 {e.g., capacitance, elc.) may be selected {o maich,
as well as possible, the characteristics of the siray capacitances responsible for the inducing
lsakags current.

[00229] Figure 36 illustrales an allernate embodiment of & circuil 842 that may be
implementied by the generatori(2 {o provide active cancellation of leakage current. The circuit
842 may be similar to the circuit 820, however, the secondary winding 836 of the active
cancellation fransformation 832 may be electrically coupled 1o the output line 823. The

cancellation capacitor 823 may be connected in series between the secondary winding 836 and
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ground 818. The circuit 842 may operale in a manner similar io that of the circuit 820.
According to various embodiments, {e.g., when the aclive cancellation transformer 832 is a
step-up ransformer), the total working voltage, for example, as defined in 1EC 806011, may be
minimized.

f00230] Figure 37 illustrates an aliernate embodiment of a circuit 844 that may be
implementied by the generatori02 to provide active cancellation of leakage current. The circuit
844 may omit the active cancellation transformer 832 and replace it with a second secondary
winding 846 of the isolation transformer 828. The second secondary winding 8486 may be
connectad fo the output line 823, The canceliation capacitor 840 may be connected in series
between the second secondary winding 846 and ground. The second secondary winding may
be wound and or wired with a polarity opposite that of the primary winding 828 and the
secondary winding 830. Accordingly, when the drive signal is present across the primary
winding 828, the inverse drive signal, as described above, may be present across the
secondary winding 846. Accordingly, the circuit 844 may cancel leakage current in a manner
similar o that described above with respect to the circuits 820 and 842. Omitling the active
cancellation transformer 832, as shown in circuit 844, may reduce part count, cost and
complexity.

100231] Figure 38 illustrates yet another embodiment of a circuit 848 that may be
implementied by the generatori(2 to provide active cancellation of leakage current. The circuit
848 may be configured to cancel extranecus currents in the patient side circuit 822 due fo
capacilive coupling, as described above, as well as other external effects such as, for example,
frequency-specific effects (e.g., 60 Hz or other frequency noise from power suppiles), path
effects, load effects, ele. Instead of being electrically coupled o ground 818, the canceliation
capacitor 840, as shown in the circuit 848, may be coupled o an correction control circuit 851
The circuit 851 may comprise a digital signal processor (DGP) 850 or other processor. The
DSP 850 may receive inputs 858 {e.q., via an analog-to-digital converier). The inputs 858 may
be values fending to indicate external effects that may cause additional leakage current.
Examples of such inpuis may be, for example, power supply parametlers, load data such as
impedance, impedance or other values describing the path from the circuit 848 o the device
104, efc. Based on the inputs 858, the DSP 85 may derive a canceliation potential thatl, when
provided o the cancellation capacitor 840, may cancel patient-side currents due o the external
effects. The canceliation potential may be provided, digitally, o digital-lo-analog converter 852,
which may provide an analog version of the canceliation potential to the canceliation capacitor

840. Accordingly, the vollage drop across the cancellation capacitor 840 may be a function of
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the inverse drive signal, present across the second secondary winding 848 and the cancellation
potential found by the circuit 851,

[00232] The circuit 848 is shown with the aclive cancellation transformer 832 omitled and
the capacior 840 and second secondary winding 846 in the configuration of the circuit 844, |t
will be appreciated, however, that the correction control circuit 851 may be ulilized in any of the
configurations described herein {e.g., 820, 842, 844, sic.). For exampie, the correction control
circuit 851 may be substituted for ground 818 in any of the circuits 820, 842, 844,

100233] Figure 39 illustrated an embodiment of a circuit 860 that may be implemented by
the generalori0Z 1 provide cancellation of leakage current. According to the circuit 860, the
cancellation capacitor 840 may be connected between the primary winding 828 of the isoiation
fransformer 826 and the oulput line 823 {e.g., the common output line). In this way, the inverse
of the drive signal may appear across the cancellation capacitor 840, bringing aboul a similar
leakage current cancellation effect to those described above.

[00234] Figure 40 fllustrates ancther embodiment of a circuit 862 that may be
implemented by the generator 102 o provide cancellation of leakage current. The circuit 862
may be similar to the circuit 880 with the exception that the cancellation capacilor may be
connected between the output ling 823 {e.g., the common oulpul line) and two additional
capaciiors 864, 866. Capacitor 864 may be connecled between the cancellation capacitor 840
and the primary winding 828 of the isolation transformer 826. Capacilor 888 maybe connected
between the cancellation capacitor 840 and ground 818. The combination of the capaciiors
864, 866 may provide a radio frequency {(RF) path to ground that may enhance the RF
performance of the generalor 102 (e.g., by decreasing electromagnetic emissions).

f00235] A surgical generator, such as the generator 102 schematicaily Hlustrated in
Figure 10, for examiple, may be electrically coupied 1o a variely of surgical instruments. The
surgical instruments may include, for exampls, both RF-based instruments and ultrasonic-based
devices. Figure 41 Hluslrates a receplacle and connector interface 800 in accordance with one
non-limiting embodiment. In one embodiment, the interface 900 comprises a receplacle
assembly 902 and a connector assembly 820. The connector assembly 820 may be electrically
coupled {o the distal end of a cable 821 that is ullimately connected to a handheld surgical
instrument, for example. Figure 58 illusirates a surgical generalor 1050 in accordance with one
non-limiting embodiment. The surgical generator 1050 may comprise a surgical generator body
1052 that generally includes the outer shell of the generator. The surgical body 1052 may
define an aperture 1054 for receiving a receptacle assembly, such as the receplacle assembly

1058 iHustrated in Figure 58. Referring now to Figures 41 and 58, the receptacle assembly 802
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may comprise a seal 806 o generally prevent fluid ingress into the surgical generator 1050 by
was of the aperture 1054, In one embodiment, the seal 808 is an epoxy seal.

[00238] Figure 42 Is an exploded side view of the receptacle assembly 802 in accordance
with one non-limiting embodiment. The receplacle assembly 802 may include a varisly of
components, such as a magnet 212, for example. The receptacle assembly 802 may also
comprise a plurality of sockets 808 that may be arranged in a generally circular formation, or
any other suitable formation. Figure 48 is an enlarged view of a socket 808 in accordance with
one non-limiting embodiment. In one embodiment, the socket 908 is bifurcated and the
receptacle assembly 902 includes nine bifurcated sockets 808, while greater or few socketls
may be utilized in other embodiments. Each of the sockets 908 may define an inner cavity 91¢
for receiving elecirically conductive pins, as discussed in more detall below. In some
embodiments, various sockels 908 will be mounted within the receplacie assembily 802 at
different elevations such that cerlain socketls are contacted prior 1o other sockels when a
connector assembly is inserted into the recepiacie assembly.

[00237] Figure 43 is an exploded side view of the conneclor assembly 820 in accordance
with one non-limiting embodiment. The conneclor assembly 820 may comprise, for example, a
connector body 822 that includes an insertion porlion 824 that is sized 1o be received by the
recepiacle assembly 802, as described in more detall below. The connecior assembly 920 may
comprise a variety of other components, such as a ferrous pin 926, a circuit board 928, and a
plurality of electrically conductive pins 830. As shown in Figure 54, the Terrous pin 826 may be
cylindrical. In other embodiments, the Terrous pin 826 may be other shapes, such as
rectangular, for example. The ferrous pin 826 may be sieel, iron, or any other magnetically
compatible material that is attracled to magnetic fields or that may be magnetizabie. The
ferrous pin 826 may also have a shoulder 827, or other type of laterally exiending feature.
Referring now to Figure 55, the electrical conductive pins 930 may be affixed to and extend from
the circuit board 928. The circuil board 928 may also include device identification circuilry, such
as the circuils illustrated in Figures 33E-33G, for example. Thus, in various embodiments, the
circuit board 928 may carry EEPROM, resistors, or any other electrical components. In some
embodiments, portions of the circuit board 828 may be polted, or otherwise encapsulated, to
improve the sterility of the surgical devics and assist in water resisiance.

100238] Referring again {o Figure 43, the connecior assembly 820 may also include a
strain relief member 832, As shown in Figure 58, the strain relief member 932 generally
accepts cable loading to prevent that loading from being applied to the circuit hoard 928 and/or

the sockets 808, in some embodimenis, the strain relief member 832 may include an alignment
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notch 834 (o aid in assembly. Referring again to Figure 43, the connector assembly 820 may
also include a boot 936 that is coupled to the connector body 822, Figure 57 illustrates the boot
936 in accordance with one non-limiting embodiment. The bool 836 may generally serve as
bend relief for an associaled cable and assist in sealing the conneclor assembly 920, In some
embodiments, the boot 936 may snap onto the connector body 922, For autoclave applications,
the boot 836 may be an overmolded component. In other embodiments, other altachment
technigues may be used, such as adhesives or spin welding, for example.

100239] Figure 44 is a perspective view of the receptacle assembly 802 shown in Figure
41. Figure 45 is an exploded perspeciive view of the receptacle assembly 802, Figure 481is a
front elevation view of the recepiacle assembly 902. Figure 47 is a side elevation view of the
receptacie assembly 802, Referring to Figures 44-47, the receptacle assembly 802 may
comprise a flange 950. The flange 950 may have an inner wall 952 and an outer wall 954,
Spanning the inner wall 852 and the outer wall 954 is a flange surface 856, The inner wall 852
may include at least one curved portion and at least one linear portion. The inner wall 852 of
the flange 850 defines a cavily 960 having a unique geomelry. In one embodiment, the cavity
860 is defined by about 270 degrees of a circle and two linear segmenis that are tangential o
the circle and intersect to form an angle 8. In one embodiment, angle © is about B0 degrees.
in one embaodiment, a central protruding portion 952 having an outer periphery 564 is positioned
in the cavity 860, The central protruding portion 8982 may have a central surface 866 that
defines a recess 968, The magnet 812 (Figure 42} may be positioned proximate the recess
968, As illustrated, the sockets 808 may be positioned through apertures 872 defined by the
central surface 966 of the central protruding portion 862, In embediments utilizing a clircular
arrangement of sockets 908, the magnet 812 may be positioned internal {o the circle defined by
the sockets. The receptacie body 904 may also define a rear recess 978 (Figure 47). The rear
recess 976 may be sized to receive the sesal 906. The flange face 988 may be slanied at an
angle B (Figure 47). As illustrated in Figure 61, a face of the body 1052 of the surgical
generator 1050 also may be slanted at the angle § as well.

[00240] Figure 49 is a perspective view of the conneclor assembly 920 and Figure 50 is
an exploded perspective view of the conneclor assembly 920, Figure 51 is a side elevation
view of the connector body 922 with Figures 52 and 53 illustrating perspective views of the
distal and proximal ends, respectively, of the conneciar body 922. Referring now o Figures 48-
53, connector body 822 may have a flange 980, The flange 980 may comprise at least one

curved portion and at least one linear portion.
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[00241] The adapter assemblies 1002 and 1004 may comprise substantially the similar
components that are contained by the connecior body 822 (Figure 50). For example, the
adapter assemblies 1002 and 1004 may each house a circuit board with device identification
circuitry. The adapter assemblies 1002 and 1004 may also each house one of a ferrous pin and
a magnet {o aid in the connection with the surgical generator. An outer wall 882 of the flange
880 may generaily be shaped similarly 1o the inner wall 852 of the receptacle assembly 802
{Figure 48}. An inner wall 884 of the flange 980 may be shaped similarly to the outer periphery
964 of the central protruding portion 982, The conneclor body 822 may also have a wall 888
that includes a plurality of apertures 990. The apertures 980 may be sized o receive the
electrically conductive pins 830 and the ferrous pin 826, in one embodiment, the shoulder 827
of the ferrous pin 926 is sized so that it can not pass through the aperture 880, In some
embodiments, the Terrous pin 826 may be able o ranslate with respect fo the wall 988, When
assembled, the shoulder 827 of the ferrous pin 826 may be positioned inlermediate the wall 988
and the circuit board 828. The ferrous pin 826 may be positioned such that it encounters the
magnetic field of the magnet 812 when the connector assembly 820 is inserted into the
receptacie assembly 802, In some embodiments, a proper connection will be dencted by an
audible click when the ferrous pin 926 ranslates to the wall 888 and sirikes the magnei 812, As
is to be appreciated, various componenis may be positioned intermediate the ferrous pin 826
and the magnet 912, such as a washer, for exampile, o reduce incidental wear o the interfacing
components. Additionally, in some embodiments the magnet 812 may be coupled {o the
connector assembly 820 and the ferrous pin 926 may be coupled to the receplacie assembly
502.

[00242] Figure 58 illustrates two adaptor assembiles 1002 and 1004 in accordance with
various non-limiting embodiments. The adaplor assemblies 1002 and 1004 allow of conneclor
assaembliss having various geomstries {o be slectrically coupled o a receptacle assembly of &
surgical generator. Adapior assembly 1002 is configured o accommodate a surgical instrument
having connector assembly 1008 and adaptor assembly 1004 is configured o accommodate a
surgical instrument having a conneclor assembly 1008. In one embodiment, the connecior
assembly 1008 is associated with an RF-based surgical device via a cable 10680 and the
connector assembly 1008 is associated with an ultrasonic-based device via a cable 1062, Asis
to be appreciated, other embodiments of adapior assemblies may accommaodate surgical
instruments have connector assemblies different than those illustrated in Figure 58, Figure 59
fllustrates the adapior assembly 1002 after being inserting into the receptacle assembly 1058 of

a surgical generator 1050 in accordance with one non-limiting embodiment. Figure 60
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Hlustrales the conneclor assembly 1006 after being inserted info the adaptor assembly 1002
and therefore electrically coupled to the surgical generator 1050, Similarly, Figure 61 Hlusirates
the adaptor assembly 1004 after being inserted info the receptacie assembly 1058 of a surgical
generator 1050 in accordance with one non-limiting embodiment. Figure 62 llustrates the
connector assembly 1008 afier being inserted into the adaptor assembly 1004, Accordingly,
while connecior assemblies 1006 and 1008 each having different geometries, both may be used
with the surgical generalor 1050,

100243] Referring o Figures 58-62, in one embodiment, the adaptor assembly 1002 has
a distal portion 1010 that comprises a flange 1012, The flange 1012 Is configured o be inserted
into the receplacle assembly 1058 of the surgical instrument 1050 and may be similar to the
flange 880 illusirated in Figure 52, for example. Any number of eleclrically conductive pins, or
other connection componenis, may be positioned in the distal portion 1o engage the receplacle
assembly 1058, In one embodiment, the adaptor assembly 1002 also has a proximal portion
1014 that defines a cavity 1016, The cavity 1016 may be canfigured to accept a particular
connector assembly, such as connector assembly 1006. As is to be appreciated, the proximal
portion 1014 may be configured appropriately based on the type of connector assembly with
which it will be used. In one embodiment, the adaptor assembly 1006 has a disial portion 1020
that comprises a flange 1022. The flange 1022 is configured to be inseried into the receplacle
assembly 1058 of the surgical instrument 1050 and may be similar 1o the flange 980 illustrated
in Figure 52, for extample. The adaplor assembily 1004 also has a proximal portion 10324 that
defines a cavily 1026. In the illusirated embodiment, the central portion 1028 is positioned in
the cavity 1028 and is configured to accept the connector assembly 1008,

[00244] Figure 83 lllustrales a perspective view of a3 back panel 1100 of 2 generator 1102
in accordance with one non-limiting embodiment. The generator 1102 may be similar to
generator 102 lllusirated in Figure 10, for exampie. The back panel 1100 may comprise various
input and/or ouiput poris 1104, The back panel 1110 may also comprise an electronic paper
display device 1106. The electronic paper display device 11086 may be based on
electrophoresis in which an electromagnetic field is applied o a conductive material such that
the conductive malerial has mobility. Micro parlicles having conductivily are distributed between
thin-lype flexible subsirates, and posilions of the micro parlicles {or toner parlicles) are changed
due fo the change of the polarities of an electromagnetic field, whereby data is displayed. The
technical approach 1o realize the electronic paper may be accomplished using any suitable
technique, such as liquid crystals, organic electro luminescence (EL), refiective film refiection-

tyne display, electrophorssis, twist balls, or mechanical reflection-type display, for example.
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Generally, elecirophoresis is a phenomenon in which, when particles are suspended in a
medium (.., a dispersion medium), the parlicles are electrically chargsd, and, when an electric
field is applied o the charged particles, the pariicles move 1o an electrode having opposite
charge through the dispersion medium. Further discussion regarding electronic paper display
devices may be found in U.8. Palent Number 7,751,115 entitled ELECTRONIC PAFPER
DISPLAY DEVICE, MANUFACTURING METHOD AND DRIVING METHOD THEREQGF the
entirsty of which is incorporated by reference.

100245] Figure 64 illustrates the back panel 1110 illustrated In Figure 83. Figures 85 and
68 provide enlarged views of the back panel 1110, Referring to Figures 64-68, the electronic
paper display device 1108 may display a variely of information, such a serial number, a part
number, patent numbers, waring labels, port ideniifiers, instructions, vendor information,
sarvice information, manufacturer information, operational information, or any other type of
information. In one embodiment, the information displayed on the elecironic paper dispiay
device 1106 may be changed or updaled through connecting a computing device to a
communication port {e.g., a USE port) of the generator 1102,

[00248] As shown in Figure 88, in some embodiments, the back panel 1100 may
comprise an inferaciive portion 1108, In one embaodiment, the inleractive portion 1108 allows a
user to input information o the generator 1102 using input devices, such as butions 1110, The
interactive portion 1108 may also display information that is simultaneously displayed on a front
panel {not shown} of the generalor 1102,

[00247] In a surgical procedure utilizing an ultrasonic surgical device, such as the
ultrasonic surgical device 104, the end effector 126 transmits ultrasonic energy to tissue brought
into contact with the end effector 126 to realize cutling and sealing action. The application of
ulirasonic ensrgy in this manner may cause localized healing of the tissue. Moniloring and
controlling such heating may be desirable to minimize unintended lissue damage andfor fo
oplimize the effectivenass of the culting and sealing aclion. Direct measursmeni of ultrasonic
heating regquires femperature sensing devices in or near the end effecior 126, Although sensor-
based measuremenis of ullrasonic healing is technically feasible, design complexily and other
considerations may make direct measurement impractical. Various embodiments of the
generator 102 may address this problem by generating an estimate of temperature or healing
resulting from an application of ultrasonic energy.

[002438] In particular, one embodiment of the generator 102 may implement an artificial
neural network to estimate uitrasonic heating based on a number of input variables 1218

Artificial newral networks are mathematical models that learn complex, nonlinear relationships



WO 2013/158537 PCT/US2013/036568
62

between inpuls and oulputs based on exposure to known input and oulput paltems, a process
commonly referred to as "raining.” An artificial neural network may comprise a network of
simple processing units, or nodes, connectsd logether (o perform dala processing tasks. The
structure of an artificial neural network may be somewhat analogous {o the structure of
biological neural networks in the brain. When an artificial neural network is presenied with an
input data pattern, it produces an oulput pattern. An artificial neural network may be trained for
a specific processing task by presentation of large amounts of iraining dala. In this way, the
artificial neural network may modify its structure by changing the "strength” of communication
between nodes {o improve its performance on the training data.

[00249] Figure 87 illustrales aone embodiment of an artificial neural network 1200 for
generaling an estimated temperature Ty resulting from an application of ulirasonic snergy
using an ultrasonic surgical device, such as the ultrasonic surgical device 104, in cerlain
embodiments, the neural network may be implemented in the processor 174 and/or the
programmable logic device 166 of the generator 102, The neural network 1200 may comprise
an input laver 1202, one or more nodes 1204 defining a hidden layer 1206, and ong or more
nodes 1208 defining an output layer 1210, For the sake of clarity, only one hidden layer 1208 is
shown. In cerlain embodiments, the neural network 1200 may comprise one or more additional
hidden lavers in a cascaded arrangement, with each additional hidden layer having a number of
nodes 1204 that may be equal o or different from the number of nodes 1204 in the hidden layer
1206.

[00250] Each node 1204, 1208 in the layers 1202, 1210 may include one or more weight
values w 1212, a bias value b 1214, and a transform function £ 1216, In Figure 87, the use of
different subscripts for these values and functions is intended o llusirate that each of these
values and functions may be different from the other values and functions. The input layer 1202
comprises one or more input variables p 1218, with each node 1204 of the hidden layer 1208
receiving as input al least one of the inpul variables p 1218, As shown in Figure 67, for
example, each node 1204 may receive all of the input variables p 1218, In other embodiments,
fess than all of the input variables p 1218 may be received by a node 1204. Each input variable
#1218 received by a particular node 1204 is weighted by a corresponding weight value w 1212,
then added to any other similarly weighted input variables p 1218, and to the bias value & 1214,
The transform function £ 1216 of the node 1204 is then applied {o the resulling sum {o generale
the node’s oulpul In Figure 67, for example, the output of node 1204-1 may be given as fi{ny),

whers 1, = {W7}7‘p7 Wi Pyt Wy By + bq.
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[00251] A particular node 1208 of the output layer 1210 may receive an output from one
or more of the nodes 1204 of the hidden layer 1206 {e.g., each node 1208 receives outputs
EOLE0), (., T ) from respective nodes 1204-1, 1204-2, ., 1204+ in Figure 87), with each
received output being weighled by a corresponding weight value w 1212 and subseqguently
added o any other similarly weighied received outpuls, and {o a bias valus b 1214, The
fransform function £ 1216 of the node 1208 is then applied o the resulting sum o generate the
node’s output, which corresponds to an oulput of the neural network 1200 {(e.q., the estimated
temperature T,y in the embodiment of Figure 67). Although the embodiment of the neural
network 1200 in Figure 87 comprises only one node 1208 in the output layer 1210, in other
embodiments the neural network 1200 may comprise more than one output, in which case the
cutput layer 1210 may comprise multiple nodes 1208.

[00252] In cerfain embodiments, the transform function £ 1216 of a node 1204, 1208 may
be a nonlinear transfer function. In one embodiment, for example, one or more of the transform
functions f 1216 may be a sigmoid function. in other embodiments, the transform functions 7
1216 may include a tangent sigmoid, a hyperbolic tangent sigmoid, a logarithmic sigmoid, a
linear transfer function, a saturated linear transfer function, a radial basis transfer function, or
some other type of ransfer funclion. The transform function 1216 of a particular node 1204,
1208 may be the same as, or different from, a transform function £ 1216 in another node 1204,
1208.

[00253] In cerfain embodiments, the input variables p 1218 received by the nodes 1204
of the hidden laver 1208 may represent, for example, signals andfor other guantities or
conditions known or believed to have an effect on the temperature or heating resulting from an
application of ultrasonic ensrgy. Such variables may comprise, for example, one or more of:
drive voltage oulput by the generalor 102, drive current culput by the generator 102, drive
frequency of the generator output 102, drive power oulput by the generalor 102, drive energy
ouiput by the generaior 102, impedance of the ullrasonic fransducer 114, and time duration over
which ulirasonic energy is applied. Additionally, one or more of the input variables p 1218 may
be unrelated to oulputs of the generator 102 and may comprise, for example, characteristics of
the end effector 126 {e.g., blade lip size, geomelry, and/or material} and a particular type of
tissue targeted by the ultrasonic energy.

100254] The neural network 1200 may be trained (e.g., by changing or varying the weight
values w 1212, the bias values b 1214, and the fransform functions £ 1216) such that its cutpul
{e.g., estimated femperature T, in the embodiment of Figure 67} suitably approximates a

measured dependency of the output for known values of the input variables p 1218, Training
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may be performed, for example, by supplying known sets of input variables p 1218, comparing
output of the neural network 1200 1o measured outputs corresponding o the known sets of input
variables p 1218, and modifying the weight values w 1212, the bias values b 1214, and/or the
transform functions £ 1216 untll the error between the oulputs of the neural network 1200 and
the corresponding measured cutputs is below a predetermined error level. For example, the
neural network 1200 may be trained untif the mean square error is below a predetermined error
threshold. In cerfain embodiments, aspects of the iraining process may be implemented by the
neural network 1200 (2.9., by propagating errors back through the network 1200 to adaptively
adjust the weight values w 1212 and/or the bias values b 1214).
[00255] Figure 68 lllustrales a comparison between estimated temperature values Toy
and measured lemperature values 7, for an implementiation of one embodiment of the neural
network 1200, The neural network 1200 used to generale Toq in Figure 68 comprised six input
variables p 1218 drive voliage, drive current, drive frequency, drive power, impedance of the
ulirasonic fransducer, and time duration over which ultrasonic energy was applied. The hidden
fayer 1206 comprised 25 nodes, and the oulput layer 1210 comprised a single node 1208.
Training data was generated based on 13 applications of ultrasonic energy to carctid vessels.
Actual temperature (T,,) was determined based on IR measurements over a 250-sample range
for varying values of the inpul variables p 1218, with estimaled temperatures T,y being
generated by the neural network 1200 based on corresponding values of the input variables p
1218. The data shown in Figure 88 was generated on a run that was excluded from the tfraining
daia. The estimaled lemperatures T.y demonsirate a reasonably accurate approximatiion of the
measured temperatures 7, in the region of 110-190°F. it is believed that inconsistencies in
estimated temperatures T,y appearing in certain regions, such as the region following 110°F,
may be minimized or reduced by implementing additional neural nelworks specific to those
ragions. Additionally, inconsisiencies in the data that may skew the {rained output of the neural
nelwork 1200 may be identified and programmed in as special cases to further improve
performance.

[00256] In certain embodiments, when the estimated temperature exceeds a user-defined
temperature threshold Ty, the generator 102 may be configured {o control the application of
ultrasonic energy such that the estimated temperalure Toy is maintained at or below the
temperature threshold T, For example, in embodiments in which the drive current is an input
varigble p 1218 {o the neural network 1200, the drive current may be freated as a control
variable and modulaled to minimize or reduce the difference between Tog and Ty, Such

embodiments may be implemented using a fesdback contral algorithm (8.9., a PID control
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algorithm}, with 7y, being input 1o the control algorithm as a seipoint, Tey being input o the
algorithm as process variable feedback, and drive current carresponding to the controlled oulput
of the algorithm. In cases whers the drive current serves as the control variable, suitable
varigtions in drive current value should be represented in the sels of input variables p 1218 used
o train the neural network 1200, In particular, the effectiveness of drive current as a controd
variable may be reduced if the Iraining dala reflects constant drive current values, as the neural
network 1200 may reduce the weight values w 1212 associaled with drive curreni due lo ifs
apparent lack of effect on temperature. 1t will be appreciated that input variables p 1218 other
than drive current {e.g., drive voltage) may be used to minimize or reduce the difference
between T and Ti.

[00257] According to various embodiments, the generator 102 may provide power io a
tissue bite according 1o ong or more power curves. A power curve may define a relationship
between power delivered to the tissue and the impedance of the tissue. For example as the
impedance of the lissue changes {(e.g., increases) during coagulation, the powsr provided by
the generaior 102 may also change {e.g., decrease) according to the applied power curve.
[00258] Different power curves may be particularly sulted, or ill-suited, o different types
andfor sizes of lissue bites. Aggressive power curves (e.q., power curves calling for high power
levels) may be suited for large tissue bites. When applied to smaller issue bites, such as small
vesseals, more aggressive power curves may lead to exierior searing. Exterior searing may
reduce the coagulation/weld gualily at the exterior and can also prevent complete coagulation of
inlerior portions of the tissue. Similarly, less aggressive power curves may fail fo achieve
hemosiasis when applied to larger tissue hiles (e.g., larger bundies).

[00259] Figure 689 illustrates one embodiment of a chart 1300 showing example power
curves 1308, 1308, 1310. The chart 1300 comprises an impedance axis 1302 illustrating
increasing potential lissue impedances from lefi {o right. A power axis 1304 illustrates
increasing power from down io up. Each of the power curves 13008, 1308, 1310 may define a
set of power levels, on the power axis 1304, corresponding to a plurality of polential sensed
tissue impedances, in the impedance axis 1302, In general, power curves may take different
shapes, and this is Hlustrated in Figure 8%, Power curve 1306 is shown with a step-wise shape,
while power curves 1308, 1310 are shown with curved shapes. It will be appreciated that power
curves utilized by various embodiments may take any usable continuous or non-continuous
shape. The rate of power delivery or aggressiveness of a power curve may be indicated by iis
position on the chart 1300, For example, power curves that deliver higher power for a given

tissue impedance may be considered more aggressive. Accordingly, between two power
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curves, the curve positioned highest on the power axis 1304 may be the more aggressive. 1 will
be appreciated that some power curves may overlap.

[002860] The aggressiveness of two power curves may be compared according to any
suitable method. For example, & first power curve may be considered more aggressive than a
second power curve over a given range of potential tissue impedances if the first power curve
has a higher deliverad power corresponding to at lsast half of the range of potential lissue
impadances. Also, for example, a first power curve may be considered mora aggressive than a
second power curve over a given range of potential tissue impedances if the area under the first
curve over the range is larger than the area under the second curve over the range.
Equivalently, when power curves are expressed discretely, a first power curve may be
considered morg aggressive than a second power curve over a given set of polential tissue
impedances if the sum of the power valuss for the first power curve over the sel of poteniial
tissue impedances is greater than the sum of the power values for the second power curve over
the set of potential tissus impedances.

[00261] According lo various embodiments, the power curve shifting algorithms described
herein may be used with any kind of surgical device {(e.g., ultrasonic device 104, electrosurgical
device 106). In embodimenis ulilizing a ullrasonic device 104, tissue impedance readings may
be taken ulilizing electrodes 157, 158, With an electrosurgical device, such as 106, tissus
impedance readings may be taken utilizing first and second electrodes 177, 179,

[002862] In some embodiments, an electrosurgical device 104 may comprise a positive
fermnperature coefiicient {PTC) material posilioned belween one or both of the electrodes 177,
179 and the tissue bite. The PTC material may have an impedance profile that remains
refatively low and relatively constant until it reaches a threshold or trigger temperature, at which
point the impedance of the PTC material may increase. In use, the PTC material may be placed
in contact with the tissue while power is applied. The trigger femperature of the PTC material
may be selected such thal # corresponds 1o a tissue temperalure indicating the completion of
welding or coagulation. Accordingly, as a welding or coagulation process is completed, the
impedance of the PTC material may increase, bringing about a corresponding decrease in
power actually provided (o the tissue.

[00263] it will be appreciated that during the coagulation or welding process, lissue
impadance may generally increase. in some embodiments, lissue impedance may display a
sudden impedance increase indicating successiul coagulation. The increase may be due o
physiological changes in the tissue, a PTC malerial reaching its trigger threshold, elc., and may

occur at any point in the coagulation process. The amount of energy that may be reguired to
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bring about the sudden impedance increase may be related o the thermal mass of the fissue
being acted upon. The thermal mass of any given tissue bile, In turmn, may be related o the type
and amount of lissue in the bite.

[00264] Various embodiments may utilize this sudden increase in lissue impedance 10
select an appropriate power curve for a given lissue bite. For example, the generalor 102 may
select and apply successively more aggressive power curves undil the tissue impedancs
reaches an impedance threshold indicating that the sudden increase has occurred. For
exampie, reaching the impedance threshold may indicate that coagulation is progressing
appropriately with the currently applied power curve. The impedance threshold may be a lissue
impedance value, a rate of change of tissue impedance, and/or a combination of impedance
and rate of change. For example, the impedance threshold may be met when a ceriain
impedance value and/or rate of change are observed. According io various embodiments,
different power curves may have different impedance thresholds, as described herein.

[00265] Figure 70 fllustrates one embodiment of a process flow 1336 for applying one or
more power curves 1o a lissue bite. Any suilable number of power curves may be used. The
power curvas may be successively applied in order of aggressiveness untit one of the power
curves drives the lissue o the impedance threshold. Al 1332, the generator 102 may apply a
first power curve. According to various embodiments, the first power curve may be selected o
dediver power at a relatively low rate. For example, the first power curve may be selecled to
avold tissue ssaring with the smallest and most vuinerable expected tissus biles.

[002868] The first power curve may be applied 1o the tissue in any suitable manner. For
example, the generalor 102 may generate a drive signal implementing the first power curve.
The power curve may be implemented by modulating the power of the drive signal. The power
of the drive signal may be modulaled in any suitable manner. For example, the voltage and/or
current of the signal may be modulated. Alsg, in varicus embodiments, the drive signal may be
pulsed. For example, the generator 102 may modulate the average power by changing the
pulse width, duty cycle, ete. of the drive signal. The drive signal may be provided to the first and
second electrodes 177, 179 of the elecirosurgical device 106. Also, in some embediments the
drive signal implementing the first powsr curve may be provided 1o an ulirasonic generator 114
of the ulirasonic device 104 described above.

[002867) While applying the first power curve, the generator 102 may monitor the total
energy provided fo the tissue. The impedance of the lissue may be compared to the impedance
threshold at one or more energy thresholds. There may be any suitable number of ensrgy

thresholds, which may be selected according to any suilable methodology. For example, the
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energy thresholds may be seleciad to correspond to known points where different tissue fypes
achieve the impedance threshold. At 1334, the generator 102 may determine whether the total
energy delivered 1o the tissue has meat or exceedead a first energy threshold. I the iotal energy
has not yel reached the first energy threshold, the generator 102 may continue to apply the first
power curve at 1332,

[00268] if the total energy has reached the first energy threshold, the generator 102 may
determine whether the impedance threshold has been reached {1338). As described above, the
impadance threshold may be a predetermined rale of impedance change (e.g., increase) a
predetermined impedance, or combination of the two. If the impedance threshold is reached,
the generator 102 may continue 1o apply the first power curve at 1332, For example, reaching
the impedance threshold in the first power curve may indicate that the aggressiveness of the
first powsr curve is sufficient fo bring about suitable coagulation or welding.

100269] In the event that the impedance threshold is notreached at 1336, the generator
102 may increment to the next most aggressive power curve at 1338 and apply the power curve
as the current power curve at 1332, When the next energy threshold is reached at 1334, the
generator 102 again may determine whether the impedance threshold is reached at 1336, i it
is not reached, the generalor 102 may again increment o the next most aggressive power curve
at 1338 and deliver that power curve at 1332,

[00270) The process fiow 1330 may continue until terminated. For example, the process
flow 1330 may be terminaled when the impedance threshold is reached at 1336. Upon
reaching the impedance threshold, the generator 102 may apply the then-current power curve
until coagulation or welding is complete. Also, for example, the process flow 1330 may
terminate upon the exhaustion of ail available power curves. Any suitable number of power
curves may be used. if the most aggressive power curve faills to drive the tissus to the
impedance threshold, the generator 102 may continue to apply the most aggressive power
curve until the process is otherwise lerminated (e.q., by a clinician or upon reaching a final
energy threshold).

[00271] According o various embodiments, the process flow 1330 may continue until the
occurrence of a termination threshold. The termination threshold may indicats that coagulation
andfor welding is complete. For example, the termination threshold may be based on one or
more of tissue impedance, lissue femperature, tissue capacitance, tissue inductance, elapsed
time, ele. These may be a single termination threshold or, in various embodiments, different
power curves may have different termination thresholds. According o various embodiments,

differant power curves may utilize different impedance thresholds. For example, the process
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flow 1330 may transition from a first to a second power curve if the first power curve has failed
to drive the tissue o a first tissue impedance threshold and may, subsequently, shift from the
second to a third power curve if the second power curve has failed to drive the tissue o a
second impedance threshold.

[00272] Figure 71 illustrates one embodiment of a chart 1380 showing example power
curves 1382, 1384, 1388, 1388 thal may be used in conjunction with the process flow 1330.
Although four power curves 1382, 1384, 1388, 1388 are shown, it will be appreciated that any
suitable number of power curves may be ulilized. Power curve 1382 may represent the least
aggressive power curve and may be applied first. if the impedance threshold is not reached at
the first energy threshold, then the generator 102 may provide the second power curve 1384,
The other power curves 1388, 1388 may be utilized, as nesded, for example in the manner
described above.

[0273) As illusirated in Figure 71, the power curves 1382, 1384, 1386, 1388 are of
different shapes. it will be appreciated, however, that some or all of a set of power curves
implemented by the process flow 1330 may be of the same shape. Figure 72 illusirates one
embodiment of a chart showing example common shape power curves 1382, 1384, 1386, 1383
that may be used in conjunclion with the process flow of Figure 70. According o various
embodiments, common shape power curves, such as 1392, 1394, 1396, 1398 may be constant
muitiples of one another. Accordingly, the generator 102 may implement the common shape
power curves 1382, 1384, 1396, 1388 by applying different multiples to a single power curve.
For example, the curve 1384 may be implemented by muliiplying the curve 1382 by a first
constant multiplier. The curve 13586 may be generated by mulliplving the curve 1392 by a
second constant multiplier. Likewise, the curve 1398 may be generated by multiplying the curve
1392 by a third constant multiplier. Accordingly, in various embodiments, the generator 102
may increment to a next most aggressive power curve at 1338 by changing the constant
muitiplier,

[00274] According to various embodiments, the process flow 1330 may be implemented
by a digital device {(e.g., a processor, digital signal processor, field programmable gate array
(FPGA), elc.) of the generalor 102, Examples of such digital devices include, for example,
processor 174, programmabile logic device 168, processor 180, efe.). Figures 73A-73C illustrate
process flows describing routines that may be execuied by a digilal device of the generator 102
to generally implement the process flow 1330 described above. Figure 73A Hllustrales one
embodiment of a routing 1340 for preparing the generator 102 1o act upon a new tissue bite.

The activation or start of the new tissue bite may be initialed at 1342, At 1344, the digital device
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may point 1o a first power curve. The first power curve, as described above, may be the least
aggressive power curve to be implemented as a part of the process flow 1330, Pointing 1o the
first power curve may comprise poinling 1o a detsrministic formula indicating the firsi power
curve, pointing to a look-up table representing the first power curve, pointing to a first power
curve muitiplier, etc.

[00275] Al 1348, the digital device may reset an impedance threshoeld flag. As desciibed
below, selting the impedance threshold flag may indicate that the impedance threshold has
been met. Accordingly, resetiing the flag may indicale that the impedance threshoid has not
been met, as may be appropriate at the cutset of the process flow 1330, At 1348, the digital
device may continue 1o the next routine 1350

[00278] Figure 738 illustrates one embodiment of a routine 1350 that may be performed
by the digital device to monilor tissue impedance. At 1352, load or lissue impedance may be
measured. Tissue impedance may be measured according fo any suitable method and utilizing
any suitable hardware. For example, according to various embodiments, lissue impedance may
be calcuiated according to Chim's law utilizing the current and voltage provided {o the tissue. Al
1354, the digital device may calculate a rate of change of the impedance. The impedance rale
of change may likewise be calculated according to any suitable manner. For example, the
digital device may maintain prior values of tissue impedance and calculate a rate of change by
comparing a current tissus impedance value or valuss with the prior values. Also, it will be
appreciated that the routine 1350 assumes that the impedance threshold is a rate of change. In
embodimenis where the impedance threshold is a value, 1354 may be omitled. If the tissue
impedance rate of change {or impedance itself) is grealer than the threshold (1338), then the
impedance threshold flag may be set. The digital device may continue to the next routing at
1360,

[00277] Figure 73C illustrates one embodiment of a routine 1362 that may be performed
by the digital device to provide one or more power curves o a tissue bite. Al 1384, power may
be delivered to the tissue, for example, as described above with respect 1o 1334 of Figure 70.
The digital device may direct the delivery of the power curve, for exampie, by applying the
power curve to find a corresponding powsr for each sensed lissue impedancs, modulating the
corresponding power onto a drive signal provided to the first and second electrodes A20, A22,
the transducer 114, efc.

[00278] Al 1388, the digilal device may calculate the {otal accumulated energy delivered
o the tissue. For exampie, the digital device may monitor the {olal time of power curve delivery

and the powsr delivered at each time. Total energy may be calculated from these values. Al
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13868, the digital device may determine whether the tolal energy is greater than orequal o a
next energy threshold, for example, similar to the manner described above with respect to 1334
of Figure 70. If the next energy threshold is nol met, the current power curve may continue 1o
be applied at 1378 and 1384,

[00279] If the next energy threshold is met at 1368, then at 1370, the digital device may
determine whether the impedance threshold flag is sel. The state of the impedance threshold
flag may indicate whether the impadance threshold has bsen mel. For example, the impedance
threshold flag may have been set by the routine 1350 if the impedance threshold has been met.
If the impedance fiag is not set {e.g., the impedance threshold is not met), then the digital device
may determine, at 1372, whether any more aggressive power curves remain to be implemented.
If so, the digital device may point the routine 1382 1o the next, more aggressive power curve at
1374. The routine 13682 may continue (1378) to deliver power according o the new power
curve at 1364, If all available power curves have been applied, then the digital device may
disabie calculating and checking of accumulated energy for the remainder of the lissue
operation at 1376.

[00280] if the impedance flag is set at 1370 {(e.g., the impedance threshold has been
metl), then the digilal device may disable calculating and checking of accumulated energy for the
remainder of the lissue operation at 1376, It will be apprecialed that, in some embodiments,
accumulated energy calculation may be continued, while 1370, 1372, 1374, and 1378 may be
discontinued. For example, the generator 102 and/or digital device may implement an
auiomated shut-off when accumulated energy reaches a predetermined value,

[00281] Figure 74 fllustrales one embodiment of a process flow 1400 for applying one or
more power curves {o a lissue bite. For example, the process flow 1400 may be implemented
by the generator 102 {e.g., the digital device of the generator 102). At 1402, the generator 102
may deliver a power curve o the tissue. The power curve may be derived by applying a
muitiplier to a first power curve. Al 1404, the generalor 102 may delermine if the impedance
threshold has been met. If the impedance threshold has not been met, the generator 102 may
increase the mulliplier as a function of the total applied energy. This may have the effect of
increasing the aggressiveness of the applied power curve. It will be appreciated that the
muitiplier may be increased periodically or continuously. For example, the generator 102 may
check the impedance threshold {1404} and increase the multiplier (1408) at a predetermined
periodic inferval. In various embodiments, the generator 102 may continuously check the
impedance thresheld (1404) and increase the muitiplier {1408). increasing the mulliplier as a

function of {otal applied energy may be accomplished in any suilable manner. For examplsg, the
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generator 102 may apply a deterministic equation that receives total received energy as input
and provides a corresponding multiplier value as output. Also, for example, the generator 102
may store a look-up table that comprises a list of polential values for tolal applied energy and
corresponding multiplier values. According o various embodiments, the generalor 102 may
provide a pulsed drive signal to tissue (e.g., via one of the surgical devices 104, 106).
Accaording to various embodiments, when the impedance threshold is mel, the multiplier may be
held constant. The generator 102 may continue 1o apply power, for exarmple, untll a fermination
threshold is reached. The fermination threshold may be constant, or may depend on the final
value of the mulliplier.

[00282] In some embodiments ulilizing a puised drive signal, the generator 102 may
apply one or more composile load curves 1o the drive signal, and ullimatsly (o the tissue.
Composite load curves, like other power curves described herein, may define a level of power to
be delivered {o the tissue as a function of a measured tissue property or properties (e.q.,
impedance). Composite load curves may, additionally, define pulse characteristics, such as
pulse width, in terms of the measured tissue properties.

[00283] Figure 75 lllusirates one embodiment of a block diagram 1450 describing the
selection and application of composite load curves by the generalor 102, it will be apprecialed
that the block diagram 1450 may be implemented with any suitable type of generator or surgical
device. According to various embodiments, the block diagram 1450 may be implemented
utilizing an electrosurgical device, such as the device 106 described above with respect o
Figures 4-7. Also, in various embaodiments, the block diagram 1450 may be implemenied with a
ultrasonic surgical device, such as the surgical device 104 described above with respect {o
Figures 2-3. In some embodiments, the block diagram 1450 may be utilized with a surgical
device having cutting as well as coagulating capabilities. For example, an RF surgical device,
such as the device 108, may comprise a culting edge, such as the blade 175 for severing tissue
either before or during coagulation.

[00284] Referring back to Figure 75, an algorithm 1452 may be execuled, for example by
a digital device of the generator 102 1o select and apply compaosite load curves 1456, 1458,
1480, 1462. The algorithm 1452 may receive a time input from a clock 1454 and may also
receive loop input 1472 from sensors 1468, The loop input 1472 may represent properties or
characteristics of the Hissue that may be uytilized in the algorithm 1452 1o select and/or apply a
composite load curve. Examples of such characieristics may comprise, for example, curreni,
voltage, temperature, refisctivity, force applied to the tissue, resonant frequency, rate of change

of resonant frequency, elc. The sensors 1468 may be dedicated sensors {e.g., thermomelers,
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pressure sensors, efc.} or may be softwars implemented sensors for deriving tissus
characteristics based on other system values {e.g., for observing and/or calculating voltage,
current, tissue temperature, etc., based on the drive signal). The algorithm 1452 may select
one of the composite load curves 1458, 1458, 1480, 1462 {o apply, for example based on the
foop input 1472 and/or the time input from the clock 1454, Although four composite load curves
are shown, it will be appreciated that any suilable number of composiie load curves may be
used.

100285] The algorithm 1452 may apply a selected composite ioad curve in any suitable
manner. For example, the algorithm 1452 may use the selected compaosite ipad curve to
calculate a power level and one or more pulse characteristics based on lissue impedance {e.qg.,
currently measured fissue impsedance may be a part of, or may be derived from, the loop
inpubior resonant frequency characteristics of a ultrasonic device 104. Examples of puizse
characteristics that may be determined based on tissue impedance according o a composite
load curve may include pulse widih, ramp time, and off time.

[00288] At set point 1464, the derived power and pulse characteristics may be applied to
the drive signal. In various embodiments, a feedback loop 1474 may be implementad {o allow
for more accurate modulation of the drive signal. Al the oulput of the sel point 1464, the drive
signal may be provided 1o an amplifier 1466, which may provide suitable amplification. The
amplified drive signal may be provided o a load 1470 (e.g., via sensors 1468). The load 1470
may comprise the tissue, the surgical device 104, 108, and/or any cable elecirically coupling the
generator 102 with the surgical device 104, 106 (e.q., cables 112, 128).

[00287] Figure 76 illustrales shows a process flow illustrating one embodiment of the
algorithm 1452, as implemented by the generator 102 (e.g., by a digital device of the generalor
102). The algorithm 1452 may be activated at 1478, 1t will be appreciated that the algorithm
1452 may be aclivated in any suitable manner. For example, the algorithm 1452 may be
activated by a clinician upon acluation of the surgical device 104, 106 (e.q., by pulling or
otherwise actuating a jaw closure trigger 138, 142, swilch, handle, eic.).

f00288] According o various embodiments, the algorithm 1452 may comprise a plurality
of regions 1478, 1480, 1482, 1484. Each region may represent a different stage of the cutling
and coagulation of a tissue bite. For example, in the first region 1478, the generator 102 may
perform an analysis of initial tissue conditions {(e.g., impedance). In the second region 1480, the
generator 102 may apply energy to the lissue in order to prepare the tissue for cutting. In the
third or cut region 1482, the generator 102 may continue to apply energy while the surgical

device 104, 106 cuts the tissue (e.g., with the electrosurgical device 106, cutting may be
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performed by advancing the blade A18). In the fourth or completion region 1484, the generator
102 may apply ensrgy post-cut to complete coagulation.

[00289] Referring now to the first region 1478, the generator 102 may measure any
suitable tissue condition or conditions including, for example, current, voliage, temperature,
reflectivity, force applied 1o the tissue, elc. In various embodiments, an initial impedance of the
tissue may be measured according to any suitable manner. For example, the generator 102
may modulats the drive signal {o provide a known voltags or currency o the tissus. Impedance
may be derived from the known voltage and the measured current or vice versa. {twill be
appreciated that tissue impedance may alternately or additionally be measured in any other
suitable manner. According to the algorithm 1452, the generator 102 may proceed from the first
region 1478 to the second region 1480, In various embodiments, the clinician may end the
algorithm 1452 in the first region 1478, for example, by deactivating the generator 102 and/for
the surgical device 104, 108, If the cliniclan terminates the algorithm 1542, RF (and/for
ultrasonic) delivery may alsc be terminated at 14886.

[00280] in the second region 1480, the generator 102 may begin 1o apply energy to the
tissue via the drive signal o prepare the tissus for culting. Energy may be applied according to
the composite load curves 1456, 1458, 1460, 1462, as described below. Applying energy
according to the second region 1480 may comprise modulating pulses onto the drive signal
according to some or all of the composite load curves 1456, 1458, 1460, 1462, In various
embodiments, the composite load curves 1458, 1458, 1460, 1462 may be successively applied
in order of aggressiveness {&.g., o accommodate various types of tissue-volume clamped in the
instrument jaws).

[00291] The first compaosite load curve 1456 may be applied first. The generator 102
may apply the first composite load curve 1456 by modulating one or more first composite load
curve pulses onto the drive signal. Each first composite lpad curve puise may have a power
and pulse characteristics determined according to the first composite load curve and
considering measured tissue impedance. Measured lissue impedance for the first pulse may be
the impedance measured at the first region 1478, In various embodiments, the generator 102
may ulilize all or a portion of the first composite lead curve pulses to take additional
measuremenis of lissue impedance or resonant frequency. The additional measurements may
be used to determine the power and other pulse characteristics of a subsequent puilse or
pulses.

[00292] Figure 77 lllustrates ane embodiment of a process flow 1488 for generating a first

composite load curve pulse. The process flow 1488 may be executed by the generator 102
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{e.g., by a digital device of the generator 102), for example, as a part of the algorithim 1452, Al
1480, the generator 102 may calculate a pulse width (T,,). The puise width may be determined
considering the most recent measured lissue impadance (£} and according o the first
composite load curve 1456.

f00293] At 1492, the generator 102 may ramp the power of the drive signal up to a pulse
power {Pymg) over a ramp time {{.mp), thereby applying the pulse to the tissue. The pulse powsr
may be determined, again, considering the most recent measured lissue impadance (£} and
according to the first composite load curve 1458, The ramp time may be determined according
to the composile ioad curve considering tissue impedance or may be constant {e.g., constant for
all first composite load curve pulses, constant for all pulses, elc.). The generator 102 may apply
the pulse power 1o the drive signal in any suitable manner including, for example, modulaling a
current and/or voltage provided by the drive signal. According fo various embodiments, the
drive signal may be an alternating current (A/C) signal, and therefore the pulse liself may
comprise mulliple cycies of the drive signal.

[00284] The drive signal may be held at the pulse power for the pulse width at 1484, At
the conclusion of the pulse, the drive signal may be ramped down, at 1488, over a fall time
{Tw). The fall ime may be detsrmined according to the first composite load curve considering
tissue impedance, or may be constant (e.g., constant for all first composite load curve pulses,
constant for all pulses, etc.). 1t will be appreciated thal, depending on the embodiment, the
ramp time and fail ime may or may not be considered part of the pulse width. At 1488, the
generator 102 may pause for an off time (T.¢). Like the ramp time and fall time, the off time may
be determined according to the first composite lvad curve considering tissue impedance, or may
be constant (e.g., constant for all first composite load curve pulses, constant for all pulses, etc.).
[00285] At the completion of the off time, the gensrator 102 may repeat the process flow
1488 as long as the first composite load curve 1456 is applied. According to various
embodimenis, the generalor 102 may apply the Tirst composite load curve 1456 for a
predetermined amount of time.  Accordingly, the process flow 1488 may be repeated until the
predetermined amount of ime has elapsed {e.g., as determined based on the time input
received from the clock 1454). Also, in various embodiments, the first composite Inad curve
may be applied for a predetermined number of pulses. Because the applied pulse width varies
according to measured tissue impedance, the total time that the first composite load curve is
applied may also vary with measured tissue impedance. According fo various embodiments,

the first composite load curve 1456 (as well as the other composite load curves 1458, 1460,
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14862) may specify decreasing pulse widths as tissue impedance increases. Therefore, a higher
initial tissue impedance may lead {0 less time spent in the first composilte Ipad curve.

[00298] Upon completlion of the first composite load curve 1458, the generalor 102 may
successively apply the remaining consolidated load curves 1458, 1460, 1462 throughout the
application of the second region 1480, Each load curve 1458, 1460, 1482 may be applied in a
manner similar (o that of the load curve 1456 described above. For example, pulses according
to a current ivad curve may be ganerated unill the completion of that lpad curve (e.g., the
expiration of a predetermined amount of time or a predetermined number of pulses). The
predetermined number of puises may be the same for each composite load curve 1458, 1458,
1460, 1462 or may be different. According io various embodiments, pulses according to the
load curves 1458, 1460, 1482 may be generated in a manner similar (o process flow 1488,
except thal pulse power, pulse width and, in some embodiments, ramp lime, fall ime, and off
time, may be derived according 1o the current compaosite load curve.

[00287) The second region 1480 may be terminaied upon the occurrence of various
gvaents, For sxample, if the {otal RF application time has exceeded a timeout fime, then the
generator 102 may end the tissue operation by terminating RF {andfor ulirasonic) delivery at
1486. Also, various evenis may cause the generalor 102 o ransition from the second region
1480 1o the third region 1482, For example, the generator 102 may transition {o the third region
1482 when the tissue impedance {Z) exceeds a threshold tissue impedance (Zpwm) and RF
energy has been delivered for at lsast more than a minimum time (Taen). The threshold tissue
impedance may be an impedance and/or an impedance rate of change indicating that the tissue
bite is adequalely prepared for culting by the blade 175,

f00298] According o various embodiments, if the final load curve 1462 is completed in
the second region 1480 before completion of the second region 1480, then the final power curve
1482 may be continuously applied, for example, until the tissue impedance threshold is met, the
maximum second region lime is reached and/or the imeout time is reached. Also, it will be
appreciated that, with some lissue culs, the second region 1480 may be compleied before all
available consolidated load curves 1456, 1458, 1460, 1482 are execuied.

[00298] At the third region 1482, the generator 102 may continue to modulate pulses onio
the drive signal. Generally, third region pulses may be modulated onto the drive signal
according to any suitable manner including, for example, that described above with reference to
the process flow 1488, The power and pulse characteristics of the third region pulses may be
determined according to any suitable method and, in various embodiments, may be determined

based on the composite load curve that was being executed at the completion of the second
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region 1480 (the current load curve). According to various embodiments, the current load curve
may be utilized o determine the pulse power of third region pulses, while the pulse
characteristics {e.q., pulse width, ramp time, fall time, off lime, efc.} may be constant regardless
of composite load curve. In some embodiments, the third region 1482 may ulilize a third-region-
specific composie load curve that may be one of the load curves 1456, 1458, 14860, 1482
utilized in the second region 1480, or may be a different composite load curve (not shown).
[00300] The generator 102 may continue 1o execute the third region 1482 uniil receiving
an indication that the tissue cul is complete. In embodiments ulilizing surgical implemenis
having a blade, such as 175, the indication may be received when the blade 175 reaches ils
distal-most position, as shown in Figure 8. This may trip a knife limit sensor (not shown}
indicating that the blade 175 has reached the end of its throw. Upon receiving the indication
that the tissue cut is compiele, the generator 102 may continue 1o the fourth region 1484, 1 will
also be appreciated that, in some embodiments, the generator 102 may fransition from the third
region 1482 directly to RF (and/or ultrasonic) termination at 1486, for exampie, if the timeout
time has been reached.

[00301] in the fourth region 1484, the generator 102 may provide an energy profile
designed o complete coaquiation of the now-cut tissue. For example, according 1o various
embodiments, the generalor 102 may provide a predetermined number of pulses. The pulses
may be provided in a manner similar {o that described above with respect to the process flow
1488. The power and pulse characteristics of the pulses may be delermined according fo any
suiiable manner. For example, power and pulse characteristics of the fourth region pulses may
be determined based on the current composite load curve, the third-region-specific load curve,
or a fourth-region-specific composite load curve. In some embodiments, power may be
determined based on the current composite load curve, while pulse characieristics may be
fourth region-specific. Also, according to various embodiments, the power and pulse
characteristics of fourth region pulsss may be delermingd independent of the current composile
load curve.

f00302] Figure 78 illustrates one embodiment of a pulse timing diagram 1474 illustrating
an example application of the algorithm 1452 by the generator 102 (e.g., by a digital device of
the generaior 102). A first region pulse 1502 is shown in the first region 1478, The firsi region
pulse 1502 may be utilized, as described, 1o measure an initial lissue impedance. At the
completion of the first region pulse {1509}, second region 1480 may begin with second region
pulses 1504 applied. The second region pulses 1504 may be applied according to the various

composite load curves 1458, 1458, 1460, 1462, for exrample, as described herein. Inthe
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example diagram 1474, the second region 1480 concludes at 1510 when the tissue reaches the
threshold impedance {J.m). The third region 1482 is then implemenied, with third region pulses
1506, as described above, applied untll a knife limit signal is received at 1512, At that poini, the
fourth region 1484 may commence, with fourth region pulses 1503, as described above, applied
untit cycle completion at 1514,

[00303] According to various embodiments, the generator 102 may implement a user
interface in conjunction with the algorithm 1452, For exampie, the user inlerface may indicate
the current region of the aigorithm. The user interface may be implemented visually and/or
audibly. For example, the generator 102 may comprise a speaker for generating audible fones
or other audible indication. Al least one audible indication may correspond o the second region
1480, The third and fourth regions 1482, 1484 may also have region-specific audible
indications. According to various embaodiments, the first region 1478 may have a region-specific
audible indication as well. According to varicus embodiments, the audible indications may
comprise pulsed tones generated by the generator 102. The frequency of the tones and/or the
pitch of the {fones themselves may indicats the current region. In addition to, or instead of, the
audible indications, the generator 102 may also provide a visual indication of the current region
{a.q., on output device 147}, It will be appreciated thal the clinician may utilize the described
user interface 1o properly use the generator 102 and associated surgical devices 104, 108. For
example, the indication of the second region 1480 may let the clinician know that tissue
treatment has begun. The indication of the third region 1482 may et the clinician know that the
fissue is ready for the culling operation. The indication of the fourth region 1484 may let the
ciinician know that the cutling operation is complete. The cessation of the indication and/or a
final indication may indicate that the total culting/coaguiation operation is complete.

[00304] Figure 79 fllustrates a graphical representation of drive signal voltage, current
and power according o an example Inad curve 1520, In the chart 1520, drive signal voliage is
represenied by line 1522, drive signal current is represented by line 1524 and drive signal
power is represented by line 1528, Fulse width is not indicaled in Figure 79, In various
embodiments, the valuss for voltage 1522, current 1524 and power 1526 indicated by the graph
1520 may represent possible values within a single pulse. Accordingly, the load curve 1520
may be expressed as a composite load curve by adding a curve (not shown) indicating a pulse
width as a function of tissue impedance or another tissue condition. As shown for the load
curve 1520, the maximum voltage 1522 is 100 Volis Root Mean Square (RMS), the maximum

cuirent is 3 Amps RMS and the maximum power is 135 Walls RMS.
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[00305] Figures 79-84 illustrate graphical representations of various example composite
load curves 1530, 1532, 1534, 1536, 1538, 1540, Each of the composite load curves 1530,
1832, 1534, 1538, 1538, 1540 may indicate both pulse power and pulse width in ferms of
measured tissus impedance. The composite ioad curves 1530, 1532, 1534, 1536 may be
implemented either in isclation or as part of a pattern of successively more aggressive
composite load curves, as described above with respect to the algorithim 1452,

[00306] Figure 80 lllustrales a graphical representation of a first example composite load
curve 1530, The composie load curve 1530 may have a maximum pulse power of 45 Watlls
RMS and a maxdmum pulse width of 0.35 seconds. In Figure 80, the power as a function of
tissue impedance is indicated by 1542, while the puise width as a function of tissue impedance
is indicaled by 1544, Table 1 below illustrates values for the composite load curve 1530 for

tissue impedances from 00 1o 4750,

Table 1
3 E P

Load, Lim, Lim, Lim, PW,

Ohms RMS RMS W Sec

(-24 85 1.4 45 0.35
25-49 85 1.4 45  0.35
50-74 85 1.4 45 0.3
75-959 85 1.4 45 .3
100-124 85 1.4 45  0.25
125-149 85 1.4 45 .25
150-174 85 1.4 45 ¢.2
175-189 85 1.4 45 0.2
200-224 85 1.4 44 (.15
225-249 85 1.4 40 015
250-274 85 1.4 38 0
275-299 85 0.31 24 0.1
300-324 85 0.28 22 0.1
325-349 85 (.28 20 0.1
350-374 85 0.25 19 0.1
375-399 85 0.22 18 0
400-424 85 0.21 17 0.1

425-449 85 0.2 16 0.1
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450-475 85 0.18 15 0.1
475+ 85 0.15 14 0.1

In various embodiments, the composite load curve 1830 may be suited to smaller surgical
devices and/or smaller tissue bites.

[00307] Figure 81 lllusirates a graphical representation of a second example composite
load curve 1532, The composite load curve 1532 may have a maxdimum puise power of 45
Watls RMS and a maxdmum pulse width of 0.5 seconds. In Figure 81, the power as a function
of tissue impedance is indicated by 1546, while the pulse width as a function of tissue
impedance is indicated by 1548, Table 2 below illustrates values for the composite load curve

1532 for tissue impedances from 00 io 475(0

Table 2

Load, Viim, ILim, PLim PW,

Ohms RMS RMS W Sec

(-24 85 3 45 0.5
25-49 85 2 45 0.5
50-74 85 1.4 45 0.5
75-98 85 1.1 45 0.5
100-124 85 0.8 45 0.5
125-149 85 0.7 45 0.5
150-174 85 0.55 45 0.5
175-199 85 (.48 45 0.5
200-224 85 .42 32 0.5
225-248 85 .38 28 0.5
250-274 85 0.33 26 0.3
275-289 85 0.31 24 0.3
300-324 85 0.28 22 025
325-349 85 0.26 20 0.25
350-374 85 0.25 19 025
375-399 85 0.22 8 025
400-424 a5 .21 17 025
425-449 85 0.2 16 025

450-475 85 0.18 15 025
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475+ 85 0.15 4 025

The composite load curve 1532 may be targeted al small, single vessel tissue biles and,
according to various embodiments, may be a first composite power curve applied in region two
1480,

[00308] Figure 82 lllusirates a graphical representation of a third example composiie lpad
curve 1534, The composite load curve 1534 may have a maximum pulse power of 60 Watls
RMS and a maximum pulse width of 2 seconds. In Figure 82, the power as a functlion of tissue
impedance is indicated by 1550, while the pulse width as a function of lissue impedance is
indicated by 1552, Table 3 below illustrates values for the composite load curve 1534 for tissue

impedances from 00 {o 475

Table 3

Load, Viim, ILim, Plim, PW,

Ohms RMS RMS W Sec

(-24 85 3 80 2
25-49 85 3 60 2
50-74 106 3 60 2
75-88 100 3 60 2
100-124 160 3 80 2
125-149 100 3 60 2
150-174 100 3 55 0.5
175-199 100 3 50 0.5
200-224 85 .42 32 0.3
225-248 85 .38 28 0.3
250-274 85 0.33 26 0.3
275-289 85 0.31 24 0.3
300-324 85 0.28 22 025
325-349 85 0.26 20 0.25
350-374 85 0.25 19 025
375-399 85 0.22 8 025
400-424 a5 .21 17 025
425-449 85 0.2 16 025

450-475 85 0.18 15 025
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475+ 85 0.15 4 025

The composite load curve 1534 may be more aggressive than the prior curve 1532 by virtue of
its generally higher power. The compesite load curve 1534 may also, initially, have higher pulse
widths than the prior curve 1532, although the pulse widths of the composite load curve 1534
may begin {o drop at just 1500, According io various embodiments, the composite ioad curve
1536 may be utilized in the algorithm 1542 as a load curve implemenied sequentially afler the
compaosite load curve 1532,

[00369] Figure 83 fllustrates a graphical representation of a fourth example composite
foad curve 1536. The composile load curve 1536 may have a mapdmum puise power of 80
Waits RMS and a maximum pulse widih of 2 seconds. In Figure 83, the power as a function of
tissue impedance i3 indicated by 1554, while the pulse width as a funclion of tissue impedance
is indicated by 1556, Table 4 below illusirates values for the composiie load curve 1536 for

tissue impedances from 00 1o 4750

Table 4
v P

Load, Lim, | Lim, Lim, W,

Ohms RMS RMS W Sec

0-24 85 3 80 2
25-49 85 3 a0 2
50-74 100 3 50 2
75-99 100 3 90 2
10C-124 100 3 80 2
125-148 160 3 85 2
150-174 100 3 55 0.5
175-189 100 3 50 0.5
200-224 85 0.42 32 0.3
225-249 85 0.38 28 0.3
250-274 85 .33 26 0.3
275-299 85 0.31 24 0.3
300-324 85 0.28 22 03235
325-349 85 0.28 200 0.25

350-374 85 0.25 12 025
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375-380 85 0.22 18 025
400-424 85 0.21 17 025
425-449 85 0.2 16 025
450-475 85 0.18 15 025
475+ 85 0.15 14 025

The composite load curve 1536 may, again, be more aggressive than the prior curve 1534 and,
therefore, may be implemented sequentially after the curve 1534 in the algorithm 1452, Also,
according to various embodiments, the composite load curve 1536 maybe suited to larger tissue
bundles.

[00318] Figure 84 llusirates a graphical representation of a fifth example compaosite load
curve 1538, The composite load curve 1538 may have a maximum pulse power of 135 Walls
RMS and a maximum pulse width of 2 seconds. In Figure 84, the power as a functlion of tissue
impedance is indicated by 1558, while the pulse width as a function of lissue impedance is
indicated by 1560, Table 5 below lllustrates values for the composite load curve 1538 for tissue

impedances from 00 {o 475

Table 5
A | P

Load, Lim, Lim, Lim, Py,

Ohms RMS RMS W Sec

0-24 85 3 135 2
25-49 85 3 135 2
5C-74 100 3 135 2
75-99 106 3 100 2
100-124 100 3 80 2
125-149 100 3 65 2
150-174 100 3 55 0.5
175-198 100 3 50 0.5
200-224 85 0.42 32 0.3
225-249 85 0.38 28 0.3
250-274 85 0.33 26 0.3
275-299 85 0.31 24 0.3

300-324 85 0.28 22 025
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3256-349 85 0.26 20 025
350-374 85 0.25 19 025
375-399 85 0.22 18 025
400-424 85 0.21 17 025
425-449 85 0.2 16 025
450-475 85 0.18 15 025
475+ 85 0.18 14 025

The compoesite load curve 1538 may be used sequentially afler the prior curve 1536 in the
algorithm 1452,

[00311] Figure 85 lllusirates a graphical representation of a sixth example composite load
curve 1540, The composite load curve 1540 may have a maximum pulse power of 80 Watls
RMS and a maximum pulse width of 2 seconds. In Figure 85, the power as a functlion of tissue
impedance is indicated by 1562, while the pulse width as a function of lissue impedance is
indicated by 1564, Table 6 below lllustrates values for the composite load curve 1540 for tissue

impedances from 00 {o 475

Table 8
A | P

Load, Lim, Lim, Lim, Py,

Ohms RMS RMS W Sec

0-24 85 3 50 2
25-49 85 3 90 2
5C-74 100 3 80 2
75-99 106 3 80 2
100-124 100 3 80 2
125-149 100 3 65 2
150-174 100 3 55 0.5
175-198 100 3 50 0.5
200-224 85 0.42 32 0.3
225-249 85 0.38 28 0.3
250-274 85 0.33 26 0.3
275-299 85 0.31 24 0.3

300-324 85 0.28 22 025
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3256-349 85 0.26 20 025
350-374 85 0.25 19 025
375-399 85 0.22 18 025
400-424 85 0.21 17 025
425-449 85 0.2 16 025
450-475 85 0.18 15 025
475+ 85 0.18 14 025

The composite power curve 1540 is less aggressive than the prior power curve 1538.
According to various embodiments, the composite powsr curve 1540 may be implemented in
the algorithm 1452 sequentially afier the curve 1538, Also, in some embodiments, the
composile power curve 1540 may be implemenied in the algorithm 1452 as a third or fourth
region-specific composile power curve.

[00312) As described above, the various composite power curves used in the algorithm
1452 may each be implemented for a predetermined number of pulses. Table 7 below
flustrates the numbser of pulses per composite powsr curve for an example smbodiment wilizing

the power curves 1532, 1534, 1536, 1540 sequentially in the algorithm 1452,

Table 7

Composite Load Curve Number of Pulses
1532 4

1534 2

1536 2

1538 &

1540 n/a

The last composite power curve 1540 is shown without a corresponding number of pulses. For
example, the composite power curve 1540 may be implemented untll the clinician terminates
the operation, until the timeout time is reached, until the threshold tissue impedances is reached,
atc.

100313] According fo various embodiments, the generator 102 may provide powerio a
tissue hile in a manner that brings about a desired value of other tissue parameters. Figure 86
fllustrates one embodiment of a block diagram 1570 describing the application of an algorithm

1572 for maintaining a constant tissue impedance raie of change. The algorithm 1572 may be
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implementied by the generator 102 {&.g., by a digital device of the generalor 102). For exampile,
the algorithm 1572 may be utllized by the generator 102 to modulate the drive signal. Sensors
1574 may sense a lissue condition, such as tissue impedance and/or a rale of change of tissue
impedance. The sensors 1574 may be hardware sensors or, In various embodiments may be
software implemented sensors. For example, the sensors 1574 may calculate tissue
impedance based on measured drive signal current and vollage. The drive signal may be
provided by the generator 102 1o the cablefimplement/oad 1576, which may be the electrical
combination of the tissue, the surgical device 104,106 and a cable 112, 128 electrically coupling
the gensrator 102 1o the device 104, 106.

[00314] The generator 102, by implementing the algorithm 1572, may monitor the
impedance of the tissue or load including, for example, the rate of change of impedance. The
generator 102 may modulale one or more of the voltage, current and/or power provided via the
drive signal to maintain the rate of change of lissue impedance at a predelermined constant
value. Also, according o various embodiments, the generalor 102 may maintain the rate of
change of the tissue impedance at above a minimum impedance rale of change.

[00315] it will be appreciated that the algorithm 1572 may be implemented in conjunction
with various other algorithms described herein. For example, according to various
embodiments, the generalor 102 may sequentially modulate the tissue impedance o different,
increasingly aggressive rates similar to the method 1330 described herein with reference to
Figure 70 herein. For exampie, a first impedance rate of change may be maintained until the
iotal energy delivered 1o the tissue excesds a predetermined energy threshold. Al the aenergy
threshold, if tissue conditions have not reached a predelermined level {e.g., a predetermined
tissue impedance), then the generator 102 may utilize the drive signal o drive the tissue o a
second, higher impedance rate of change. Also, in various embodiments, tissue impedance
rates of change may be used in a mannsr similar to that described above with respect i
composite load curves. For example, instead of ulilizing pluraiity of composite load curves, the
algorithm 1452 of Figure 75 may call for applyving & plurality of rates of lissue impedance
change. Each rate of tissue impedance change may be maintainad for a predetermined amount
of time and/or a predetermined number of pulses. The rates may be successively applied in
order of value {e.g., rates may successively increase). In some embodiments, however, the
driven rates of lissue impedance change may peak, and then be reduced.

[00316] As previously discussed, in one embodiment, the generator 102 may comprise
an uitrasonic generator module 108 to drive an ultrasonic device, such as the ulirasonic device

104 be by providing a drive signal to the transducer 114 in any suilable manner. For example,
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the generator 102 may comprise a foot swilch 120 coupled o the generator 102 via a footswitch
cable 122 {Figure 8). Conirol circuits may be emploved to detect the presence of the foot swilch
120 and the ullrasonic generator module 108 such that the operalion of the foot switch 120 is
corresponds with the activation of the ultrasonic generator module 108, Accordingly, a clinician
may activate the transducer 114, and thereby the transducer 114 and blade 151, by depressing
the Toot swiich 120. In one embaodiment, the fool switch 120 may comprise muitiple pedals,
where sach pedal may be activated to perform a particular function. In one embodiment, the
foot switch 120 may comprise a first pedal, for example, to enable and/or control the ultrasonic
mode of the generator 120 and a second pedal, for example, to enable andfor control the
electrosurgical mode of the generator 120. Accordingly, the generator 102 may configure the
foot switch 120 pedals depending upon which drive made of the generator 102 is active.
[00317] As previously discussed, the drive mode of the generator 102 may be determined
by the device identification. The characteristics of the interrogation signal may uniquely indicale
the state or configuration of a control circuit, which can be discermned by the generator 102 and
used o control aspects of ifs operation. Any of the control circuits 280, 280-1 to 280-8, 282,
and 282-1 to 282-8 previously descried in connection with Figures 14-32 may be configured o
set or indicate the drive mode of the generator 102, for example. Such conlrol circuits may be
contained, for example, in an ultrasonic surgical device (e.g., in a handpiece of an ullrasonic
surgical device) or may be contained in an electrosurgical device {(e.q., in a handpisce of an
electrosurgical device).

[00318] in one embodiment, the generator 102 may be configured o operate in ulirasonic
mode using the ultrasonic generator module 108, Accordingly, the first pedal of the fool swilch
120 enables and/or controls the aperation of the uitrasonic generator module 108, During
ulirasonic mode operation, the first pedal (e.g., the left pedal} may be configured to aclivale the
ultrasonic output of the ultrasonic generator module 108 {o generale a drive signal that
corresponds o a minimum (Pun) ullrasonic power level {e.g., minimum energy setling) and the
second pedal (e.g., the right pedal) may be configured to activale the ultrasonic generator
module 108 1o generale a drive signal that corresponds o a the maxdmum (Pu.) uitrasonic
power level (8.¢., maximum energy seiting). It will be apprecialed that sither the first or second
pedal may be configured 1o aclivate the ulirasonic generator module 108 to generate a drive
signal that corresponds {o the minimum (P, or maximum (Pu.,) ultrasonic power levels,
without limitation. Therefore, either the left or right pedal may be assigned as the firsi pedal,
and the other pedal may be assigned as the second pedal. in embodiments where the foot

switch 120 comprises more than two pedals, each of the pedals may be assigned a
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predetermined function. In some embodiments, one or more of the foot pedals may be
deactivaled or ignored by the generator 102 DSP software or logic (e.g., execuiable
insiructions, hardwars devices, or combinations thereof).

[00319] In one embodiment, the generator 102 is configured in ultrasonic mode and the
foot switch 120 comprises two pedals, e.q., first and second or left and right. Buring ultrasonic
foot switch 120 activation mode, when a valid activation of the first pedal (e.g., left pedal) of the
fool switch 120 is detected and an ultrasonic surgical device 104 (Figure 8) is connecied o the
ultrasonic generator module 108, the generator 102 DSP software is configured {o drive the
ulirasonic fransducer 114 of the ultrasonic surgical device 104 at the maximum power level, for
example. For ulirasonic fransducers 114, the maximum power {Pus,) level can be cbiained at
the maximum drive current {lusd. In embodiments where the fool swilch 120 comprises more
than two pedals, any wo of the multiple pedals may be configured in accordance with the above
functionality.

[00320] in one embodiment, during uitrasonic foot switch 120 activation mode, when a
valid activation of the second pedal {e.g., right pedal) of the foot switch 120 is detected and an
ulirasonic surgical device 104 {Figure 8} is connected io the ultrasonic generalor moduie 108,
the generaior 102 DSP software or logic is configured o drive the ultrasonic transducer 114 of
the ultrasonic surgical device 104 at the minimum power level, for example. For ultrasonic
transducers 114, the maxdmum power level can be obiained at the minimum drive current.
[00321] In another embodiment, the generator 102 may comprise an electrosurgerny/RF
generator moduie 110 o drive the electrosurgical device 106 in any suitable manner. Control
circuits may be employed o delect the presence of the foot swilch 120 and the
electrosurgery/RF generator module 110 such that the operation of the foot switch 120 is
corresponds with the activation of the slectrosurgery/RF generator module 110, Accordingly,
the generaior 102 may be configured o operate in elecirosurgical mode {e.g., bi-polar RF
mode) using the electrosurgery/RF generator module 110 and the fool swilch 120 may comprise
two pedals, e.g., first and second or left and right. The first pedal of the foot switch 120 enables
and/or controls the operation of the electrosurgery/RF generator module 110, During
electrosurgical mode operation, the first pedal {e.¢., the left pedal) may be configured o activale
the bi-polar RF oulput of the electrosurgery/RF generator module 110 and the second pedal
{2.g., the right pedal} swiich may be ignored and may be referred to as an inactive switch. I will
be appreciated that the inactive switch {2.q., the right pedal} may be used by the user for input
o the generator 102 other than power level. For example, {apping the inactive swilch pedal

may be a way for the user to acknowledge or clear a fault, among other functions, as well as
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other inputs from the user B the generator by way of the inactive switch pedal. In embodiments
where the fool switch 120 comprises more than two pedals, any two of the muitiple padals may
be configured in accordance with the above funclionality.

[00322] In one embodiment, during electrosurgical foot swilch 120 activation mode when
an electrosurgical or RF surgical device 106 (Figure 8) is connected to the electrosurgery/RF
generator moduie 110, the generalor 102 DSP and user interface {LH) software or logic is
configured o ignore the stalus of the second pedal of the foot switch 120, which is the
maximurm activation switch. Accordingly, there is no change in power delivery and no change in
visual or audible feedback to the user when the second pedal of the foot switch 120 is aclivated.
Therefore, when the electrosurgery/RF generator module 110 transitions from inactive to active
of the Mant switch-input on the second pedal of the foot switch 120 while all other activation
switch inpuis are inactive, the eleclrosurgery/RF generator module 110 ignores the switch input
from the second pedal of the foot swiich 120 and does not sound or emit a tone.

[00323] in one embodiment, during electrosurgical foot switch 120 activation mode when
an electrosurgical or RF surgical device 106 (Figure 8) is connected o the electrosurgery/RF
generator moduie 110, the generalor 102 DSP software is configured o drive the electrosurgical
or RF device 106 in accordance with a predelermined algorithm specific to the slectrosurgical or
RF device 106. Various algorithms are discussed in the present disclosure.

[00324] As previously discussed, according to various embadiments, the generator 102
may implement a user inferface in conjunction with the algorithm 1452 described in connection
with Figure 75. One embodiment of a user interface now will be described with reference (o
Figures 75 and 76 where Figure 75 illustrates a process flow illustrating one embodiment of the
algorithm 1452, as implemented by the generator 102 (e.g., by a digital device of the generalor
102} and Figure 76 Hlustrates shows a process flow Hllustrating one embaodiment of the algorithm
1452, as implemented by the generator 102 {(e.g., by a digital device of the generator 102}, The
algorithm 1452 may be aclivated al 1476, It will be appreciated that the algorithm 1452 may be
activated in any suitable manner. For example, the algorithm 1452 may be activaled by a
ciinician upon actuation of the surgical device 104, 108 (e.g., by pulling or ctherwise aciuating a
jaw closure frigger 138, 142, switch, handle, etc.).

[00325] Accordingly, in one embodiment, the algorithm 1452 may be implemented (o
control the operation of the electrosurgery/RF generator module 110 to control the
electrosurgical or RF surgical device 108 {(Figure 8). Accordingly, in one embodiment of the
algorithm 1452, a first activation tone cccurs during the activation of the electrosurgical or RF

surgical device 106 that transitions to a second activation fone that occurs when the impedance
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and/or energy conditionsithreshold({s} are met and then fransitions 1o a third aclivation {one that
oceurs when the impedance and/or energy conditions/threshold{s} and an end effector 132
{e.g., knife} position condition are all met. The fone from the second activalion tone o third
activation tone is reset upon opening of the jaws as determined by impedance as described with
reference o the algorithm 1452 as described and illustrated in connection with Figure 76 used
o drive the electrosurgical or RF surgical device 106,

[003286] Accordingly, turning now lo Figure 76, in one embodiment the algorithm 1452
controls the activation of various audible fesdback during certain power delivery regions and
transitions between regions. In one embodiment, multiple audible feedback is provided based
on operational cycle and region of the electrosurgery/RF generator module 110 of the generator
102. In one embodiment, for example, a first audio fone {Audio Tone-) is emilted when the
electrosurgical {RF) power delivery cycle bagins. The first audio lone is emilted, for example,
whenever the electrosurgery/RF generator module 110 of the generator 102 enters the first
region 1478 and continues in the second region 1480,

[00327] A second audio tone (Audio Tone-ll) is emitied when the tissue impedance
threshold is reached. In one embodiment, the second tone is emilted, for example, upon the
electrosurgery/RF generator module 110 of the generalor 102 entering the third region 1482, In
one aspect, the second fone may be latched such that if a transition ocours from the third region
1482 to the second region 1480, the second fone is continued 1o be emitled.

[00328] A third audio tone {Audio Tone-lil} is emitted when the elecirosurgical (RF) power
delivery cycle is complete. In one embodiment, when the generailor 102 DSP software and/for
logic determines that a “cycle compleie” siatus has been reached, the third tone is emitted upon
completion of a fourth energy puise in the fourth region 1484,

[00329) Still with reference to Figure 76, in one emboediment, the algorithm 1452 may be
ermployved whan marching on tissue, which is defined as opening the jaws of the end effecior
132 {(Figure 8) without releasing the energy activalion, re-grasping on tissue, and then
continuing energy activation. To accommodate the marching on tissue functionality, the
algorithm 1452 may be implemented as follows. While in the second region 148C or third region
1482, if the tissue impedance {Zuagl @ 1iaws_openl, the aigorithm 1452 re-enters the firsi region
1478 and implements the first region 1478 applicable Power (P), Current {1}, Voliage (V) limits.
in one embodiment, while re-entering the first region 1478 Tymeouw 1S not reset and the Tgaq timer
and the energy accumulation parameter is reset. In one embodiment, when re-entering the first

region 1478, the algorithm 1452 shall cause the first audio tone (Audio Tone-1) to be emiilted
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and the logic o swilch again to the second audio tons {Audio Tone-ll} is kept the same as
praviously discussed.

[00330] i will be appreciated that the previously described sequence of fones, first,
second, and third audio fones, may be applied o indicate energy delivery to tissue whean the
generator 102 is configured to operale in ultrasonic mode using the ultrasonic generator module
108. For example, the first audio tone {Audio Tone-1} is emitted when the ulirasonic energy
delivery cycle begins, the second audio tone (Audio Tone-ll) is emitled when the tissue
impadance threshold is reached, and the third audio tone (Audio Tone-lll} is emilted when the
ulirasonic ensrgy delivery cycle is complete.

f00331] Figures 87-99 iliustrate various additionai embodiments of control circuits of
surgical devices are provided. I one embodiment, the contrad circuif may comprise a first
circuit portion couplad io at least one swilch operable belween an open slate and a closed
state. The first circuit portion communicates with a surgical generator over a conductor pair to
receive a control signal io determine a state of the at least one switch. The conirol circuit also
comprises at least one resistor coupled to the al least one switch, where the state of the al least
ane switch is determinable hased on the value of the at least one resistor. In one embodiment,
the at lsasl one resistor is coupled in series with the at least one swilch. In ong embaodimeni,
the at least one resistor is coupled in paraliel with the at least one switch. In one embodiment,
the conirol circuit comprises a vollage reference coupled in paralisl {0 the at least one swilch. in
one smbodiment, the control circuit comprises a capacitor coupled to the voliage reference,
where the state of the al least one switch is delerminable based on a slope of the vollage on the
capacitor. In one embodiment, the control circuit comprises an oscillator in communication with
the at least one swiich, where the state of the at least one swiich is determinable based on a
frequency of the osciilator, which is determined by the value of the al least one resistor. inone
erhodimsnt, the control circult comprises a one-wire multi-swilch input device coupled 1o the at
feast one swilch and the at least one resistor, wherein the state of the at least one switch is
determinable based on the al least one resistor and is communicated to the generalorover a
one-wire communication protocol. In one embodiment, the control signal is a differential
constant current pulse having a posilive phase and a negative phase. In one embodiment, the
control circuit comprises a second circuit portion comprising a data circult element coupled to
the first circuit portion.  In one embodiment, the data circuil element comprises at least one
memory device. In one embodiment, the at least one memory device comprises at least one

one-wire electrically erasable programmabile read only memory (EEPROM]).
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[00332] in various embodiments, a control circuit of a surgical device is provided. Inone
erbodimeant, the control circult comprisaes a first circudt portion is coupled o at least one switch
operable between an open siate and a closed slate. The first circuit portion communicates with
a surgical generator over a conductor pair 1o receive a control signal from input terminals o
determine a siate of the at least one switch. The control signal having a first phase and a
second phase. A first fransistor coupled betwsen the inpul lerminals, a first capaciior, and a
first resistor coupled in series with the first capacitor. During the first phasea of the control signal
the first transisior is held in cutoff mode while the first capacitor charges (o a predetarmined
voltage and during at initial portion of the second phase of the conirol signal the first transistor
fransitions from cutoff mode to saturation mode and is held in saturation mode untii the first
capagcilor discharges through the first resistor. During a Tinal portion of the second phase of the
control signal the first transisior fransitions from saturation mode o culoff mode when the first
capacitor voltage drops below a predetermined threshold. In one embodiment, during the initial
portion of the second phase of the control signal while the first transisior is in saturation mode, a
first impedance is presented between the input terminals and during the final portion of the
second phase of the control signal while the first lransistor is in cutoff mode, a second
impadance is presenied batween the input terminals, where the siale of the at least one swilch
is determinable based on the first and second impedance values. In one embodiment, the
control circuit comprises at least one second resistor coupled to the at least one switch, where
the second impedancs is based at least in part on the al lsast one second resistor when the at
lsasi one swilch is in the open stale. In one embodiment, the control circult comprises at lsast
one second resistor coupled o the at least one switch, where the second impedance is based at
feast in part on the at least one second resisior when the at least one switch is in the closed
state. in one embodiment, the control circuit comprises a second transistor coupled to the first
capacitor to charge the first capacitor during the first phase of the control signal. Inone
embodiment, the control circuit comprises a second circuit portion comprising a data circuit
element coupled to the first circuit portion, wherein the first capacitor voltage is sufficient to
supply voltage o the dala slement. In one embodiment, the control circuit comprises a voltage
reference coupled in parallel to the at least one switch. In one embodiment, the control circuit
comprises a second capacitor coupled to the vollage reference, where the slale of the at least
one swiich is determinable based on a slope of the voltage on the second capacitor. In one
embodiment, the first phase of the control signal is a positive transition of a current pulse and

the second phase of the control signal is a negative transition of a current puise.
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[00333] In various embodiments, a method is provided. In one embodiment, the method
comprises recaiving a control signal at a control circuit of a surgical device and determining the
state of the al least one switch based on the valug of the rasistor. The control circult comprises
a first circuit portion coupled o at least one swiich operable between an open state and a
closed state, the first circuit portion to communicate with a surgical generator over a conductor
pair to receive the control signal, the first circuit portion comprising at least one resistor coupled
to the al least one swilch. In one embodiment, the method comprises prasenting a first
impadance during a first phase of the control signal and presenting a second impedance during
a second phase of the control signal based on the siate of the at least one switch, where
determining the siate of the at least one switch comprises comparing the first impedance to the
second impsdance. In one embodiment, the methoed comprises generating a first voltage slops
during a first phase of the control signal and generating a second vollage siope during a second
phase of the conirol signal, where determining the state of the at least one swilch comprises
comparing the first vollage slope o the second voltage slope. In one embodiment, the method
comprises generating a first frequency during a first phase of the control signal and generating a
second frequency during a second phase of the control signal, where determining the siate of
the at lsasl one swilch comprises comparing the first frequency o the second frequency. Inone
embodiment, the method comprises reading a value of the least one resistor by a one-wire
muiti-switch input device coupled to the al least one swilch and communicating the value of the
at least one resistor to the gensrator over a one-wire communication protocol.

[00334] The control circuits disclosed in connection with Figures 87-88 are suitable for
use with surgical devices, including, for example, disposable surgical devices. The control
circuits can overcome challenges such as cost constrainis, non-ideal surgical device usage
conditions, and compatibility with existing equipment. In addition, the series resistance in the
switch lines may increase over time and usage due o residue build up from cleaning agents on
the surgical device handpiecs contacis.

[00335] The configuration and detection methodology of each of the control circuits
described in connection with Figures 87-99, may be configured {o operate with any one of, any
combination of, or all of, the following requirements: compatibility with constant current sources
using voltage level state deteclion as may be provided in the generator 102; compensation
circuits for the cable 112 (e.qg., line) impedance (i.e., contaminated handpiece contacis); support
functionality for multiple swilches provided on the surgical device handpiece {scalable design to
support one, two, three, or more swiiches on the handpliece of the surgical device); provide a

circuit presence state; support functionality for multiple simultansous switch states; support



WO 2013/158537 PCT/US2013/036568
94

functionality for muitiple one-wire memory componernts {powsr and communication); low cost for
disposable device; maximize use of “off the shelf’ componants; minimize circuit footprint (e.g.,
approximately 15mmx15mm)}; provide for mitigation of resultant hazardous condilions due o
single point component failure (e.g., open/short circuit); provide electrostatic discharge (ESD)
mitigation.

[00338] The various embodimenis of the control circuits described in connection with
Figures 87-89 are configured to be located in a handpiece of a surgical instrument. The conlrol
circuils receive an interrogation signal transmitted by the generator 102 through a cable 112
As discussed above in connection with Figure 10, a control circuit may modily the
characteristics of an interrogation signal transmiited by the generalor 102. The characieristics
of the interrogation signal, which may unigusly indicate the state or configuration of the contral
circuit and/or the handpiece of the surgical device, can be discernead by circuilry located at the
generator 102 side and are used o control aspects of its operation. The various embodimenis
of the contral circuits described in connection with Figures 87-99 may be contained in an
ultrasonic surgical device (e.g., in the handpiece 118 of the uitrasonic surgical device 104}, in an
electrosurgical device {e.q., in the handpiece 130 of the electrosurgical device 108}, orina
combination ultrasonic/electrosurgical device (e.g., in the handpiece of a device that
incorporates the funclional aspects of the ultrasonic device 104 and the electrosurgical device
108 in a single handpiece), as described herein.

[00337] Figure 87 illustraies one embodiment of a control circuit 1602 comprising parallel
swilched resistance circuil with high speed data communication support and at leasi one dala
element comprising at least one memory device. in one embodiment, the control circuit 1602 is
operable by a control signal in the form of a differential current pulse. As shown in Figure 87, in
one embodiment, the control circuit 1602 may be connected or coupled to the generator 102 via
the cabie 112 (and/or 128} to receive an interrogation signal (e.g., a bipolar interrogation signal
al a predetermined frequency, such as 2kHz, for example) from a signal conditioning circuit 202
{e.q., from generator terminals HS and SR shown in Figure 10 via a conductive pair of cable
112 or 128). In one embodiment, the control circuit 1602 comprises multipie parallel swiiches
SW1, SW2, SWn. The embodiment of the contral circulf 16802 in Figure 87 can be employed
with any sultable number n of switches in parallel with a fixed resistor R1. Accordingly, any
suitable number of switches SWhn, where 11 is an integer greater than zero, may be localed in
parallel with & predelermined fixed resistance {o provide an indication of the configuration and/for
operation of a surgical device 1800 (e.g., an ultrasonic device 104, an electrosurgical device

108, or a combined ultrasonic/electrosurgical device 104/106). The number of swiiches n
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determines the number of possible states. For example, a single swiich SW1 can indicate up o
two states, two switches can indicate up to four states, and »n switches can indicate up to 27
states. The switches 8W1, SW2, SWn may be any type of swilch. In one embodiment, the
switches SW1, SWZ, SWa are pushbution swilches located on the handpiece of the surgical
device 16800, The embodiments, however, are not limited in this context.

[00338] Depending on the open or closed state of each of the swilches SW1, SW2, SWn,
for example, the signal conditioning circuit 202 (e.q., from generator terminals HS and SR
shown In Figure 10 via a conductive pair of the cable 112, 128} would see a different impedance
{e.q., resistance). For embodiments where n=2 that employ two switches SW1, SW2, for
example, four unique swilch configurable impedances can be detecied by the signal conditional

conditioning circuit 202, as described in Table 8, below:

Table 8
SW1 SW2 impedance
Open Open R1
Open Closed RT{R3
Closed Open R1{§R2
Closed Closed RTIIRZHRS
[00339] The interrogation signal may be coupled across the inpuls HS/SR of the conlrol

circuit 1602 and applied across both branches of switches SW1, SW2. When both SW1 and

SW2 are open, the control circuit 280 may define an open circuit corresponding to a first state.

When SW1 is open and SW2 is closed, the interrogation signal may define a second stale.

When SW1 is closed and SW2 is open, the interrogation signal may defing a third state. When

both SW1 and SW2 are closed, the interrogation signal may define a fourth state. Accordingly,

based on the different characleristics of the interrogation signal corresponding 1o the different

states of SW1 and SW2, the state or configuration of the control circuit 280 may be discernad

by the generator 102 based on a voltage signal appearing across the inputs of the control circuit

280 {e.g., as measured by an ADC of the signal condilioning circuli 202).

[003440] Still referring fo Figure 87, in one embodiment, the control circuit 1602 comprises

a dinde D1 placed across the HS/RS terminals of the control circuit 1602 to clamp and protect

the control circuit 1602 from electro-static discharges {(ESD) and/or transients coming from the

surgical device 1600 and the generator 102 when the surgical device 1600 is connecied and

disconnected {o the generalor 102, In the Hlustrated embodiment, diode D1 is a bi-diveclional

transient voltage suppressor. Dicde D1 may be selected based on a predetermined ESD rating,
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such as for example 8kV contact discharge, 5V nominal working voltage, small size, and low
capacitance o minimize affecting the pulse waveforms. Any suilable bi-directional transient
voliage suppressor may be empioyed without limitation. In other embodiments, as shown in
Figures 93-95 and 97, for example, multiple diodes can be placed across the inputs HE/SR o
protect the surgical device 1600 and/or the control circuit 1602 from ESD and other transients.
[00341] Diode D2 is provided for unidirectional routing of negative current pulses o the
rasisior network R1, R2, R3, and R,.; configured by the swiiches SW1, 8W2, SW,. Inthe
fllustrated embodiment, diode D2 is a single Schottky dicde to provide a low voltage drop and
minimize impact to the usable voltage range to the ADC of the generator 102, Dicde D2 may be
provided in discrete form, as part of a muiti-dicde package, or may be formed as part of a
custom integrated circuit {e.g., and ASIC). In other embodimenits, other suitable diodes may be
ermnployved without limitation. During the positive phase {rising edgs) of the current pulse, diods
D2 is reverse biased and current flows through transistor M1, which charges gate capacitor C2
through dicde D3, During the negative phase (falling edge) of the current pulse, dicde D2 is
forward biased and the ADC of the generator 102 sees the impedance of the resistor network
R1, R2, R3, and R,; configured by the switches SW1, W2, 3W,. In other embodiments, a
pair of diodes may be employed for bidirectional power as shown in connection with Figures 92-
95 and §7.

[00342) Transistor M1 is provided to route a positive current pulse fraom the generator 102
to gate capacilor C2. In the illustrated embodiment, transistor M1 is a p-channel MOSFET,
although in other embodimenis, any suiliable transisior may be emploved, without limitation. In
the iliustrated embodiment, the drain terminal of transistor M1 is connecled {o the HS input
terminal and to the cathodes of diodes D1, D2 and the gate terminal is connecled to the SR
input terminal of the surgical device 1600, The source of fransistor M1 is connecled to the SR
input terminal through resistor RS, A positive current pulse, as described in more detall with
reference o Figure 88, received at the HS terminal charges capacilor C2 through M1,
Capacitor C2 is coupled io the gate of ransistor M2 and when charged can turn on transisior
M2 during a negative phase of the current pulse or supply power o the at least one memory
device 1604 during a positive phase of the input current pulse. Although shown as a discrete
compaonent, fransistor M1 may be provided a multi-transistor package or may be formed as part
of a custom integrated circuit {e.g., and ASIC). In other embodiments, ¢ther suitable transistors
may be employed without limitation.

[00343] In one embodiment, the at least one memory device 1604 may comprise, for

example, ong or more one-wire EEPROM{s), known under the trade name “1-Wire.” As
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previously discussed, the one-wire EEFPROM is a one-wire memory device 16804, Generally,
multiple EEPROMs may be employed in the control circuit 1602, In the llustrated embodiment,
up to two EEPROMs may be used in the surgical device 1600, The EEPROM(s) are powered
during the positive phase of the current pulse. Transistor M1 also provides low forward voltage
drop and minimizes impact {o the EEFROM high speed communications. Transistor M1
provides raverse blocking capabilities, which cannot be realized with a simple diods.

[00344] A second transisior M2 provides a substaniial low impedance path to short out
the resistor network R1, R, R3, R, in order for the ADC to make an inilial reference
measurement. The drain terminal of fransistor M2 Is connected to the anode of dicde D2 and
one end of resisiors R1, RZ, R3, and R,:+:. The source terminal of transistor M2 is connecied {o
the SR terminal of the surgical device 1600, In the Hlustrated embodiment, transistor M2 is also
a p-channel MOSFET fransistor, alihough in other embodimenis, any suilable transisior can be
employed. During a positive phase of the current pulse, transistor M2 turns on and applies a
substantial low impedance path across the HS/RS terminals of the surgical device 1800 for a
relatively short duration of time as defined by an RC time constant on the gate terminal of
fransistor M2, where the RC time constant is determined by resistor R4 and gate capacitor C2,
each of which is coupled 1o the gate to transisior M2, Resistor R4 provides a discharge path
and timing for the voliage decay of gale capacilor C2. Gate capaciior C2 charges during the
positive phase of the current puise, when transistor M2 is cut off or open circuit. Eventually, the
voltage on gate capacitor 2 is sufficient io negatively bias the gale-source and tums on the
fransistor M2 during the negative phase of the current pulse. A first measurement is then
obiained by the ADC of the signal conditioning circuit 202 in the generator 102, which is referred
to herein as the "ADC_NEGT” measurement, as shown in Figure 90, for example.

[00345] Diode D3 provides a current path during the positive phase of the current pulse
and enables gate capacitor C2 to charge quickly while bypassing resistor R4, which provides
the discharge path for gate capaciior C2. In one embodiment, transistor M2 may be selecied
due o a well defined minimum and maximurm gate threshold o provide better characlerization
of ON/OFF timing for the differential measurement. In one embodiment, transistor M2
component may be provided as a stand alone discrete component or in the same packages as
transistor M1, Resisior R4 may be selecled based on the 1% tolerance, 100ppm temperature
coefficient, and small package size. The identified component selection criterion is provided
merely as a non-limiting example. Any suitable component may be substituted {o perform the

desired functionality.
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[00348] As previously discussed, resistor network R1, R2, R3, and R, is conligured by
the switches SW1, SW2, SW, to present a different resistance {(e.g., impedance) to the ADC of
the generator 102, Resistor R1 sels the maximum resistance used for switch detsclion, e.q.,
when all switches SW1, SW2, SW, are open ("off”). When SW1 is closed ("on™), resistor RZ is
focated in parallel with the other swilch delection resisiors, as shown in Table 8, for example.
When SW2 is closed ("on”), resistor R3 is located in parallel with other swiich detection
rasislors, as shown in Table 8, for example. Each of the resistors R1, R2, R3, R, canbe
selecied based on a 1% tolerance, 100ppm temperature coefficient, and small package size,
without limitation. Capacitor C1 may be located in parallel with the resistors R1, R2, RS, and
R4 10 provide high frequency fillering from conducted and/or radialed noise, for example. In
one embodiment, capacitor C1 may be a ceramic capacitor, without excluding other capaciior
types.

[00347) Resistor RS provides a relatively low impedance path 1o rapidly turmn on fransistor
M2 during the start of the negative phase of the current pulse. Gate capacitor C2 chargses in
conjunction with resistor R4 to increases the gale voltage above the turmn on threshold of
fransistor M2 for a short duration. The value of resistor RS also may be selscted o provide a
sufficient supply voltage o the one or more EEPROM(s) during the positive phase of the current
puise.

[00348]) Figure 88 is a graphical representation of one aspect of a control signal in the
form of a constant current pulse waveform 1810 that may be generated by the signal
conditioning circuil 202 of the generator 102 as shown in Figure 10. Time, in milliseconds (mS),
is shown along the horizontal axis and Currend, in milliamps (mA), is shown along the vertical
axis. In the smbodiment lllustrated in Figure 88, periodic constant current pulses 1612, 1614,
each having a first phase shown as positive transitions 1812a, 1614a and a second phase
shown as negative fransitions 16812c, 1614c, at +/- 15mA are produced by a current source
generalor located al the generator 102 side. The current source generalor is coupled to the
HS/SR input terminals of the surgical device 16800/control circult 1602 via the cable 112, 128,
Other constant current amplitudes may be employed. In the lHlustrated embodiment, the control
circuit 16802 utilizes both pulse polarities to detect up fo 27 unigue combinations of switches
SW1, W2, 8W, and also supports comimunication to the one-wire EEPROM(s).

100349] Figure 88A is a graphical representation of one aspect of a control signal in the
form of the constant current pulse wavelorm 1810 of Figure 88 showing numerical values of
various features of the waveform 1610 according o one example embodiment. in the example

embodiment of Figure 88A, time on the horizontal axis is shown in milliseconds (m3) while
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current along the horizontal axis is shown in millamps (MA)L Also, in the exiample embodiment
of Figure 88A, the current pulses 1612, 1614 may have an amplitude of +/- 15mA.

[00350] i will be appreciated that although the current pulse is characterized as having &
first phase that is a positive transition and a second phase is a negative transition, the scope of
the present disclosure includes embodiments where the current pulse is characierized as
having the opposite polarity. For exampls, the current pulse can be characterized as having a
first phase that is a negalive transifion and a second phase is a positive transition. it will also be
appreciated that the selection of the components of any of the conirel circuits disclosed herein
can be suitably adapted and configured o operate using a current pulse characlerized as
having a first phase that is a negative transition and a second phase is a posilive fransition.
Alseo, although the present disclosure describes the control signal as a differential current pulse,
the scope of the present disclosure includes embodiments where the conlrol signal is
characterized as a voliage puise. Accordingly, the disclosed embodiments of the conirol circuils
are not limited in the context of the differential current pulse described in connection with Figure
88.

[00351] With reference now to both Figures 87 and 88, in one embodiment, the conirol
circuit 1602 operates on a differential pulse with parails! resistors R1, R2, R3, and R+
configured by the swilches SW1, SW2, SW,. Additionally, high speed data communication is
provided through transistor M1 1o the at least one memory device 1604, In one embodiment,
the control circuit 1802 uses a variable resistance diciatad by the closure of one or more
pushbutton swiiches SW1, 5W2, SW,. Both posiiive edges 1612a, 1614a and negative edges
1612¢, 1814c of the current pulses 1612, 1614 are used fo derive a measurement that will allow
for compensation of an unknown series cable 112, 128 and contamination resistance of the
switches SW1, SW2, SW, contacts within a predetermined range. Initially a positive current
pulse 1612a charges gate capacilor C2 and subsequently a negative current pulse 1812c
enables fransistor M2 to turn for a brief ime period defined by the RC time conslant of gate
capacitor CZ and resistor R4, During the first phase of the negative current pulse 16812¢,
fransistor M2 is placed in a saturaled state creating a very low impedance path through the
surgical device 1800 between terminals HS/SR. After a time period defined by the RC time
constant pair of R4 and C2, gate capaciior C2 discharges through resistor R4 and the FET
channel of ransistor M2 opens causing the total current to be steered through the resisior R1,
R2, R3, R+ path based on the state of the pushbuiton swilches SW1, W2, SW,. The low
impedance state when transisior M2 is in closed (saturation mode) and the stale of the resistor

network R1, RZ, R3, R,y when transistor M2 is in an open {cutoff mode) siate are the two
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impedance stales in the time domain thal are used Tor detecling the activation of pushbution
switches SW1, 3W2, SW,. This provides the abilily to compensate for an external path
resistance {(handpiece contacts, cabling, connector resistance)} by comparing the difference
between the two states.

[00352] With reference back to Figure 88, each of the combination of switches SW1,
SW2, SW, creates a unigue resistance presented to the ADC at the generalor 102 during the
naegative phase of the current pulse. The constant current pulses 1612, 1824 transmilted from
the generator 102 to the surgical device 1600 presents a unique vollage back fo an ADC in the
generator 102 that is proportional {o the resistance selected by the switches SW1, SW2, SW,,
Transistor M1 gale capacitor C2 charges during the positive current pulse phase 1612a, 1614a.
When the cuirent pulse waveiorm changes from positive to negative at 1612b, 16814b, the
voltage on gate capaciior C2 turns on transisior M2, which eflfectively shorls the surgical device
1800 contrel circult 1602 between the lerminals HG/SR. The short circuit exists for a short
duration that is set by the time constant defined by resistor R4 and gate capacitor G2 coupled o
the gate of transistor M2. After gate capacitor C2 has fully discharged through resistor R4, the
control circuit 1602 transitions io an impedance that represents the state of pushbution switches
SW1, SW2, 8W,. Using these two measuremenis for each time period when transistor M2 is in
an open circult state and a short circuit state, allows the control circuit 1602 system o tolerate
resistance variations dug o cable wiring affects, conneclor contact resistance, and pushbution
switch resistance. Additionally, as previously discussed, using p-Channel MOSFET transistor
M1 rather than a diode Is an effeclive means 1o facilitate high speed EEPROM communications
without adversely affecting the hand swiich detection capability,

f00353] Figure 89 is a graphical representation 1620 of various detection regions
associated with the aspect of the conirol signal shown in Figure 88. Time in "'m%” is shown
along the horizontal axis and Impedancs in "k is shown along the vertical axis. Five
delections regions (1-5) are depicted in the graphical representation 1620, With reference also
to Figures 87 and 88, region 1 represents the stale of transistor M2 when # is in saturation
maode during the negative phase 1612¢ of the current pulse 1612 creatling a low resistance path
through the surgical device 16800, This is the baseline ABC measurement that represents series
resisior R1 except for pushbuifon swilch SW1, SW2, W, delection resistance. Region 2
represents the state of transistor M2 after gate capaciior C2 has fully discharged through
resisior R4 over a time constant defined by R4 and C2. In region 2, the surgical device 1600
will present a resistance that represents a unique pushbutton switch SW1, SW2, SWn state.

The amplitude in region 2 changes depending on the siates of pushbutton swilches SW1, SW2,
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SW,. Region 3 represents the ohmic region of fransistor M2 when it is transitioning from
saturation mods (o cutoff mode. Region 4 represents the rising positive edge 16812a of the
current pulse 1612 to charge gate capacilor C2 coupled to the gate of transisior M2, Diode D3
with iis anode also coupled 1o the gate of transistor M2 allows gate capacilor C2 1o be charged
quickly in order 1o be within a predetermined {otal timing budgetl. Region 5 represents the falling
or negative edge 1612¢ of the current pulse 1612 when transisior M2 is fransitioning from culoff
mode to saluration mode,

100354] Figure 90 is a graphical representation of one aspect of 2 control signal in the
form of a current pulse waveform 1630 measured at the generator 102 with SW1 closed and a
zero chm cable/connector 112, 128 impedance. The current pulse waveform 1630 shows a first
current pulse 1632 followed by a second current puise 1634. Gate capacitor C2, which is
coupled to the gale of transisior M2, charges during the inilial positive edge 1632a. During the
negative edge 1632b of the current pulse 1832, transistor M2 goes inlo a saluraled {on) state
creating a very low impedance exiernal to the surgical device 1600 between terminals HS/SR.
During a first sample period 1638 the ADC makes a first “reference” impedance measurement
labeled as "ADC_NEGT on the wavefornm 1630, Afier a time period T defined by the time
constant set by R4 and C2, gate capacitor C2 discharges through resisior R4 and the FET
channel of transistor M2 opens causing the total current to be steered through the paraliel
combination of resistors R1 and R3 (R1|R3) since SW1 is in the closed position. Accordingly,
with fransistor M2 in the off stale, the impedance external {o the surgical device 1800 is
measured during a second sample period 1638 by the ADRC and is labeled as "ADC_NEG2" on
the waveform 1630, A third sample period 1839 may be reserved for legacy instrument
detection and occurs after a subsequent positive edge 18634a of the current pulse 1634 and is
labeled ADC_POS.

[00355] Figure B30A is a graphical representation of one aspect of a control signal in the
form of the current pulse waveform 1630 of Figure 90 showing numerical values of various
features of the waveform 1630 according to one example embodiment. Time in 'm&” is shown
along the horizontal axis and ADC Counts is shown along the inner vertical axis and ADC Vi, in
volis (V) shown along the outer vertical axis.

[00356] Figure 91 is an oscilloscope frace of an actual measured ADC input waveform
1840 using a generator 102 and a confrol circuit 1602, Time In "'mS” is shown along the
horizontal axis and ADC V, in volts {V) is shown along the verlical axis. The actual waveform
1840 shape shown in Figure 80 is very similar to the simulated waveform shape 1830 shown in

Figure 90.
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[00357] Figure 92 lllusirates another embodiment of a conirol circuit 1702 comprising
parallel swilched resistance circuil and al least one data element comprising at least one
memory device memory device. In one embodiment, the control circuit 1702 is operable by a
control signal in the form of a differential current pulse. As previcusly discussed with respect {o
the control circuit 1602 shown in Figure 87, the control circuit 1702 interfaces with a current
source (gensrator), which outputs periodic positive and negative consiant current pulses at +/~
15mA, as shown in Figure 88, for example. The control circuit 1702 design ulilizes both pulse
polarities {o delect up to 2" unique switch combinations and also supports communication to one
or more memory devices 1704, such as, for exaniple a one-wire EEFROM(s).
f00358] In one embodiment, the control circult 1702 may be connected o the generator
102 to receive an interrogation signal {e.g., a bipolar interrogation signal at a predetermined
frequency, such as 2kHz, for example) from the signal conditioning circuit 202 (e.g., from
generator terminals HS and SR shown In Figure 10 via a conductive pair of cable 112, 128).
The control circuit 1702 may be coupled o a predetermined number of n switches o provide an
indication of the configuration andior operation of a surgical device 1700 {2.g., an ullrasonic
device 104, an electrosurgical devics 1086, or a combined ultrasonic/slectrosurgical device
104/108). The conirol circuit 1702 shown in Figure 92 is substantially similar in structure and
operation 1o the control circuit 1602 described i connection with Figures 87-81, except that
transistor M1 is replaced with dicde D4, Otherwise, the two conirol circuits 1802 and 1702
function in a substantially similar manner.

[00359] As shown in Figure 82, during the posilive phase of the current pulse, as shown
in Figure 88, dicde D2 is reversed hiased and diode D4 is forward biased {o enable gate
capacitor G2 io charge through diode D3, During the negative phase of the curent pulse, dicde
D4 is reversed biased and diode D2 is forward biased {o connect resistors R1, R2, R3, R,/ in
paraliel in a configuration delermined by the state of swilches SW1, SW2, SW,. During an initial
period of the negative phase of the current pulse, transistor M2 is in saturalion mode due o the
voltage on charged gate capacior C2 and provides a low impedance path o the exiernal
generator 102 for a period equal {o the time constant defined by R4 and C2. During this period,
the ABC makes an initial impedance measurement "ADC_NEGT” as shown in the waveform
1630 of Figure 80. Once gate capaciior C2 discharges through resistor R4, transisior M2 turns
off and the ADC sees the impedance configured by the parallel combination of resistors R1 and
any of the other resistors R2, R3, R,.; thal may be swilched by corresponding switches SWH,
SW2, 8W,, as previously described in connsclion with Figures 87-81. The delection region is

similar to that shown in Figure 88.
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[003860] Figure 93 lllusirates one embodiment of a control circuit 1802 comprising a serial
switched resistance circuilt and at least one dala element comprising al ieast one memory
device. In one embodiment, the control circuit 1802 is operable by a control signal in the form of
a differential current pulse. As previously discussed with respect to the control circuits 1602,
1702 shown in Figures 87, 92, the control circuit 1802 interfaces with a current source
{generator), which outputs perindic positive and negative constant current pulses at +/- 15mA,
as shown in Figure 88, for example. The conirol circuit 1802 utilizes both pulse polarities to
detect up to 2" unique switch combinations and also supports communication to one or more
memory devices 1804, 18086, such as, for example, two one-wire EEPROM(s).

[00381] In one embodiment, the control circult 1802 may be connected o the generator
102 to receive an interrogation signal {e.g., a bipolar interrogation signal at a predetermined
frequency, such as 2kHz, for example) from the signal conditioning circuit 202 (e.g., from
generator terminals HS and SR shown In Figure 10 via a conductive pair of cable 112, 128).
The control circuit 1802 may be coupled o a predetermined number of n switches 1o provide an
indication of the configuration andior operation of a surgical device 1800 {2.g., an ullrasonic
device 104, an electrosurgical devics 1086, or a combined ultrasonic/slectrosurgical device
104/106).

1003862] In one embodiment, the control circuit 1802 employs a series variable resistance
configurable by up to n pushbutton switches SW1, SW2, SW,. Both positive and negative
current pulses can be used to derive a measurement that will allow for compensation of an
unknown series cable and confamination resistance within a given range. Initially a positive
phase of a current pulse reverse biases dinde D2 and forward biases dicde D4 {o charge gate
capacitor G2 through diode D3, During a subsequent negative phase of the current pulse, diode
D2 Is forward biased and diode D4 is reversed biased. Accordingly, dicde D2 now couples
series resistors R1, R2, R3, R, in a configuration determined by the sials of pushbution
swilches SW1, SW2, 8W,, 1o the external ADC in the generator 102, During the first portion of
the negative phase of the current pulse, fransistor M2 is in saturation mode due to the voliage
on charged gate capacifor C2, thus creating a very low impedance path through the surgical
device 1800. After a time period defined by the time constant set by resisior R4 and C2, gate
capacitor C2 discharges and the FET channel of transistar M2 opens to steer the total current
through the series resistors path defined by resisiors R1, R2, R3, R4, in a configuralion
determined by the state of pushbution switches SW1, SW2, 3W,. The initial shorted state of
fransistor M2 and the subsequent impedance siate of the series resistor path are the only two

impedance states in the time domain that are used for detecling the state of pushbution
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switches 8W1, SW2, SW,. This provides the ability io compensats for an external path
rasistance (handpiece contacts, cabling, connecior resistance} by comparing the difference
belween these two states. The deteclion region is similar to that shown in Figure 89

[00363] Depending on the open or closed state of switches SW1, SW2, SW, for example,
the signal conditioning circuit 202 (e.g., from generalor terminals HS and SR shown in Figure 10
via a conductive pair of the cable 112, 128) would see a different impedance {e.g., resistance).
For the embodiment where n=3, and the control circuit 1802 includes three swifches SWi,

SW2, SW3, for example, there are eight unigue switch configurable impedances that can be
detected by the signal conditioning circuit 202 based on the states of swilches SW1, SW2,
SW3, as described in Table 9, below:

Table 9
SW1 SW2 SW3 Impedance
Opan Open Open Ri+R2+R3+R4
Open Open Closed Ri+R2+R3
Open Closed Open Ri+R2+R4
Open Closed Clossd R1+ R2
Closed Open Open R1+R3+R4
Closed Open Closed R1+ R3
Closed Closed Open R1+ R4
Closed Closed Closed R1
[00364] The dual profection diodes D1 and D5 placed across the HB/RS terminals of the

control circuil 1802 are used to clamp ESD and/or transienis coming from the surgical device
1800 and the generator 102 when the surgical device 1800 is connected and disconnecied to
the generator 102.

[00365] Figure 94 fllustrates one embodiment of a control circuit 1802 comprising a serial
switched resistance circuit with a precision voltage reference and at lzast one data element
comprizing at least one memory device. In one embodiment, the control circuit 1902 Is operable
by a control signal in the form of a differential current pulse. As previously discussead with
respect 1o the control circuits 16802, 1702, 1802 shown in Figures 87, 82, 83, the conirol circuit
1802 interfaces with a current source {generator}, which outpuis periodic positive and negative
constant current pulses at +/- 1bmA, as shown in Figure 88, for example. The control circuit

1902 utllizes both pulse polarities to detect up to 2" unigue switch combinations and also
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supports communication o one or more memory devices 1804, 18086, such as, for example, two
one-wire EEPROM(s).

[003868] in one embodiment, the control circuit 1902 may be connected o the generator
102 to receive an interrogation signal {&.g., a bipolar interrogation signal at a predelermined
frequency, such as 2kHz, for example) from the signal conditioning circuit 202 (e.g., from
generator terminals HS and SR shown in Figure 10 via a conductive pair of cable 112, 128).
The control circuit 1802 may be coupled o a predetermined number of # swilches {o provide an
indication of the configuration and/or operation of a surgical device 1800 (2.g., an ultrasonic
device 104, an electrosurgical device 106, or a combined ulirasonic/slectrosurgical device
104/108).

[00387] in one embodiment, the control circuit 1802 employs a series variable resistance
configurable by up to n pushbution switches SW1, SW2, SW,. The control circult 1902 in Figure
94, however, comprises an additional shunt vollage reference implemented with zener diode
D&, which allows higher resistance values o be used for swilch detection. Higher resisiance
values are better suited when a low pushbution contact resistance cannot be maintained {i.s.,
silver ink flex circuits). In other respects, the control circuit 1902 is substantially similar in
operation to the control circuil 1802 described in connection with Figure 93, except that the
swiich configurable impadance is in parailel with resistor R&.

[060368] Depending on the open or closed state of switches SW1, SW2, SW, for examiple,
the signal conditioning circuit 202 {e.qg., from generalor terminals HS and SR shown in Figure 10
via a conduclive pair of the cable 112, 128) would see a different impedance (g.9., resistance).
For the embodiment where n1=3 and the control circuit 1802 includes three swilches SW1, SW2,
SW3, for example, there are eight unique swiich configurable impedances that can be detectsd
by the signal conditioning circuit 202 based on the states of swilches SW1, SW2, BW3, as

described in Table 10, below:

Table 10
SW1 SW SW3 Impedance
Open Open Open REPJ(RT+R2+R3+ R4
Open Opent Closed R (R1+ R2+R3)
Open Closed Open R (R1+ R2 + R4}
Open Closed Closed RE6 J{(R1+R2)
Closed Open Open REH(R1+ R3+R4)
Closed Open Closed R6 || (R1+R3)
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Table 10
SW1 SW2 SW3 Impedance
Closed Closed Open R& || (R1+R4)
Closed Closed Closed R6 || R1
[00369) Figure 95 illustrates one embodiment of a control circuit 2002 comprising a

variable frequency swilched resistance circuit and at least one data element comprising at least
one memory device. As previously discussed with respect (o the control circuits 1602, 1702,
1802, 1802 shown in Figures 87, 82, 93, 84, the control circuit 2002 interfaces with a current
source {generator), which outpuls periodic positive and negative constant current pulses at +/-
15mA as shown in Figure 88, for example. The control circuit 2002 utilizes both pulse polarities
to detect up to 27 unigue switch combinations and also supporis communication io one or more
memory devices 2004, 2008, such as, for example, two one-wire EEPROM(s).

[00370] in one embodiment, the control circuit 2002 may be connected o the generator
102 to receive an interrogation signal {&.g., a bipolar interrogation signal at a predelermined
frequency, such as 2kHz, for example) from the signal conditioning circuit 202 (e.g., from
generaior terminals HS and S8R shown in Figure 10 via a conductive pair of cable 112, 128).
The control circuit 2002 may be coupled o a predetermined number of nn swilches 1o provide an
indication of the configuration and/or operation of a surgical device 2000 (e.g., an ultrasonic
device 104, an slectrosurgical device 106, or a combined ulirasonic/electrosurgical device
104/108).

[00371] The switched resistance configuration conirol circuit 2002 employs variable pulse
frequency to determine the siates of pushbuiton swilches SW1, SW2, SWn. The conirol circuit
2002 utilizes both pulse polarities to detect up to 27 unigue switch combinations and also
supports communication to one or more memory devices 2004, 2008, such as, for example, two
one-wire EEPROM(s). The use of variable frequency allows the detection method employed by
the conirol circuit 2002 to be independent of external variable series resistance. A Schmitt
trigger circuit 2008 is configured as an RC oscillalor, where the frequency of oscillation is
delermined by the RC ime constant sst by the pushbution switch configured resistors R1, RZ,
R3, R..; and capacitor C3. An initial negative current pulse charges bulk capacitor C4 {o be
used as a power supply in order to freewheel between current source pulses. Then the current
source generator is configured for zero current during frequency measurement. The ouiput
pulses are capacitive coupled by C5 back to the generalor comparator. From here the oscillalor

frequency can be processed 10 delermine the states of the switches SW1, SW2, SWn.
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[00372] Depending on the open or closed state of switches SW1, SW2, SW, for examiple,
the signal conditioning circuit 202 {e.qg., from generalor terminals HS and SR shown in Figure 10
via a conduclive pair of the cable 112, 128) would see a different frequency (f) based on the
switch selectable resistance. For an embodiment where n=3 and the control circuit 2002
includes three switches SW1, SW2, SW3, for example, there are eight unique swiich
configurable frequencies determined by the RC time constant for the Schmitt trigger 2008 based
osciilator set by the by the pushbution switch configured resistors R1, R2, R3, R4 and capaciior
3. The frequency (f,) seen by the signal conditional conditioning circuit 202 based on the

siales of swilches SW1, SW2, SW3, as described in Table 11, below:

Table 11

SW1 SW2 SW3 RC Time Constant Freguency (Hz)
Open Open Open {(R1+R2+ R3+ R4)C3 1
Open Open Closed (R1+ R2+ R3)C3 fa
Open Closed Open (R1+R2 + R4C3 i3
Open Closed Closed {(R1+R2)C3 f4
Closed Open Open {(R1+ R3 +R4C3 fs
Closed QOpen Closed (R1+ R3C3 f5
Closed Closed Open {(R1+R4C3 7
Closed Closed Closed R1C3 fg

[00373] Figure 95, is a graphical representation 2010 of one embodiment of a detection

method showing detection regions for the control circuit 2002 comprising a variable frequency
switched resistance circult and a memory device, as described in connection with Figure 85.
Time (m8) is shown along the horizontal axis and Voltage (V) is shown along the veriical axis.
As shown in Figure 86, region 1 shows a pulse output of the gensrator 102 comparator circuit
derived from the RC based oscillator circuit 2008 of control circuit 2001, As shown in Table 11,
for n=3, there would be eighi unique frequencies representing thatl slate of each pushbution
switch SW1, SWZ, SW3. Region 2 shows bulk supply capaciior C4 for the oscillator circuit 2008
being charged by a negative current pulse. Region 3 shows a pulse waveform on the generator
102 comparator input.

[00374] Figure 97 lllustrales one embodiment of a conltrol circuit 2102 comprising a
parallel switched resistance circuit with a precision voltage reference and at lease one data

element comprising at least one memory device employing a variable slope waveform io
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determiine switch siates. In one embodiment, the control circuit 2102 is operable by a confrol
signal in the form of a differential current pulse. As previously discussed with respect {o the
control circuiis 16802, 1702, 1802, 1902, 2002 shown in Figures 87, 92, 93, 94, and 95, the
control circuit 2102 interfaces with a current source {generator), which oulpuls periodic positive
and negative constant current pulses at +/- 15mA as shown in Figure 88, for example. The
confrol circuit 2102 utilizes both pulse polarities to detect up to 27 unique switch combinations
and also supporis communication (o one or more memory devices 2104, 2106, such as, for
example, two one-wire EEPROM(s).

[00375]) in one embodiment, the control circuit 2102 may be connected to the generator
102 1o receive an interrpgation signal {e.¢., 8 bipolar interrogation signal at a predetermined
frequency, such as 2kHz, for example) from the signal conditioning circuit 202 {e.g., from
generator terminals HS and SR shown in Figure 10 via a conductive pair of cable 112, 128).
The control circuit 2102 may be coupled to a predetermined number of n swilches {o provide an
indication of the configuration andfor operation of a surgical device 2100 (e.g., an uifrascnic
device 104, an slectrosurgical device 108, or a combined ultrasonic/electrosurgical device
104/1086).

[00376] The control circuit 2102 employs a variable slope waveform fo determine the
states of pushbutton switches SW1, 3W2, SW,. A constant current pulse source drives a
current into a capacitive load, e.g., capacitor CB 10 generate a slope dependent on the
capacitance vaiue of capacitor C8. Using a shunt regulator D6 and charged capacitor
combination creates an aclive circuil that varies the slope by varying the swilch configurabls
resistance R1, RZ, R3, R, rather than varying the capacitance C6. Each pushbutton switch
SW1, SW2, SW, state creates a unique ramp slope as shown in Figure 98 based on a unigue
time constant determined by a combination of capacitor C8 and resistance R1, R2, R3, R,.; as
selected by swilches SW1, SW2, SW,,

[00377] Depending on the open or closed state of swilches SW1, SW2, SW, for example,
the signal conditioning circuit 202 (2.g., from generator terminals HS and SR shown in Figure 10
via a conductive pair of the cabie 112, 128) would see a different ramp slope based on a unigue
time constant based on the swilch seleciable resistance. For an embodiment where =3 and
the control circuit 2102 includes three swilches SW1, SW2Z, SW3, for exanmiple, there are eight
unigue switch configurable ramp slopes determined by the RC fime constant determined by the
pushbutton swiich configured resistors R1, R2, R3, R4 and capaciior C8. The ramp slope seen
by the signal conditional conditioning circuit 202 based on the state of each switch combination
SW1, SW2, SW3, as described in Table 12, below:
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Table 12

SW1 SW2 SW3 RC Time Conslant Ramp Slope (V)

Open Open Open RACS Ramp/Siope;

Open Open Closed {(R1{l R4XC6 Ramp/Siope

Open Closed Open {(R11l R3)C6 Ramp/Slope 5

Open Closed Closed {(RT{|R3 || R4)Co Ramp/Siope 4

Closed Open Open {R1 1} R2YCo Ramp/Siope s

Closed Open Closed {(RT{|R2 | R4)C8 Ramp/Slope o

Closed Closed Open {(R1T{| R2 |} R3)CE Ramp/Slope 7

Closed Closed Closed (RTIIRZY RIYRAHCS Ramp/Slope g
[00378] Figure 98 is a graphical representation 2110 of one embodiment of a detection

method showing detection regions for the control circuil 2102 comprising a variable ramp/siope
swiiched resistance circuit and a memory device, as described in connection with Figure 97.
Time (m3) is shown along the horizontal axis and ADC counts is shown along the vertical axis.
Region 1 shows the variable slope controlled by the time constant defermined by capacitor C6
and switch SW1, SW2, SW3 configurable resistance R1, RZ2, R3, R4, Each swilch SW1, W2,
SW3 state provides a unigue slope. Region 2 is the time region io resel the RC time constant.
Simutation modeling confirmed immunity to very high contact corrosion resistance.
Nevertheless, time based measurement may be susceptible o cable inductance and
capacitance due to fast transient edges of signaling. Accordingly, compensation circuits for
cable induciance and capacilance due o fast fransient edges of signaling are contemplated
within this disclosure. Slope detection would minimize risk of {aise switch slate detection. The
current pulse rising and falling edges may need o be slower than the lowest resonance
frequency of the cable, for example. The embodiments, however, are not limited in this context.
[00379] Figure 89 illusirates one embodiment of a control circult 2202 comprising a one-
wire multi-switch input device. As previously discussed with respect io the control circults 1602,
1702, 1802, 1802, 2002, 2102 shown in Figures 87, 82, 93, 94, 95, and 87, the control circuit
2202 interfaces with a current source {generator), which outputs periodic positive and negative
constant current pulses at +/- 15mA as shown in Figure 88, for example. The control circuit
2202 utilizes both pulse polarities o detect up to 2" unique switch combinations and also
supports communication o one or more memory devicss, such as, for example, two ong-wirg

EEFPRGOM(s), which are not shown in Figure 99 for conciseness and clarity, but may be included
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in various aspects of this embodiment. Also, diode pair B32/D4 for bidirectional power are not
shown in Figure 99 for conciseness and clarity, but may be included in various aspects of this
embodiment.

[00380] In one embodiment, the control circuit 2202 may be connecled to the generalor
102 1o receive an interrpgation signal {(e.¢., 8 bipolar interrogation signal at a predetermined
frequency, such as 2kHz, for example) from the signal conditioning circuit 202 {e.g., from
generator terminals HS and SR shown in Figure 10 via a conductive pair of cable 112, 128).
The control circuit 2202 may be coupled to a predetermined number of n switches {o provide an
indication of the configuration andfor operation of a surgical device 2200 (e.q., an uifrascnic
device 104, an electrosurgical device 108, or a combined ultrasonic/electrosurgical device
104/1086).

[00381] In one embaodiment, the one-wire multi-switch Input device of the control circuit
2202 employs a one-wire port expansion device 2204 such as a Maxim DS2408 8-channel,
programmable /O one-wire integrated circuit availlable from Maxim Integrated Products, Inc.,
Sunnyvale, CA, or equivalents thereo!, known under the trads name “1-Wire.” The port
expansion device 2204 may be powered from the negative current pulse of the generator 102
The port expansion device 2204 complies with the one-wire communication protocol o
accommodate up 1o eight swilch inputs 2208, The port expansion device 2204 outputs are
configured as open-drain and provide an on resistance of 1000 max. A robust channel-access
communication protocol ensures that the cutput-sstling changes cccur error-free. A data-valid
strobe oulput can be used fo latch port expansion device 2204 logic states into external circuitry
such as a D/A converter (DAC) or microcontrolier data bus. The port expansion device 2204
selects one of sight switches SW1-8W8 {o select one of eight carresponding resistors 1-8 in
resistor bank 2210, In one embodiment, for example, a detection method comprises reading
any one of swiiches SW1-8W8§ state using the one-wire communication proiocol of the control
circuit 2202 ulilizing the same software functionalily used to read the surgical device 2200
EEPROMs. In other embodiments, the control circult 2202 can be expanded fo read additional
switch inputs. In one embodiment, cyclic redundancy code (CRC) error checking may be
emploved to eliminate or minimize uncertainty of switch states. it may be possible that one-wire
communications may be susceptible to activation noise from other electrosurgical instruments,
accordingly, compensation circuits and techniques to minimize interference from such
electrosurgical instruments are contemplated within this disclosure.

f00382] Although the various embaodiments of the devices have been described herein in

connection with certain disclosed embodiments, many modifications and variations to those
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embodiments may be implementsd. For example, different types of end effectors may be
ermployed. Also, whers materials are disclosed for cartain components, ather malerials may be
used. The foregoing description and following claims are intended to cover all such modification
and variations.

f00383] Any patent, publication, or other disclosure material, in whole or in part, that is
said {o be incorporated by reference herein is incorporated herein only to the extent that the
incorporated materials does not conflict with exisling definilions, statements, or other disclosure
material set forth in this disclosure. As such, and 1o the exient necessary, the disclosure as
explicitly set forth herein supersedes any conflicting material incorporated herein by reference.
Any material, or portion thereof, that is said {o be incorporated by reference herein, but which
conflicts with exdsting definitions, stalements, or other disclosure material set forth hersin will
only be incorporaled to the extent that no conflicl arises betwean that incorporated material and

the existing disclosure material.
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CLAIMS
We claim:
1. A control circuit of a surgical device, the conirol circuit comprising:

a first circuit portion coupled (o at least one swilch operables between an opsn state and
a closed stale, the first circult portion to communicate with a surgical generator over a conductor

pair to receive a control signal to determine a stale of the al least one switch.

2. The control circuit of claim 1, comprising at least one resistor coupled to the al least one
switch, wherein the state of the at least one swiich is delerminable based on the value of the at

least one resistor.

3. The control circuit of claim 2, wherein the atl least one resistor is coupled in series with

the at least one swilch.

4, The control circuli of claim 2, wherein the at least ong resistor is coupled in parallel with

the at least one switch.

5. The control circuit of claim 2, comprising a voltage reference coupled in paraliel {o the at

feast one swilch.

8. The control circuit of claim 5, comprising a capacHor coupled {o the voltage reference,
wherein the siate of the at least one switch is determinable based on a slope of the vollage on

the capacitor.

7. The control circuit of claim 2, comprising an oscillator in communication with the at least
one swiich, wherein the siate of the al least one swiich is determinable based on a frequency of

the oscillator, which is detsrminad by the value of the at least one resistor.

8. The control circuit of claim 2, comprising a one-wire mulii-swilch input device coupled to
the at least one swilch and the at least one resistor, wherein the stale of the at Ieast one swiich
is determinable based on the at least one resisior and is communicated to the generalor over a

one-wirg communication protocol.
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g. The control circuif of claim 1, wherein the control signal is a differential constant current

pulse having a positive phase and a negative phase.

10. The control circuit of claim 1, comprising a second circuit portion comprising a data

circuit element coupled to the first circuit portion.

11. The control circuit of claim 10, wherein the data circuit element comprises at least one

memory device.

12. The control circuit of claim 11, where the at least one memaory device comprises at least

one one-wire electrically erasable programmable read only memaory (EEPROM).

13. A control circuit of a surgical device, the control circuit comprising:

a first circuit portion coupled to at least one swilch operable betweesn an open stale and
a closed siate, the first circuit portion to communicate with a surgical generator over a conductor
pair to recsive a control signal from input terminals to detarming a stale of the al lsasi one
switch, the control signal having a first phase and a second phase; and

a first transistor coupled between the input terminals, a first capaciior, and a first resistor
coupled in serigs with the first capacilor, wherein during the first phase of the control signal the
first transistor is held in culoff mode while the first capacilor charges 1o a predetermined vollage
and during at initial portion of the second phase of the control signal the first transistor
fransitions from cutoff mode to saturation mode and is held in saturation mode untii the first
capacitor discharges through the first resisior, and wherein during a final portion of the second
phase of the control signal the first transisior transitions from saturation mode to cutoff mode

when the first capacitor voltage drops below a predetermined thrashold.

14. The control circuit of claim 13, wherein during the initial portion of the second phase of
the conirol signal while the Tirst transisior is in saturation mods, a first impedance is presenied
between the input terminals and during the final porlion of the second phase of the control
signal while the first fransistor is in cutoff mode, a second impedance is presented between the
input terminals, wherein the state of the at least one swiich is determinable based on the first

and second impedance values.
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15. The control circuit of claim 14, comprising at least one second resistor coupled o the at
least one switch, whersin the sscond impedance is based at least in part on the at least one

second resisior when the at least one switch is in the open siate.

18. The control circuit of claim 14, comprising at least ane second resisior coupled o the at
lsast one swilch, wherein the second impedance is based at least in pait on the at least one

second resistor when the at least one swilch is in the closed stale.

17. The control circuit of claim 14, comprising a second fransistor coupled to the first

capacitor to charge the first capaciior during the first phase of the control signal.

18. The control clireuil of claim 14, comprising a second circuit portion comprising a data
circuit element coupled to the first circuit portion, wherein the first capacitor voltage is sufficient

to supply voltage o the data element.

18. The control circuit of claim 14, comprising a vollage reference coupled in parallel fo the

at least one switch.

20. The control circuit of claim 19, comprising a second capacitor coupled o the voliage
raference, wherein the siats of the at least one switch is determinabie based on a slope of the

voliage on the second capaciior,

21. The control circuit of claim 10, wherein the first phase of the control signal is a positive
transition of a current pulse and the second phase of the control signal is a negative transition of

a current pulses.

22. A method, comprising:

receiving a conirol signal at a control circuit of a surgical device, the control circuit
comprising a first circuit portion coupled o at least one switch operable between an open siats
and a closed stale, the first circuit portion o communicate with a surgical generalor over a
conductor pair to receive the control signal, the first circuit portion comprising at least one
rasistor coupled to the at least one swilch; and

determining the stale of the al least one swilch based on the value of the resisior.
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23. The method of claim 22, comprising:

presenting a first impedance during a first phase of the control signal; and

prasenting a second impedance during a second phase of the conirol signal basead on
the state of the atl least one switch;

wherein determining the state of the at least one swilch comprises comparing the first

impedance 1o the second impedance.

24, The method of claim 22, comprising;
generating a first vollage slope during a first phase of the control signal; and
generating a second voltage slope during a second phase of the conirol signal;
wharsin determining the state of the at least one swilch comprises comparing the first

viltage slope o the second vollage slope.

25. The method of claim 22, comprising:
generating a first freguency during a first phase of the conirol signal; and
generating a second frequency during a second phase of the control signal;
wherein delarmining the stale of the at lsast one swilch comprises comparing the first

frequency 1o the second frequency.

28. The method of claim 22, comprising:
reading a value of the least one rasistor by a one-wire multi-switch input device coupled
to the at least one switch; and
commnunicating the value of the at least one resistor to the generalor over a ons-wire

communication protocol.
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