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(54) Title: TECHNIQUES FOR CUTTING AND COAGULATING TISSUE FOR ULTRASONIC SURGICAL INSTRUMENTS

(57) Abstract: Various forms are directed to a method for operating an ultrasonic surgical instrument. The ultrasonic surgical instru -
ment may be activated by generating a drive signal provided to the ultrasonic drive system to drive the end effector. A plurality of in-
put variables may be applied to a multi-variable model to generate a multi-variable model output, where the multi-variable model
output corresponds to an effect of the ultrasonic instrument on tissue. The plurality of input variables may comprise at least one vari-
able describing the drive signal and at least one variable describing a property of the ultrasonic surgical instrument. When the multi-
variable model output reaches a threshold value, feedback may be generated indicating a corresponding state of at least one of the ul -
trasonic surgical instrument and tissue acted upon by the ultrasonic surgical instrument.
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TECHNIQUES FOR CUTTING AND COAGULATING TISSUE FOR ULTRASONIC
SURGICAL INSTRUMENTS

PRIORITY CLAIM

{0001} This application claims the benefit of U.S. Provisional Application Serial No.
61/621,876, which was filed on April 9, 2012 and is incorporated hercin by reference in ifs
entirety.

TECHNICAL FIELD

[0002] The present disclosure generally relates to ulirasonic surgical systerns and, more
particularly, to ultrasonic and electrosurgical svstems that allows surgeons o perform cutting and
coagulation.

BACKGROUND

[0083] Ultrasonic surgical instrurnents are finding increasingly widespread applications in
surgical procedures by virtue of the unigue performance characteristics of such instruments,
Depending upon specific instrument configurations and operational parameters, ulirasonic
surgical instruments can provide substantially simultancous cutting of tissue and hemostasis by
coaguiation, desirably minimizing patient trauma. The cutting action is typically realized by an-
end effector, or blade tip, at the distal end of the jnstrument, which transmits ultrasonic energy to
tissue brought into contact with the end effector. Ultrasonic instruments of this natare can be
configured for open surgical use, laparoscopie, or endoscopic surgical procedures inchuding
robotic-assisted procedures.

{8084} Some surgical instruments utilize ulirasonic cnergy for both precise cutting and
controlled coagulation. Ultrasonic energy cuts and coagulates by using lower temperatures than
those used by clectrosurgery. Vibrating at high frequencies {e.g., 55,500 times per second), the
ultrasonic blade denatures protein in the tissue to form a sticky coagulum. Pressure exerted on
tissue with the blade surface collapses blood vessels and allows the coagulum to form a
hemostatic seal. The precision of cutting and coagulation is controlied by the surgeon’s
technigue and adjusting the power level, blade edge, tissue traction, and blade pressure.

{8005] A primary challenge of ultrasonic technology for medical devices, however, continues
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to be sealing of blood vessels, Work done by the applicant and others has shown that optimum

vessel sealing occurs when the inner muscle layer of a vessel 15 separated and moved away from
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the adventitia laver prior to the application of standard ultrasonic energy. Current efforts to
achicve this separation have involved increasing the clamp force applied to the vessel.

{0086] Furthermore, the user does not abways have visual feedback of the tissue being cut,
Accordingly, it would be desirable to provide some form of feedback to indicate to the user that
the cut is complete when visnal feedback is unavatlable. Moreover, without some form of
feedback indicator to indicate that the cut is complete, the user may continue to activate the
harmonic mstrument even though the cut is complete, which cause possibie damage to the
harmonic instrument and surrounding tissue by the heat that is generated when activating a
harmonic instrument with little to nothing between the jaws,

{0807 The vltrasonic transducer may be modeled as an equivalent circwit having first branch
comprising a static capacitance and a second “motional” branch comprising a serially connected
mductance, resistance and capacitance that defines the electrornechanical properties of the
resonator. Cownventional ultrasonic generators may inchade a toning inductor for tuning out the
static capacitance at a resonant frequency so that substantially all of generator’s current output
flows into the motional branch. The motional branch corrent, along with the drive voltage,
define the impedance and phase magnitude. Accordingly, using a tuning inductor, the
generator’s current output represents the motional branch current, and the generator is thus able
to maintain its drive output at the nltrasonic transducer’s resonant frequency. The tuning
mductor also transforms the phase impedance plot of the ultrasonic transducer to improve the
generator’s frequency lock capabilities. However, the tuning inductor must be matched with the
specitic static capacitance of an ultrasonic transducer. A different ultrasonic transducer having a
differcnt static capacitance requires a different tuning inductor.

{0008] EHlectrosurgical devices for applying olectrical energy to tissue in order to treat and/or
destroy the tissuc are also finding increasingly widespread applications in surgical procedures.
An ¢lectrosurgical device typically includes a hand picce, an instrument having a distally-
mounted end effector {e.g., onc or more electrodes). The end effector can be positioned against
the tissuc such that electrical current is introduced into the tissue. Electrosurgical devices can be
configured for bipolar or monopolar operation. During bipolar operation, current is introduced
mto and returned from the tissue by active and return electrodes, respectively, of the end effector.
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During monopolar operation, current is introduced nto the tissue by an active clectrode of the

end effector and returned through a return electrode {e.g., a grounding pad) scparately located on



WO 2013/154925 PCT/US2013/035370

18816} FIG. S is a graphical representation of current, voltage, power, impedance, and
frequency wavetorms of a conventional oscillator at high power and heavily loaded.

[0017] FIG. 6 is a graphical representation of a current step function waveform and voltage,
power, impedance, and frequency waveforms of one form of an oscillator and unloaded.

{0018} FIG. 7 is a graphical representation of a current step function waveform and voltage,
power, impedance, and frequency waveforms of one form of an oscillator and lightly loaded.
{0019} FIG. § is a graphical representation of a current step function waveform and voltage,
power, impedance, and frequency waveforms of one form of an oscillator and heavily loaded.
[0020] FIG. 9 illustrates one form of a drive system of a generator, which creates the ultrasonic
electrical signal for driving an ulirasonic fransducer.

[0021]  FIG. 10 illustrates one form of a surgical system comprising an ultrasonic surgical
mstrument and a generator comprising a tissue impedance module,

{00221 FIG. 1 illustrates one form of a drive system of a generator comprising a tissue
impedance module.

{00231 FIG. 12 illustrates one form of a clamp arm asserably that may be employed with a
surgical system,

{0024] FIG. 13 is a schematic diagram of a tissue impedance module coupled to a blade and a
clamp arm assembly with tissue located there between.

{0025] FIG. 14 illustrates one form of a method for driving an end effector coupled to an
ultrasonic drive system of a surgical instrument,

{0026] FIG. 15A illustrates a logic flow diagram of one form of determining a change in tissue
statc and activating an output indicator accordingly.

{06271 FIG. 158 is a logic flow diagram iHustrating one form of the operation of the frequency
inflection point analysis module.

{0028] FIG. 15C is a logic flow diagram 900 iilustrating one form of the operation of the
voitage drop analysis module.

{0629) FIG. 16 illustrates one form of a surgical system comprising a generator and various
surgical instruments usable therewith.

{0030] FIG. 16A is a diagram of the ulirasonic surgical mstrument of FIG, 16,

{8031} FIG. 17 is a diagram of the surgical system of FIG. 16.

{8032} FIG. 18 15 a model illustrating motional branch current in one form.
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a patient’s body. Heat generated by the current flowing through the tissue may form hemostatic
seals within the tissue and/or between tissues and thus may be particularly useful for sealing
blood vessels, for example. The end effector of an electrosurgical device may also include a
cutting member that is movable relative to the tissue and the electrodes to transect the tissue.
[0001] Electrical energy applied by an electrosurgical device can be transmitted to the
instrument by a generator in communication with the hand piece. 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 kilohertz (kHz) to 1 megahertz (MHz). In application, an
electrosurgical device can transmit low frequency RF energy through tissue, which causes ionic
agitation, or friction, in effect resistive heating, thereby increasing the temperature of the tissue.
Because a sharp boundary is created between the affected tissue 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 is useful for removing, shrinking,
or sculpting soft tissue while simultaneously sealing blood vessels. RF energy works particularly
well on connective tissue, which is primarily comprised of collagen and shrinks when contacted
by heat.

[0002] It would be desirable to provide a surgical instrument that overcomes some of the
deficiencies of current instruments. The surgical system described herein may overcome one or
more of those deficiencies.

[0010A] Reference to any prior art in the specification is not an acknowledgment or suggestion
that this prior art forms part of the common general knowledge in any jurisdiction or that this
prior art could reasonably be expected to be combined with other pieces of prior art by a skilled
person in the art,

[0010B] In an aspect, the present invention provides a method of driving an end effector coupled
to an ultrasonic drive system of an ultrasonic surgical instrument, the method comprising:
receiving a trigger signal; in response to the trigger signal, providing a first drive signal to the
ultrasonic drive system to drive the end effector at a first power level; maintaining the first drive
signal for a first period; at an end of the first period, providing a second drive signal to the
ultrasonic drive system to drive the end effector at a second power level less than the first power
level; after modifying the drive signal to the second power level, deactivating the ultrasonic

surgical instrument; after deactivating the ultrasonic surgical instrument, receiving a second
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trigger signal; determining whether a rest time has passed since the deactivating of the ultrasonic
surgical instrument; and if the rest time has not passed, re-activating the ultrasonic surgical

instrument by generating a third drive signal at a power level less than the first power level.

FIGURES

[0003] The novel features of the described forms are set forth with particularity in the
appended claims. The described forms, however, both as to organization and methods of
operation, may be best understood by reference to the following description, taken in conjunction
with the accompanying drawings in which:

[0004] FIG. I is a perspective view illustrating one form of an ultrasonic surgical instrument.
[0005] FIG. 2 is an exploded perspective assembly view of one form of an ultrasonic surgical
instrument.

[0006] FIG. 3 is a schematic of one form of a clamp arm illustrating force calculations.

[0007] FIG. 4 is a graphical representation of current, voltage, power, impedance, and

frequency waveforms of a conventional oscillator at high power and lightly loaded.

3A
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18033} FIG. 19 is a structural view of a generator architecture in one form.

{0634] FIG. 20 is a logic flow diagram of a tissue algorithm that may be implemented in one
form of a generator.

{8035 FIG. 21 is a logic flow diagram of a signal cvaluation tissuc algorithin portion of the
tissue algorithm shown in FIG. 20 that may be implemented in one form of a generator,

10036] FIG. 22 15 a logic flow diagram for evaluating condition sets for the signal evaluation
tissue algorithm shown in FIG. 21 that may be implemented in one form of a generator,

{8037] FIG. 23A is a graphical representation of frequency slope (first time derivative of
frequency) versus time waveform of one form of a gencerator during a typical tissue cut,

[6038] FIG. 23B 15 a graphical representation of slope of frequency slope (second time
derivative of frequency) versus tirne waveform shown in dashed hine superimposed over the
wavetorm shown in FIG, 23A of one form of a generator during a typical tissue cut.

[0039] FIG. 24 is a graphical representation of freguency versus time wavetorm of one form of
a generator during a typical tissue oot as it relates to the graphical representation shown 1o FIG.
23A.

{0040] FIG. 25 1s a graphical representation of drive power versus time waveform of one form
of a generator during a typical tissue cut as it relates to the graphical representation shown in
FIG. 23A.

{0041] FIG. 26 1s a graphical representation of frequency slope versus time waveform of one
form of a generator during a burn-in test.

{0042] FIG. 27 is a graphical representation of frequency versus time waveform of one form of
a generator during a burn-in tost as it relates to the graphical representation shown in FIG. 26,
{0043] FIG. 28 is a graphical representation of power consumption versus time waveform of
one form of a generator during a burn-in test as it relates to the graphical representation shown in
FIG. 26.

{8044} FIG. 29 is a graphical representation of frequency change over time waveform of
several generator / instrument combinations during burn-in tests.

{8845] FIG. 30 is a graphical representation of normalized combined impedance, current,
frequency, power, energy, and temperature waveforms of one form of a gencrator coupled to an
nltrasonic instrument to make 10 successive cuts on excised porcine jejunum tissue as guickly as

possible while keeping the gencrator running throughout,
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{8846] FIG. 31A is a graphical representation of impedance and current versus time waveforms
of one form of a gencrator during successive tissue cuits over a period of time,

[0047) FIG. 318 is a graphical representation of freguency versus time wavetorm of one form
of a generator during successive tissue cuts over a period of time.

{0048] FIG. 31C is a graphical representation of power, cnergy, and temperature versus fime
wavetorms of one form of a generator during successive tissue cuts over a period of time.

[8049] FIG. 32 is a combined graphical representation of frequency, weighted frequency slope
wavetorm calculated via exponentially weighted moving average with an alpha value of 0.1, and
temperature versus time waveform of one form of a generator.,

[0050] FIG. 33 1s a graphical representation of a frequency versus fime waveform shown 1o
FIG. 32.

[0051] FIG. 34 is a graphical representation of the weighted frequency slope versus time
waveform shown 1o FIG. 32,

[B852] FIG. 35 15 a graphical representation of a frequency versus time waveform of one form
of a generator over ten cuts on jejunurn tissue and a graphical representation of a temperatore
versus time signal,

{00833] FIG. 36 1s a graphical representation of the frequency versus time waveform shown in
FIG. 35 of one form of a generator over ten cuts on jejunum tissue with activation of ntervening
tissue.

[3854] FIG. 37 is a graphical representation of a freguency slope versus time waveform of one
form of a generator over ten cuts on jejunum Hssue.

{8055] FIG. 38 is a graphical representation of a power versus time waveform representative of
power consumed by a one form of a generator over ten cuts on jejunum tissue.

18056} FIG. 39 is a graphical representation of a current versus time waveform of one form of
a gencrator OVer ten Cuts on jojunuim fissue.

{8857] FIG. 40 is a graphical representation of a “cross-back frequency slope threshold”
parameter in connection with a frequency slope vs. time waveform of one form of a generator,
{B058] FIG. 41 is a combined graphical representation of a pulsed application of onc form of
an ultrasonic mstrument on an excised carotid artery showing normalized power, current, energy,

and freguency waveforms versus time,
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{0059] FIG. 42A is a graphical representation of impedance and current versus time waveforms
of one form of a gencrator during successive tissue cuits over a period of time,

{0060} FIG. 42B is a graphical representation of a froquency versus tirne waveform of one
form of a generator during successive tissue cuts over a period of time,

{0061} FIG. 42C is a graphical representation of power, cnergy, and temperature versus fime
wavetorms of one form of a generator during successive tissue cuts over a period of time.

[8062] FIG. 43 is a graphical representation of a calculated frequency slope waveform for the
puised application shown in FIG. 41 and FIGS. 50A-C plotted on a gross scale.

[0063] FIG. 44 is a roomed in view of the graphical representation of the caleulated frequency
slope waveform for the pulsed application shown in FIG.43.

{8064} FIG. 45 is a graphical representation of other data waveforms of interest such as
impedance, power, energy, temperatore,

[0065] FIG. 46 is a graphical representation of a sumimary of weighted frequency slope versus
power level for various ultrasonic instrament types,

[8066] FIG. 47 is a graphical representation of resonant freguency, averaged resonant
frequency, and frequency slope versus time waveforms of one form of a generator.

[0067] FIG. 48 is a zoomed in view of the resonant frequency and averaged resonant frequency
versus tune waveforms shown in FIG. 47.

{0068] FIG. 49 is a zoomed in view of the resonant frequency and current versus time
wavetorms of one form of a gencrator.

{0069] FIG. 50 is a graphical representation of normalized combined power, impedance,

current, energy, frequency, and temperature waveforms of one form of a generator coupled to an
ultrasonic instrument,

{8878} FIGS. 51A and 518 are graphical representations of resonant frequency and frequency
stope, respectively, displayed by one form of an ultrasonic instrument during an ultrasonic bite.
{8871} FIGS. 52A and 528 are graphical representations of resonant frequency and frequency
stope, respectively, displayed by one form of an ultrasonic instrument during another ultrasonic
tissue bite.

{0072} FIG. 53 is a logic flow diagram of one form of a tissue algorithm implementing a
baseline frequency cut-off condition that may be implemented in one form of a generator to

consider a haseline resonant frequency of an ultrasonic biade.
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{8873} FIGS. 54A and 54B are graphical representations of blade frequency demonstrated in
different example ultrasonic activations.

[0074] FIG. 55 is a graphical representation of resonant freguency and ultrasonic impedance
over time for one form including multiple cuts with an ultrasonic blade.

{007S) FIG. 56 1s a logic flow diagram of a tissue algorithm that may be implemented in one
form of a generator and/or instrament to implement a baseline frequency cut-off condition in
conjunction with other conditions.

{0076] FIG. 57 is a logic flow diagram of one form of a signal evaluation tissue algorithm
portion of the tissue algorithm shown i FIG, 20 considering a bascline frequency cut-off
condition.

{00771 FIG. 58 is a logie flow diagram of one form of a load monitoring algorithrn that woay be
implemented in one form of a generator,

[8078] FIG. 539 15 a logic flow diagram for evaluating condition sets for the signal evaluation
tissue algorithm shown in FIG. 57 that may be imaplemented in one form of a generator,

{86791 FIG. 60 is a logic flow diagram for implementing one form of the vnfiltered condition

et logic shown in FIG. 59 that may be implemented 1o one form of a generator.

[¢7]

{0080] FIG. 61 1s a graphical representation of a frequency slope and a second time derivative
of frequency illustrating a pair of load events.

{0081] FIG. 62 1s a graphical representation of a frequency slope, a second time derivative of
frequency, and a rolling delta demonstrating a load event.

{0082] FIG. 63 is graphical representation of another form of a frequency slope, a second time
derivative of frequency and a rolling delta demonstrating another load event.

{0083] FIG. 64 15 a logic flow diagram for implementing one form of an algorithm applying a
Condition Set including a load event trigger that may be implemented in one form of a generator.
{0084] FIG. 65 is a logic flow diagram for implementing one form of logic for determining
whether a load condition exists in a surgical instroment,

{0085] FIG. 66 is a logic flow diagram of one form of a signal evaluation tissue algorithm
portion of the tissue algorithm shown in FIG. 20 considering a Condition Set utilizing a load
cvent to arm Response Sct triggers.

[0086] FIG. 67 is a logic flow diagram for evaluating condition sets for the signal cvaluation

tissue algorithm shown in FIG, 66 that may be iraplemented in one form of a generator,
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{8087] FIG. 68 is a logic flow diagram of one form of a load monitoring algorithm that may be
implemented in one form of a generator, as shown in FIG, 67.

{0088} FIG. 69 is a logic flow diagram of one form of an unfiltered condinion set logic shown
m F1G. 67 that may be implemented by one form of a generator,

[0089] FIG. 70 is a chart illustrating a power or displacement plot for one example
implementation of the algorithm of FIG, 71,

[8098¢] FIG. 71 is a logic flow diagram of one form of an algorithm for driving an ultrasonic
mstrument sequentially at two power levels,

[0091] FIG. 72 is a chart illustrating burst pressures obtained with a surgical instrument
operated according to the algorithin of FIG. 71 and operated by activating the instrument at a
single power level.

[8082] FIG. 73 s a chart illustrating transection times obtained for the trials indicated in FIG.
72.

[0093] FIG. 74 is a chart ithustrating a drive signal patiern according to one form of the
algorithm of FIG. 71,

[0094] FIG. 75 1s a logic flow diagram of another form of the algorithm of FIG. 71
mmplementing a rest time between a deactivation of the instrument and a subsequent activation.
[3095]  FIG. 76 is a chart illustrating a drive signal pattern according to one form of the
algorithm of FI1G. 75,

[3896] FIG. 77 1s a logic flow diagram of another form of the algonithm of FIG. 71
mmplementing a third drive signal.

{80971 FIG. 78 is a chart illustrating burst pressures obtained with a surgical instrument
operated according to the algorithm of FIG. 71 versus the surgical mstrument operated according
to the algorithm of FIG. 77.

{0098] FIG. 79 is a chart illustrating burst pressures obtained with a surgical instrument similar
to the instrument operated according to the algorithm of FIG, 71 versus the surgical instrument
operated according to the algorithm of FIG. 78,

18099} FIG. 80 is a chart illustrating transection times obtained for the trials indicated m FIG.
79.

{0180} FIG. 8! is a logic flow diagram of one form of an algorithm implementing an initial

clamping period.
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{8181} FIG. 82 is a logic flow diagram of another form of an algorithm implementing an initial
clamping period.

{0102} FIG. 83 is a chart illustrating a drive signal pattern according to the algorithm of FIG.
82.

{0183} FIG. 84 is a diagramn showing an cxample neural network.

{0104] FIG. 85 is a plot of an example portion of an activation function for hidden neurons
and/or output neuron(s) of a neural network,

[0105] FIG. 86 15 a diagram indicating an example activation function for hidden neurons
and/or output neuron(s) of a neural network,

[0106] FIG. 87 15 a logic flow diagram of one form of an algorithin for training a neural
network, such as the neoral network of FIG. 86, utilizing back-propagation.

{01071 FIG. 88 15 a logic flow diagram of one form of an algorithm for detecting a condition
set for an ulirasonic fnstrument wiilizing a multi-variable model,

[0108] FIG. 89 15 a logic flow diagram showing one form of an algorithm utilizing a multi-
variable model such as, for example, the neural network described herein,

[0109] FIG. 90 is a chart illustrating a drive signal patiern of one implementation of the
algorithm of FI1G. 89.

[3110] FIG. 91 is a chart illustrating a drive signal pattern of another implementation of the
algorithm of FI1G. 89.

{3111} FIG. 92 15 a logic flow diagram showing one form of an algorithm for utilizing a mult-
variable model to monitor a condition set comprising multipie conditions.

18112} FIG. 93 is a side view of one form of an ultrasonic surgical instrument configuration
comprising a rotatable clectrical connection according to various forms described herein.
18113} FIG. 94 is a side view of the nltrasonic surgical instrument configuration of FIG. 93
showing the handle assembly and hand piece prior to insertion of the hand piece into the handle
assembly according to various forms described herein.

{0114] FIG. 95 illustrates a cross-section of a handle assembly of an ultrasonic surgical
instrument comprising a rotatable clectrical connection according to various forms described
herein.

{8115} FIG. 96 15 a perspective view of a connector module of an ulirasonic surgical

mstrument coupled to a flex circuit and a hand piece according to various forms describe herein,
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18116} FIG. 97 is an cxploded view of the connector module shown in FIG. 96 according to
varipus forms described herein.

[0117] FIG. 98 1s a perspective view of an arrangement of inner and outer rings and
corresponding links of a connector module according to various forms described herein.

{0118} FIG. 99 is a perspective view of a first ring conductor and a sccond ring conductor
positioned in a housing of a connector module according to various forms described herein,
[0119] FIG. 100 is a perspective view of a distal side of a rotation coupling having mner and
outer ring conductors and corresponding links positioned within recessed portions of the rotation
coupling according to various forms described herein.

[0130] FIG. 101 1s a perspective view of a connector module coupled to a distal end of a hand
picce according to various forms deseribed heren.

{§121] FIG. 102 15 a proximal view of mner and ounter ring conductors and corresponding links
posttioned in a rotation coupling according to various forms described herein,

[0122] FIG. 103 s a perspective view of a distal side of a rotation coupling having mner and
outer ring conductors and corresponding links positioned within recessed portions of the rotation
coupling according to various forms described herein,

{01231 FIG. 104 15 a left side elevational view of an ultrasonic handle assembly according to
various forms described herein.

{81241 FIG. 10S is another left side view of the ultrasonic handle assembly of FIG. 104 with a
left handle housing segment removed according fo various forms described heremn.

{81257 FIG. 106 is a side elevational view of a switch assembly for an ultrasonic surgical
instrument according to various forms described herein,

{0126] FIG. 107 is a front view of the switch assembly of FIG. 106 according to various forms
described herein.

{01271 FIG. 108 is 2 bottom view of the switch assembly of FIGS. 106 and 107 according to
various forms described herein.

{0128] FIG. 109 is a top view of the swiich assembly of FIGS. 106-109 according to various
forms hercin.

{0129] FIG. 109A is a left side view of a portion of another ultrasonic handle assembly

according to various forms described herein.
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18138} FIG. 110 is a left side clevational view of another ultrasonic handle assembly according
to various forms described hercin.

{0131} FIG. 111 is a right side elevational view of the ultrasonic handle assembly of FIG. 110
according to various forms described herein,

[0132] FIG. 112 is a perspective view of a portion of another ultrasonic handle assembly
according to various forms described herein,

{01331 FIG. 113 is a perspective view of another second switch arrangement according to
various forms described herein.

{8134} FIG. 114 is a rear clevational view of the second switch arrangement of FIG. 113
according to various forms described herein.

[81358] FIG. 115 is a rear elevational view of another second switch arrangement according to
vartous forms described herein.

{@136] FIG. 11615 a top view of a portion of a second switch arrangement and handle
assembly according to various forms describe herein,

{01371 FIG. 117 1s a diagrammatic depiction of a swiich assembly that may be emploved in
connection with the various uwltrasonic handle assernblies according to various forms described
herein.

[3138] FIG. 118 is another diagrammatic depiction of the switch assembly of FIG. 117 inan
actuated position wherein a central switch has been actuated according to various forms
described herein.

{0139] FIG. 119 is another diagrammatic depiction of the switch assembly of FIGS. 117 and
118 in ancther actuated position wherein a right switch has been actuated according to various
forms described herein.

{8140} FIG. 120 is another diagrammatic depiction of the switch assembly of FIGS. 117-119 i
another actuated position wherein a left switch has been actuated according to various forms
described herein.

{0141] FIG. 121 iHustrates a block diagram of a system depicting a generator coupled to a
medical instrument and a circmt,

10142] FIG. 122 iHustrates a block diagram of a circuit within an instrument,

{0143} FIG. 123 iHustrates a timing diagram of current pulses in a transmission frame of a

serial protocol at a generator output.
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{8144} FIG. 124 iHustrates a timing diagram of voltage pulses in a transmission frame of a
serial protocol at a circuit output.
#1458
§14
8147

FIG. 125A illustrates a partial timing diagram of a serial protocol.

=)

FI1G. 1258 illustrates a partial timing diagram of a serial protocol.

FIG. 125C illustrates a partial timing diagram of a scrial protocol.

149
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FIG. 126 illustrates one example timing diagram of a serial protocol,
¢
i
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18145

{0146

18147

[0148] FIG. 125D illustrates a partial timing diagram of a serial protocol.
18149]

{ | FIG. 127 illustrates one example timing diagram of a serial protocol,
18151}

U

FIG. 128 iHustrates example timing diagrams of a serial protocol.

DESCRIPTION

[0152] Apphcant of the present application also owns the following patent applhications that
were filed on even date herewith and which are each herein mcorporated by reference in their
respective entireties:

- U.S. Patent Application entitled “DEVICES AND TECHNIQUES FOR CUTTING AND
COAGULATING TISSUE,” Attorney Docket No. END7126USNP/120116;

- U.S. Patent Application entitled, “SWITCH ARRANGEMENTS FOR ULTRASONIC
SURGICAL INSTRUMENTS,” Attorney Docket No. END7126USNPI/120116-1;

- U.S. Patent Application entitled, “ROTATABLE ELECTRICAL CONNECTION FOR
ULTRASONIC SURGICAL INSTRUMENTS,” Attorney Bocket No.
END7126USNP2/120116-2; and

- U.S. Patent Application entitled, “SERIAL COMMUNICATION PROTOCOL FOR
MEDICAL DEVICE,” Attorney Docket No. END7126USNP3/120116-3.

{0153] Before explaining various forms of ultrasonic surgical instruments in detail, it should be
noted that the itlustrative forms are not limited in application or use to the details of construction
and arrangement of parts illustrated in the accompanying drawings and description. The
Hhastrative forms may be implemented or incorporated in other forms, variations and
modifications, and may be practiced or carried out in various ways. Further, unless otherwise

ndicated, the terms and expressions employed herein have been chosen for the purpose of
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describing the iHustrative forms for the convenience of the reader and are not for the purpose of
fimitation thereof.

{0154] Further, ¢t 15 understood that any one or more of the following-described forms,
expressions of forms, examples, can be combined with any one or more of the other following-
described forms, expressions of forms, and examples.

{8155] Various forms are directed to improved ulirasonic surgical instruments configured for
effecting tissuc dissecting, cutting, and/or coagulation during surgical procedures, In one form,
an ultrasonic surgical instrument apparatus is configured for use in open surgical procedures, but
has applications in other types of surgery, such as laparoscopic, endoscopic, and robotic-assisted
procedores. Versatile use is facilitated by selective use of ultrasonic energy.

[8186] The various forms will be described i combination with an alfrasonic nstnioment as
described herein. Such description is provided by way of example, and not Hmitation, and is not
intended to Tt the scope and applications thercof, For example, any one of the described
forms 1s useful in combination with a multitude of ulirasonic instrurnents inchuding those
described in, for examaple, U.S. Patent Nos. §,938,633; 5,935,144, 5,944,737, 5.322,055;
5,630,420 and 5,448,370,

{01571  As will become apparent from the following description, it is contemplated that forms
of the surgical instrument described herein may be used in association with an oscillator unit of a
surgical system, whereby ultrasonic energy from the oscillator unit provides the desired
ultrasonic actuation for the present surgical instrument. It is also contemplated that forms of the
surgical instrument described herein may be used in association with a signal generator unit of a
surgical system, whereby clectrical energy in the form of radio frequencies (RF), for example, is
used to provide feedback to the user regarding the surgical instrument. The ultrasonic osciilator
and/or the signal generator unit may be non-detachably integrated with the surgical imstrument or
may be provided as separate components, which can be electrically attachable to the surgical
instrument.

{0158] One form of the present surgical apparatus is particularly configured for disposable use
by virtue of its straightforward construction. However, it is also contemplated that other forms
of the present surgical instrument can be configured for non-disposable or multiple uses.
Dictachable connection of the present surgical instrument with an associated oscillator and signal

generator unit is presently disclosed for single-patient use for illustrative purposes only,
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However, non-detachable integrated connection of the present surgical instrument with an
associated oscillator and/or signal generator unit is also contemplated. Accordingly, various
forms of the presently described surgical instruments may be configured for single use and/or
multiple use with either detachable and/or non-detachable integral oscillator and/or signal
generator unit, without limitation, and all combinations of such configurations are contemplated
to be within the scope of the present disclosure.

[0159]  With reference to FIGS. 1-3, one form of a surgical system 19 including an ultrasonic
surgical instrument 100 is illustrated. The surgical system 19 inchudes an ultrasonic generator 30
connected to an ultrasonic transducer 50 via a suitable transmission medium such as a cable 22,
and an ultrasonic surgical instrument 100, Although in the presently disclosed form, the
generator 30 is shown separate from the surgical instrument 100, in one form, the generator 30
may be formed integrally with the surgical instrument 100 to form a unatary surgical system 19,
The generator 30 comprises an input device 406 located on a front panel of the generator 30
console. The oput device 406 may comprise any suifable device that generates signals suitable
for programming the operation of the generator 30 as subsequently described with reference to
FIG. 9. Still with reference to FIGS, 1-3, the cable 22 may comprise multiple electrical
conductors for the application of clectrical energy to positive (+) and negative {-) electrodes of
the ultrasonic transducer 58, It will be noted that, in some applications, the ultrasonic transducer
50 may be referred to as a “hand piece” or “handle assembly” becanse the surgical instrament
100 of the surgical system 19 may be configured such that a surgeon may grasp and manipulate
the ultrasomnic transducer 5O during varions procedures and operations. A suitable generator 30 1s
the GEN 300 available from Ethicon Endo-Surgery, Inc. of Cincinnati, Chio as is disclosed in
one or more of the following U.S. Patents, all of which are incorporated by reference herein:
U.S. Patent No. 6,480,796 (Method for Improving the Start Up of an Ultrasonic System Under
Zero Load Conditions); U.S. Patent No. 6,537,291 (Method for Dictecting a Loose Blade ina
Handle Connected to an Ultrasonic Surgical System); U.LS. Patent No. 6,626,926 (Mcthod for
Driving an Ultrasonic System to Improve Acquisition of Blade Resonance Frequency at Startup);
U.S. Patent No. 6,633,234 (Method for Detecting Blade Breakage Using Rate and/or Impedance
Information); U.S. Patent No., 6,662,127 (Method for Detecting Presence of a Blade in an
Ultrasonic System); ULS. Patent No. 6,678,621 {(Cutput Displacement Control Using Phase
Margin in an Ultrasonic Surgical Handle); U.S. Patent No. 6,679,899 (Method for Detecting
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Transverse Vibrations in an Ultrasonic Handle); U.S. Patent No. 6,908,472 ( Apparatus and
Method for Altering Generator Functions in an Ultrasonic Surgical System); U.S. Patent No.
6,977,495 (Detection Circuitry for Surgical Hand picce Systemy; U.S. Patent No. 7,077,853
{Method for Calculating Transducer Capacitance to Determine Transducer Temperature); ULS.
Patent No. 7,179,271 (Method for Driving an Ultrasonic System to Improve Acquisition of Blade
Resonance Freqguency at Startup); and U5, Patent No. 7,273,483 {Apparatus and Method for
Alerting Generator Function in an Ultrasonic Surgical System).

{0160] In accordance with the described forms, the ultrasonic generator 30 produces an
electrical signal or drive signal of a particular voltage, current, and frequency, e.g., 55,500 cycles
per second (Hz), The generator s 30 connected by the cable 22 to the handle assembly 68,
which containg piczoceramic elements forming the ulirasonic transducer 50, Inresponse to a
switch 312a on the handle asserably 68 or a foot switch 434 connected to the generator 30 by
another cable the generator signal is applied to the transducer 50, which causes a longitudinal
vibration of its elements. The transducer 50 1s secured to the handle assembly 68 via a connector
300, When installed, the transducer 50 1s acoustically coupled to the surgical blade 79 viaa
structure or waveguide 80 (FIG. 2). The stracture 80 and blade 79 ave consequently vibrated at
ultrasonic frequencies when the drive signal is applied fo the transducer 50, The structure &0 1s
designed to resonate at the selected frequency, thus amplifving the motion nitiated by the
transducer 50, In one form, the gencrator 30 is configured to produce a particular voltage,
current, and/or frequency output signal that can be stepped with high resolution, accuracy, and
repeatability,

{8161} Referring to Fig. 4, in current systems a conventional oscillator is activated at time
resulting in current 300 rising to a desired sct point of approximately 340mA. At approximately
2 seconds a light load is applied resulting in corresponding increases to voltage 310, power 320,
impedance 330, and changes in resonant freguency 340,

{8162} Referring to Fig, 5, in current systems a conventional oscillator is activated at time
resulting in the current 300 rising to a desired set point of approximately 340mA. At
approximately 2 seconds an increasing load is applicd resulting in corresponding increases to the
voltage 310, power 320, impedance 330, and changes in resonant frequency 340. At
approximately 7 seconds, the load has increased to the point that the oscillator enters into a flat

power mode where further increases in load maintain the power at 35W as long as the oscillator
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stays within voltage limits of the power supply. The current 300 and thercfore, displacement,
varics during flat power mode. At approximately 11.5 seconds, the load is reduced to the point
where the current 300 returns to the desired set point of approximately 340mA. The voltage 310,
power 320, impedance 330, and resonant frequency 340 vary with the load.

{0163} With reference now back to FIGS. -3, the handle assembly 68 may be a multi-piece
assembly adapted to isolate the operator from the vibrations of the acoustic assembly contained
within the uitrasonic transducer 50, The handle assembly 68 can be shaped to be held by a user
m a conventional manner, but it is contemplated that the present ultrasonic surgical instrument
100 principally be grasped and manipulated by a trigger-like arrangement provided by a handle
assermbly of the instroment, as will be described. While a multi-piece handle assembly 68 is
illustrated, the handle assembly 68 may comprise a single or unitary component. The proximal
end of the ultrasonic surgical mstrument 100 receives and is fitted to the distal end of the
ultrasonic transducer 50 by msertion of the transducer 50 into the handie assembly 68, Inone
forro, the ultrasonic surgical jnstrument 100 may be attached to and removed from the ulirasonic
ransducer 50 as a unit. Io other forms, the vltrasonic surgical instrument 100 and the ultrasonic
transducer 50 may be formed as an integral omit. The ultrasonic surgical instrument 100 may
imclude a handle assembly 68, comprising a mating housing portion 69, a housing portion 70, and
a transmission assembly 71. When the present instrument 1s configured for endoscopic use, the
construction can be dimensioned such that the transmission assembly 71 has an outside diameter
of approximately S.5mm. The elongated transmussion assembly 71 of the nltrasonic surgical
mstroment 100 extends orthogonally from the instrament handle assembly 68, The transmussion
assembly 71 can be sclectively rotated with respect to the handle assembly 68 by a rotation knob
29 as further described below, The handle assembly 68 may be constructed from a durable
plastic, such as polycarbonate or a hiquid crystal polymer. It is also contemplated that the handle
assembly 68 may alternatively be made from a variety of materials including other plastics,
ceramics, or metals,

{0164} The transmission assembly 71 may include an outer tubular member or an outer sheath
72, an inmer tubular actuating member 76, a waveguide &0, and an end cffector 81 comprising,
for example, the blade 79, a clamp arm 56, and one or more clamp pads 38, The transducer 50
and transnussion assembly 71 (including or excluding the end effector 81) may be referred to as

an ultrasonic drive system. As subsequently described, the outer sheath 72, the actuating
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member 76, and the waveguide 80 or transmission rod may be joined together for rotation as a
unit (together with the nltrasonic transducer 50) relative to the handle assembly 68, The
wavegnide 80, which is adapted to transmit ultrasonic cnergy from the ultrasonic transducer 50
to the blade 79 may be flexible, semi-flexible, or rigid. The waveguide 80 also may be
configured to amplify the mechanical vibrations transmitted through the waveguide 20 to the
blade 79 as 1s well known in the art. The waveguide 80 may further have features to control the
gain of the longitudinal vibration along the waveguide 80 and features to tune the waveguide 80
to the resonant frequency of the system. In particular, the waveguide 80 may have any suitable
cross-sectional dimension. For example, the waveguide 80 may have a substantially umiform
cross-section or the waveguide 80 may be tapered at various sections or may be tapered along its
entire length, In one expression of the current form, the waveguide diameter 1s about 0,113
mches normnal to minimize the amount of deflection at the blade 79 so that gapping n the
proximal portion of the end effector 81 1s munimized.

{0165] The blade 79 may be integral with the waveguide 80 and formed as a single vnit. Inan
alternate expression of the current form, the blade 79 may be connected by a threaded
conuection, a welded joint, or other coupling mechanisms. The distal end of the blade 79 1s
disposed near an anfi-node in order to tune the acoustic assembly o a preferred resonant
frequency f, when the acoustic assembly is not loaded by tissue. When the ultrasonic transducer
50 is energized, the distal end of the blade 79 1s configured to move longitudinally in the range
of, for example, approximately 10 to 500 microns peak-to-peak, and preferably in the range of
about 20 to about 200 microns at a predetermined vibration frequency {, of, for example, 55,500
Hz.

{0166] With particular reference to FIGS. 1-3, therein is tllustrated one form of the clamp
member 60 for use with the present ultrasonic surgical instrument 106 and which is configured
for cooperative action with the blade 79, The clamp member 60 in combination with the blade
79 i1s commonly referred to as the end cffector 81, and the clamp member 60 is also commonly
referred to as the jaw. The clamp member 60 includes a pivotally movable clamp arm 56, which
is connected to the distal end of the outer sheath 72 and the actuating member 76, in combination
with a tissue cngaging pad or clamp pad 58 The clamp arm 56 is pivotally movable by a trigger
34 and the end effector &1 is rotatably movable by the rotation knob 29, For example, the trigger

34 may be translatable by the hand of the clinician in a proximal direction, For example, the
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handle 34 may pivot about the pivot pin 36, Proximal motion or pivoting of the trigger 34 may
cause distai motion of a yoke 301 mechanically coupled to the tubular actuating member 76.
Distal motion of the tubular actuating member may cause the clamp arm 56 to pivot to close
against the blade 79, Additional details of closure mechanisms for ultrasonic surgical devices
are provided herein below with respect to FIGS. 93-95 and in U.S. Patent Application Ser. Nos.

2/503,769, 12/503,770, and 12/503,766, cach of which is incorporated hercin by reference in its
entirety.

(81671  1n onc expression of the form, the clamp pad 58 is formed from TEFLON® a
trademark name of E. 1, Du Pont de Nemours and Company, a low cocefficient of friction
polymer material, or any other suitable low-friction material. The clamp pad 38 mounts on the
clamp arm 56 for cooperation with the blade 79, with pivotal movement of the clamp arm 56
positioning the clamp pad 58 1o substantially paralle] relationship to, and in contact with, the
blade 79, thereby defining a tissue freatruent region. By this construction, tissue is grasped
between the clamp pad 58 and the blade 79, As dlustrated, the clamp pad 58 may be provide
with a non-smooth surface, such as a saw tooth-like configaration to enhance the gripping of
tissue in cooperation with the blade 79, The saw tooth-like configuration, or tecth, provide
traction against the movement of the blade 79. The teeth also provide counter traction to the
blade 79 and clamping movement. As would be appreciated by one skilled in the art, the saw
tooth-iike configuration is just one example of many tissue engaging surfaces to prevent
movement of the tissue relative to the movement of the blade 79, Other illustrative examples
mclude bumps, criss-cross patterns, tread patterns, a bead, or sand blasted surface.

{#168] Duec to sinusoidal motion, the greatest displacement or amplitude of motion is located at
the most distal portion of the blade 79, while the proximal portion of the tissue treatment region
is on the order of 50% of the distal tip amplitude. Dring operation, the tissue in the proximal
region of the end etffector 81will desiccate and thin, and the distal portion of the end effector 81
will transect tissue in that distal region, thereby allowing the desiceated and thinned tissuc within
the proximal region to slide distally into the more active region of the end cffector 81 to
complete the tissue transection.

{0169] FIG. 3 illustrates a force diagram and the relationship between the actuation foree Fy
{provided by the actuating member 76} and transection force Fy (measured at the midpoint of the

optimal tissue treatment arca).
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Fy=Fa (X]//X}) (1}

Where F eguals the spring preload of a proximal spring 94 (less frictional losses),
which, in one form, is about 12.5 pounds, and Fy equals about 4.5 pounds.
{8170} F; 15 measured in the region of the clamp arm/blade interface where optimal tissue
treatment occurs as defined by tissue marks 61a and 61b. The tissue marks 61a, b are ctched or
raised on the clamp arm 56 to provide a visible mark to the surgeon so the surgeon has a clear
indication of the optimal tissuc treatment arca, The tissue marks 61a, b are about 7mum apart in
distance, and more preferably about Smm apart in distance.
{0171} FIG. 9 illustrates one form of a drive system 32 of the gencrator 30, which creates an
ultrasonic electrical signal for driving an ultrasounic transducer, also referred fo as a drive signal,
The drive system 32 15 flexible and can create an ultrasonic electrical drive signal 416 at a
desired frequency and power level setting for driving the ultrasonic transducer 50, In variouns
forms, the generator 30 may comprise several separate functional elements, such as modules
and/or blocks. Although certain modules and/or blocks may be described by way of example, it
can be appreciated that a greater or lesser namber of roodules and/or blocks may be used and still
fall within the scope of the forms. Further, although varions forms may be described 1o terms of
modules and/or blocks to facilitate descniption, such modules and/or blocks may be implemented
by one or more hardware components, e.g., processors, Digital Signal Processors (DSPs),
Programmable Logic Devices (PLDs}, Application Specific Integrated Circuits (ASICs), cirenits,
registers and/or software components, e.g., programs, subroutines, logic and/or combinations of
hardware and software components.
{8172} In one form, the generator 30 drive system 32 may comprise one or more embedded
applications implemented as firmware, software, hardware, or any combination thereof. The
generator 30 drive system 32 may comprise various executable modules such as software,
programs, data, 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 varicus implementations, 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}, clectrically crasable

programiable ROM (EEPROM), or batiery backed random-access memory (RAM) such as
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dynamic RAM (DBRAM), Double-Data-Rate DRAM (DDRAM), and/or synchronous DRAM
{(SDRAM).

{01731 In one form, the generator 30 drive system 32 comprises a hardware component
implemented as a processor 400 for executing program instructions for monitoring various
measurable characteristics of the ultrasonic surgical instroment 100 (FIG. 1) and generating a
step function output signal for driving the ulirasonic transducer 50 in cutting and/or coagulation
operating modes, It will be appreciated by those skilled in the art that the generator 30 and the
drive system 32 may comprise additional or fower components and only a simplified version of
the generator 30 and the drive system 32 are described herein for concisencss and clarity, In
various forms, as previously discussed, the hardware component may be iroplemented as a DSP,
PLD, ASIC, circuits, and/or registers. In one form, the processor 400 may be configured to store
and execute computer software prograr instructions to generate the step fumction output signals
for driving various components of the ultrasonic surgical instrument 100, such as the transducer
50, the end effector 81, and/or the blade 79.

[0174] In one form, under control of one or more software program routines, the processor 400
executes the methods in accordance with the described forms to generate a step function formed
by a stepwise wavetorm of drive signals comprising current (I}, voltage (V), and/or frequency ()
for various time intervals or periods (T). The stepwise waveforms of the drive signals may be
generated by forming a piccewise lincar combination of constant functions over a phurality of
time intervals created by stepping the generator 3{ drive signals, e.g., output drive current (1},
voltage {V}, and/or freguency (f). The time intervals or pertods {T) may be predetermined {e.g.,
fixed and/or programmed by the user} or may be variable., Variable time intervals may be
defined by setting the drive signal to a first value and maintaining the drive signal at that value
until a change is detected in a monitored characteristic. Examples of monitored characteristics
may comprise, for cxample, transducer impedance, tissuc impedance, tissue heating, tissue
transection, fissue coagulation, and the like. The ultrasonic drive signals generated by the
generator 30 include, without limitation, ultrasonic drive signals capable of exciting the
uitrasonic transducer 50 in various vibratory modes such as, for example, the primary
iongitudinal mode and harmonics thereof as wel flexural and torsional vibratory modes.

{8175] In one form, the executable modules comprise one or more step function algorithmys)

402 stored in memory that when exccuted causes the processor 400 to generate a step function

21



WO 2013/154925 PCT/US2013/035370

formed by a stepwise wavetorm of drive signals comprising current (1), voltage (V}, and/or
frequency () for various time intervals or periads (T). The stepwise waveforms of the drive
signals may be generated by forming a piccewise lincar combination of constant functions over
two or more time intervals created by stepping the generator’s 30 cutput drive current (1), voltage
(V), and/or frequency (), The drive signals may be generated either for predetermined fixed
time intervals or periods (T} of time or variable time mtervals or periods of time in accordance
with the one or more stepped output algorithmy(s) 402, Under control of the processor 400, the
generator 30 steps (e g, increment or decrement) the current (1), voltage (V), and/or frequency
() up or down at a particular resolution for a predetermined period (T} or until a predetermined
condition is detected, such as a change in a monttored characteristic (e.g., transducer impedance,
tissue impedance). The steps can change 1o programmed nererents or decrements. If other
steps are desired, the generator 30 can increase or decrease the step adaptively based on
measured system characieristics,

{0176] In operation, the user can program the operation of the generator 30 using the input
device 406 located on the front panel of the generator 30 console. The mput device 406 may
comprise any suitable device that generates signals 408 that can be applied to the processor 400
to control the operation of the generator 30, In vartous forms, the input device 406 inchides
buttons, switches, thumbwheels, keyboard, keypad, touch screen monitor, pomnting device,
remote connection to a general purpose or dedicated computer. In other forms, the input device
406 may comprise a suitable user interface. Accordingly, by way of the input device 406, the
user can set or program the current (1), voltage (V), frequency (f), and/or period (T) for
programming the step function cutput of the generator 30, The processor 400 then displays the
selected power level by sending a signal on line 410 to an output indicator 412.

18177} In various forms, the output indicator 412 may provide visual, audible, and/or tactile
feedback to the surgeon to indicate the status of a surgical procedure, such as, for example, when
tissue cutting and coagulating is complete based on a measured characteristic of the ultrasonic
surgical instrument 18§, e.g., transducer impedance, tissue impedance, or other measurements as
subsequently described. By way of example, and not limitation, visual feedback comprises any
type of visual indication device including incandescent lamps or light emitting diodes (LEDs),
graphical uscr interface, display, analog indicator, digital indicator, bar graph display, digital

alphanumeric display. By way of example, and not limitation, audible feedback comprises any
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type of buzzer, computer generated tone, computerized speech, voice user imterface (VUI) to
mteract with computers through a voice/speech platform. By way of example, and not
Hmitation, tactile feedback comprises any type of vibratory feedback provided through the
mstrument housing handle assermbly 68.

{0178} In onc form, the processor 400 may be configured or programumed to generate a digital
current signal 414 and a digital frequency signal 418, These signals 414, 418 are applied to a
direct digital synthesizer (DDS) circuit 420 to adjust the amplitude and the frequency () of the
current output signal 416 to the transducer 50, The output of the DDS circuit 420 is applied to an
araplifier 422 whose output is applicd to a transformer 424. The output of the transformer 424 13
the signal 416 applied to the ultrasonic transducer 50, which is coupled to the blade 79 by way of
the waveguide 80 (FIG. 2).

{01791  In one form, the generator 30 comprises one or more measurement modules or
components that may be configured to monitor measurable characteristics of the ultrasonic
mstrument 100 (FIG. 1), In the illustrated form, the processor 400 may be employed to mounitor
and calculate systern characteristics. As shown, the processor 400 measures the impedance Z of
the transducer 50 by monttoring the current supplied to the transducer 50 and the voltage applied
to the transducer 30. In one form, a current sense circuit 426 1s employed to sense the current
flowing through the transducer 50 and a voltage sense circuit 428 is employed to sense the output
voltage applied to the transdocer 58, These signals may be applied to the analog-to-digital
converter 432 (ADC) via an analog muldtiplexer 430 circuit or switching circuit arrangement.

The analog multiplexer 430 routes the appropriate analog signal o the ADC 432 for conversion.
In other forms, multiple ADCs 432 may be employed for each measured characteristic instead of
the multiplexer 430 circuit. The processor 400 receives the digital output 433 of the ADC 432
and calculates the transducer impedance 2 based on the measured values of current and voltage.
The processor 400 adjusts the output drive signal 416 such that it can generate a desived power
versus oad curve. In accordance with programmed step function algorithms 402, the processor
400 can step the drive signal 416, e.g., the current or frequency, in any suitable increment or
decrement in response to the transducer impedance Z.

{0180] To actually cause the surgical blade 79 to vibrate, e.g., actuate the biade 79, the user
activates the foot switch 434 (FIG. 1} or the switch 312a (FIG. 1) on the handle assembly 68.

This activation outputs the drive signal 416 to the transducer 50 based on programmed values of
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current (1}, frequency (), and corresponding time periods (T). After a predetermined fixed time
period (T}, or variable time periad based on a measurable system characteristic such as changes
in the impedance Z of the transducer 50, the processor 400 changes the output current step or
frequencey step in accordance with the programmed values. The cutput indicator 412
communicates the particular state of the process to the user.

{0181} The programmed operation of the generator 30 can be further ilhustrated with reference
to FIGS. 6, 7, and 8, where graphical representations of corrent 300, voliage 310, power 320,
impedance 330, and frequency 340 are shown for the generator 30 in an unloaded state, a lightly
ipaded state, and a heavily loaded state, respectively. FIG. 6 is a graphical representation of
current 300, voltage 310, power 320, impedance 330, and frequency 340 wavetorms of one form
of the generator 30 10 an unloaded state. Tn the illustrated formy, the current 300 ouiput of the
generator 30 1s stepped. As shown in FIG. 6, the generator 30 is mtially activated at about time
0 resulting in the current 300 rising to a first set point Iy of about 100mA. The current 300 is
maintained at the first set point I, for a first period Ty, At the end of the first period Ty, e g,
about 1 second in the illustrated form, the current 300 set point I 1s changed, e.g., stepped, by
the generator 30 1 accordance with the software, e.g., the step function algorithin(s) 402, to a
second set point [ of about 175mA for a sccond period T, e.g., about 2 seconds in the ilhustrated
form. At the end of the second period Tz, e.¢., at about 3 seconds in the ithustrated form, the
generator 30 software changes the current 300 to a third set point Is of about 350mA. The
voltage 310, corrent 300, power 320, and frequency respond only slightly because there s no
ioad on the system.

{3182} FIG. 7 is a graphical representation of the current 300, voltage 310, power 320,
impedance 330, and frequency 340 waveforms of one form of the generator 30 under a lightly
lpaded state. Referring to Fig. 7, the generator 30 is activated at about time { resuiting in the
current 300 rising to the first current 300 sct point [; of about 100mA. At about 1 second the
current 300 set point is changed within the generator 30 by the software to I, of about 175mA,
and then again at about 3 seconds the generator 30 changes the current 300 set point to {5 of
about 350mA. The voltage 310, current 300, power 320, and frequency 340 are shown
responding to the light load simular to that shown in F1G. 4.

{0183} FIG. § is a graphical representation of the current 300, voltage 310, power 320,

impedance 330, and frequency 340 waveforms of one form of the generator 30 under a heavily

24



WO 2013/154925 PCT/US2013/035370

loaded state. Referring to Fig. &, the generator 30 is activated at about time { resuiting in the
current 300 rising to the first set point [; of about 100mA. At about 1 sccond the current 300 set
point is changed within the generator 30 by the software to [, of about 175mA, and then again at
about 3 scconds the gencrator 30 changes the current 300 sct point to Iz of about 350mA. The
voltage 310, current 300, power 320, and frequency 340 are shown responding to the heavy load
sirnilar to that shown in FIG. 5,

{0184] It will be appreciated by those skilled in the art that the current 300 step function sct
points {e.g., I, I, I3} and the time intervals or periods {e.g., Ty, Ty} of duration for cach of the
step function sct points described m FIGS. 6-8 are not limited to the values described herein and
may be adjusted to any suitable value as may be desired for a given set of surgical procedures,
Additional or fewer current set points and periods of duration may be selected as may be desired
for a given set of design characteristics or performance constrainis. As previously discussed, the
periods may be predetermined by programuming or may be variable based on measurable system
characteristics, The forms are not imited wn this context. For example, in certain forms, the
araplitudes (set points) of consecutive pulses may increase, decrease or stay the sarmne. For
example, in certain forms, the amplitades of consecutive pulses may be equal. Also, in certain
forms, the time intervals or periods of the pulses may take any suitable valuoe inchuding, for
example, fractions of a second, minutes, hours, ¢fc. In one example form, the time interval or
periods of the pulses may be 55 seconds.

[3185] Having described operational details of various forms of the surgical system 19,
operations for the above surgical system 19 may be further described in terms of a process for
cutting and coagulating a blood vessel emploving a surgical instrument comprising the input
device 406 and the transducer impedance measurement capabilities described with reference to
Fi(s. 9. Although a particular process is described in connection with the operational details, it
can be appreciated that the process merely provides an example of how the general functionality
described herein can be implemented by the surgical system 19. Further, the given process does
not necessarily have to be executed in the order presented herein unless otherwise indicated. As
previoushy discussed, the input device 406 may be employed to program the stepped output {e.g.,
current, voltage, frequency) to the ultrasonic transducer 50/blade 79 assembly.

[8186] Accordingly, with reference now to FIGS. 1-3 and 6-9, one technigue for sealing a

vessel mcludes separating and moving the inner muscle layer of the vessel away from the
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adventitia layer prior to the application of standard ultrasonic cnergy to transect and seal the
vessel, Although conventional methods have achicved this separation by increasing the force
applied to the clamp member 60, disclosed is an alternative apparatus and method for cutting and
coagulating tissuc without relying on clamp force alone. In order to more effectively separate
the tissue layers of a vessel, for example, the generator 30 may be programmed o apply a
frequeney step function to the ultrasonic transducer 50 to mechanically displace the blade 79 in
multiple modes in accordance with the step function. In one form, the frequency step function
may be programmed by way of the user interface 406, wherein the user can sclect a stepped-
frequency program, the frequency () for cach step, and the corresponding time period (T) of
duration for cach step for which the ultrasonie transducer 50 will be excited. The user may
program a complete operational cycle by setting multiple frequencies for multiple periods fo
perform various surgical procedures.

{01871 In certain forms, the amplitudes of consecutive steps or pulses may increase, decrease
or stay the same. For example, in certain forms, the amplitudes of consecutive pulses may be
equal, Also, in certain forms, the time periods of the pulses may take any suitable value
meluding, for example, fractions of a second, minutes, hours, efc. In one example form, the time
period of the pulses may be 55 seconds.

{3188]  In one form, a first ultrasonic frequency may be set imtially to mechanmically separate
the muscle tissne layer of a vessel prior to applying a sccond ultrasonic frequency fo cut and seal
the vessel. By way of example, and not limitation, in accordance with one implemeuntation of the
program, inttially, the generator 30 is programmed to output a first drive frequency 1§ for a first
period T; of time (for example less than approximately 1 second), wherein the first frequency f
is significantly off resonance, for cxample, /2, 2f, or other structural resonant frequencies,
where £, is the resonant frequency (e.g., 55.5 kHz). The first frequency £ provides a low fevel of
mechanical vibration action to the blade 79 that, in conjunction with the clamp force,
mechanically separates the muscle tissue layer (subtherapeutic) of the vessel without causing
significant heating that generally cccurs at resonance. After the first period T, the generator 30
is programmed to antomatically switch the drive frequency to the resonant frequency f, for a
second period T, to transcet and scal the vessel. The duration of the second period T, may be

progranmuced or may be determined by the length of time 1t actually takes to cut and seal the
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vessel as determined by the user or may be based on measured system characteristics such as the
transducer impedance 2 as described in more detail below,

[0189] In onc form, the tissue/vessel transection process (e.g., separating the muscle layer of
the vessel from the adventitia layer and transecting/sealing the vessel) may be autornated by
sensing the impedance Z characteristics of the transducer 50 to detect when the transection of the
tissue/vessel ocours, The impedance Z can be correlated to the transection of the muscle layer
and to the transection/sealing of the vessel to provide a trigger for the processor 400 to generate
the frequency and/or current step function output. As previously discussed with reference to
FIG. 9, the impedance £ of the transducer 50 may be calculated by the processor 400 based on
the current flowing through transducer 50 and the voltage applied to the transducer 50 while the
blade 79 1s under various loads. Because the impedance Z of the transducer 50 1s proportional to
the load applied to the blade 79, as the load on the blade 79 increases, the impedance 7 of the
ransducer 50 mereases, and as the load on the blade 79 decreases the impedance £ of the
transducer 50 decreases. Accordingly, the wmpedance 7 of the transducer 50 can be monitored to
detect the transection of the inner muscle tissue layer of the vessel from the adventitia layer and
can also be monitored to detect when the vessel has been transected and sealed.

{0190] In onc form, the vltrasonic surgical instrument 110 may be operated in accordance with
a programmed step function algorithm responsive to the transducer impedance 7. In one form, a
frequency step function output may be initiated based on a comparison of the transducer
impedance 7 and one or more predetermined thresholds that have been correlated with tissue
ioads against the blade 79, When the transducer impedance 7 transitions above or below {e.g.,
crosses) a threshold, the processor 400 applies a digital frequency signal 418 to the DDS circuit
420 to change the frequency of the drive signal 416 by a predetermined step in accordance with
the step function algorithm(s) 402 responsive to the transducer impedance 7. In operation, the
blade 79 is first located at the tissue treatment site. The processor 400 applies a first digital
frequency signal 418 to st a first drive frequency 1 that is off resonance {e.g., /2, 2f, or other
structural resonant frequencies, where £, is the resonant frequency). The drive signal 416 is
applied to the transducer 50 in response to activation of the switch 312a on the handle assembly
68 or the foot switch 434, During this period the ultrasonic transducer 50 mechanically activates
the blade 79 at the first drive frequency fi. A foree or load may be applied to the clamp member

60 and the blade 79 to facilitate this process, During this period, the processor 400 montitors the
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transducer impedance Z until the load on the blade 79 changes and the transducer impedance 2
crosses a predetermined threshold to indicate that the tissue laver has been transected. The
processor 400 then applics a sccond digital frequency signal 418 to set a sccond drive frequency
), e.g., the resonant frequency f, or other suitable frequency for transecting, coagulating, and
scaling tissue. Another portion of the tissue {e.g., the vessel) is then grasped between the clamp
member 60 and the blade 79. The transducer 50 1s now energized by the drive signal 416 at the
sccond drive frequency £ by actuating either the foot switch 434 or the switch 312a on the
handle assembly 68, 1t will be appreciated by those skilled in the art that the drive current (1)
output also may be stepped as described with reference to FIGS. 6-8 based on the transducer
impedance Z.

{01911 According to one step function algorithm 402, the processor 400 mitially sets a first
drive frequency £ that 1s significantly off resonance to separate the inner muscle layer of the
vessel from the adventitia layer, During this period of operation the processor 400 monitors the
transducer impedance 7 to determine when the inner nuscle layer is fransected or separated from
the adventitia layer. Because the transducer impedance Z is correlated to the load applied to the
blade 79, for example, cutting more tissue decrease the load on the blade 79 and the transducer
impedance Z. The transection of the inmer muscle layer is detected when the transducer
impedance 7 drops below a predetermined threshold., When the change in transducer impedance
Z ndicates that the vessel has been separated from the inner muscle layer, the processor 400 sets
the drive frequency to the resonant frequency f,. The vessel is then grasped between the blade
79 and the clamp member 60 and the transducer 50 is activated by actuating either the foot
switch or the switch on the handle assembly 68 to transect and seal the vessel. In one form, the
impedance Z change may range between about 1.5 to about 4 times a base impedance
measurements from an initial point of contact with the tissue to a point just before the muscle
iaver is transected and sealed.

18192} FIG. 10 iliustrates one form of a surgical system 190 comprising an ultrasonic surgical
mstrument 120 and a generator 500 comprising a tissue impedance module 502, Although in the
presently disclosed form, the gencrator 500 1s shown separate from the surgical instrument 120,
m one form, the generator 500 may be formed integrally with the surgical mstrument 120 to form
a unitary surgical system 190, In onc form, the generator 500 may be configured to monitor the

clectrical impedance of the tissue 7, and to control the characteristics of time and power level
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based on the tissue impedance Z.. In one form, the tissue impedance 7, may be determined by
applyving a subtherapeutic radio frequency (RF) signal o the tissue and measuring the current
through the tissuc by way of a return electrode on the clamp member 60, In the form illustrated
m F1G. 10, an end effector 810 portion of the surgical system 190 comprises a clamp arm
assembly 451 connected to the distal end of the outer sheath 72, The blade 79 formus a first {e.g.,
energizing) electrode and the clamp arm assembly 451 comprises an elecirically conductive
portion that forms a sccond (e.g., return) electrode. The tissue impedance module 502 is coupled
to the blade 79 and the clamp arm assembly 451 through a suitable transmission medium such as
a cable 504. The cable 504 comprises multiple electrical conductors for applying a voltage to the
tissue and providing a return path for corrent flowing through the tissue back to the impedance
module 502, In various forms, the tissue imapedance module 502 may be formed ntegrally with
the generator 560 or may be provided as a separate circuit coupled to the generator 5300 (shown
in phantom to tlustrate this option). The generator 500 is substantially similar to the generator
30 with the added feature of the tissue impedance module 502.

{81931 FIG. 11 illustrates one form of a drive system 321 of the generator 500 comprising the
tissue impedance module 502, The drive system 321 generates the ultrasonic electrical drive
signal 416 to drive the sltrasonic transducer 530, In one form, the tissue impedance module 542
may be configured to measure the impedance 7 of tissue grasped between the blade 79 and the
clamp arm assembly 451, The tissue impedance module 502 comprises an R¥F oscillator 506, a
voltage sensing circuit SO8, and a current sensing circuit 510. The voltage and current sensing
circuits SO8, 510 respond to the RF voltage vir applied to the blade 79 electrode and the RF
current i, flowing through the blade 79 electrode, the tissue, and the conductive portion of the
clamp arm assembly 451. The sensed voltage vy and current iy are converted to digital form by
the ADC 432 via the analog multiplexer 438, The processor 400 receives the digitized output
433 of the ADC 432 and determines the tissue impedance Z; by calculating the ratio of the RF
voltage v,s to current i,y measured by the voltage sense circuit 508 and the current sense circuit
510. In one form, the transection of the inner muscle layer and the tissue may be detected by
sensing the tissue impedance 7. Accordingly, detection of the tissue impedance 7, may be
mtegrated with an sutomated process for separating the mner muscle layer from the outer
adventitia layer prior to fransecting the tissue without causing a significant amount of heating,

which normally occurs at resonance.
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{8194} FIG. 12 illustrates one form of the clamp arm assembly 451 that may be employed with
the surgical system 190 (FIG. 10}, In the iHustrated form, the clamp arm assembly 451
comprises a conductive jacket 472 mounied to a base 449, The conductive jacket 472 is the
clectrically conductive portion of the clamp arm assembly 451 that forms the second, e.g., return,
electrode, In one implementation, the clamp arm 56 (FIG. 3) may form the basc 449 on which
the conductive jacket 472 is mounted. In various forms, the conductive jacket 472 may comprise
a center portion 473 and at least one downwardly-extending sidewall 474 which can extend
below the bottom surface 475 of the base 449, In the illustrated form, the conductive jacket 472
has two sidewalls 474 extending downwardly on opposite sides of the base 449, In other forms,
the center portion 473 may comprise at least one aperture 476 whach can be configured to receive
a projection 477 extending from the base 449, In such forms, the projections 477 can be press-fit
within the apertures 476 in order to secure the conductive jacket 472 to the base 449, In other
forms, the projections 477 can be detormed afier they are inserted into the apertures 476, In
various forms, fasteners can be used to secure the conductive jacket 472 {o the base 449,
[0195]  In various forms, the clamp arm assembly 451 may comprise a non-clectrically
conductive or insulative material, such as plastic and/or rubber, for example, positioned
mtermediate the conductive jacket 472 and the base 449, The electrically insulative material can
prevent current from flowing, or shorting, between the conductive jacket 472 and the base 449,
In vartous forms, the base 449 may comprise at least one aperture 478, which can be configured
to receive a pivot pin (not illustrated). The pivot pin can be configured to pivotably mount the
base 449 to the sheath 72 (FIG. 10}, for example, such that the clamp arm assembly 451 can be
rotated between open and closed positions relative to the sheath 72, In the illustrated form, the
base 449 includes two apertures 478 positioned on opposite sides of the base 449, In one form, a
pivet pin may be formed of or may comprise a non-clectrically conductive or insulative material,
such as plastic and/or rubber, for example, which can be configured to prevent current from
flowing into the sheath 72 even if the base 449 1s in elecirical contact with the conductive jacket
72, for example. Additional clamp arm assemblics comprising various forms of electrodes may
be employed. Examples of such clamp arm assemblies are described in commonly-owned and
U.S. Patent Application Ser. Nos. 12/503,769, 12/503,770, and 12/503,766, cach of which is

mg¢orporated herein by reference in its entirety.
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{8196} FIG. 13 is a schematic diagram of the tissuc impedance module 502 coupled to the
blade 79 and the clamp arm assembly 415 with tissuc 514 located there between, With reference
now to FIGS, 10-13, the gencrator 500 compriscs the tissue impedance module 502 contigured
for monitoring the impedance of the tissue 514 (7} located between the blade 79 and the clamp
arm assembly 451 during the tissue transection process. The tissuc impedance module 502 is
coupled to the ultrasonic surgical instrument 120 by way of the cable 504, The cable 504

2

ncludes a first “energizing” conductor 504a connected to the blade 79 {e.g., positive {+]
clectrode} and a second “return” conductor 504b connected to the conductive jacket 472 (e.g.,
negative {~] clectrode) of the clamp arm assembly 451, In one form, RF voltage vy is applicd to
the blade 79 to cause RF current i, to flow through the tissae 514, The second conductor 304b
provides the return path for the current i, back to the fissue impedance module 502, The distal
end of the return conductor 504b 1s connected to the conductive jacket 472 such that the current
iyr can flow from the blade 79, through the tissue 314 posttioned intermediate the conductive
jacket 472 and the blade 79, and the conductive jacket 472 to the return conductor 504b. The
impedance module 502 connects in circuit, by way of the first and second conductors 5044, b, In
one form, the RF coergy may be apphied to the blade 79 through the ultrasonic transducer 50 and
the wavegnide 80 (FIG. 2). It is worthwhile noting that the RF energy applied to the tissue 514
for purposes of measuring the tissue impedance 7, is a low level subtherapeutic signal that does
not contribute o a significant manner, or at all, to the treatment of the tissue 514.

{31971 Having described operational details of various forms of the surgical system 190,
operations for the above surgical system 190 may be further described with reference to FIGS.
10-13 in terms of a process for cutting and coagulating a blood vessel emploving a surgical
mstrument comprising the input device 406 and the tissue impedance module 502, Although a
particufar process is described in connection with the operational details, it can be appreciated
that the process merely provides an example of how the general functionality described herein
can be implemented by the surgical system 190, Further, the given process docs not necessarily
have to be executed in the order presented herein unless otherwise indicated. As previcusly
discussed, the input device 406 may be employed to program the step function output {e.g.,
current, voltage, frequency) to the ultrasonic transducer 50/blade 79 assembly.

{8198} In one form, a first conductor or wire may be connected to the outer sheath 72 of the

mstrument 120 and a second conductor or wire may be connected to the blade 79/transducer 50,
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By nature of the design, the blade 79 and the transducer 50 are electrically i1solated from the
outer sheath 72 as well as other clements of the actuation mechanism for the instrament 120
meluding the base 449 and the inner sheath 76, The outer sheath 79 and other clements of the
actuation mechanism inchuding the base 449 and the inner sheath 76 arc all elecirically
continuous with one another - that is, they arc all metallic and touch one another, Accordingly,
by connecting a first conductor to the outer sheath 72 and connecting a sccond conductor to the
blade 79 or the transducer 50 such that the tissue resides between these two conductive
pathways, the systern can monitor the electrical impedance of the tissue as long as the tissuc
contacts both the blade 79 and the basc 449. To facilutate this contact, the base 449 itself may
melude ontwardly and possibly downwardly protruding features to assure tissue contact while,
effectively integrating conductive jacket 472 into base 449,

[0199]  In one form, the ultrasonic surgical imstrument 120 may be operated n accordance with
a programumed step function algorithm 402 responsive to the tissue impedance Z.. In one form, a
frequency step function output may be imitiated based on a comparison of the fissue impedance
Z¢ and predetermnined thresholds that bave been correlated with various tissue states (e.g.,
desiceation, transection, sealing). When the tissue impedance Z; transitions above or below {e.z.,
crosses) a threshold, the processor 400 applies a digital frequency signal 418 to the DDS cireuit
420 to change the frequency of an ultrasonic oscillator by a predetermined step in accordance
with the step function algorithm 402 responsive to the tissue impedance 7.

{82088] In operation, the blade 79 is located at the tissue treatment site. The tissue 514 is
grasped between the blade 79 and the clamp arm assembly 451 such that the blade 79 and the
conductive jacket 472 make electrical contact with the tissue 514, The processor 400 applics a
first digital frequency signal 418 to set a first drive frequency ) that is off resonance {e.g., £,/2,
2%, or other structural resonant frequencies, where f, is the resonant fregquency). The blade 79 is
clectrically energized by the low level subtherapeutic RF voltage v,y supplied by the tissue
impedance module 502. The drive signal 416 1s applied to the transducer 50/blade 79 in
response to actuation of the switch 312a on the handle assembly 68 or the foot switch 434 until
the tissue impedance Z; changes by a predetermined amount, A force or Ipad is then applied to
the clamp arm assembly 451 and the blade 79, During this period the ultrasonic transducer 50
mechanically activates the blade 79 at the first drive frequency f) and as a result, the tissue 514

begins to desiccate from the ultrasonic action applied between the blade 79 and the one or more
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clamp pads 58 of the clamp arm assembly 451 causing the tissue impedance 7 to increase.
Eventually, as the tissue is transected by the ultrasonic action and applied clamp force, the tissue
impedance 7, becomces very high or infinite as the tissue fully transects such that no conductive
path exists between the blade 79 and the conductive jacket 472, It will be appreciated by those
skilled in the art that the drive current (1) cutput also may be stepped as described with reference
to FIGS. 6-8 based on the tissue impedance 7.

{8201} In one form, the tissue impedance 7, may be monitored by the impedance module 502
m accordance with the following process. A measurable RF current 11 is conveved through the
first cnergizing conductor 504a to the blade 79, through the tissue 514, and back to the
impedance module 302 through the conductive jacket 472 and the second conductor 504b. As
the tissue 514 is desiceated and cut by the ultrasonic action of the blade 79 acting against the one
or more clamp pads 3§, the impedance of the tissue 514 mereases and thus the current il in the
return path, /e, the second conductor 304b, decreases. The wmpedance module 502 measures the
tissue impedance Z, and conveys a representative signal to the ADC 432 whose digital output
433 1s provided to the processor 400, The processor 400 calculates the tissue impedance 7y
based on these measured values of v and 1. The processor 400 steps the frequency by any
suitable increment or decrement in response to changes in tissue impedance Z,. The processor
400 controls the drive signals 416 and can make any necessary adjustments in amplitude and
frequency in response 1o the tissue impedance 7. In one form, the processor 400 can cut off the
drive signal 416 when the tissue impedance 7, reaches a predetermined threshold value.

{0282] Accordingly, by way of example, and not himitation, i one form, the nltrasonic surgical
instrument 120 may be operated in accordance with a programmed stepped output algorithm to
separate the mner muscle layer of a vessel from the adventitia layer prior to transecting and
scaling the vessel. As previously discussed, according to one step function algorithm, the
processor 400 initially sets a first drive frequency f1 that is significantly off resonance. The
transducer 50 is activated to separate the inner muscle layer of the vessel from the adventitia
iaver and the tissue impedance module 502 applics a subtherapeutic RF voltage v, signal to the
blade 79. During this peried T, of operation the processor 400 monitors the tissuc impedance 7,
to determine when the inner muscle layer is transected or separated from the adventitia layer,
The tissue impedance 7, is correlated to the load applied to the blade 79, for example, when the

tissuc becomes desiceated or when the tissue 1s transected the tissue impedance 7, becomes
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extremely high or infinite. The change in tissue impedance 7, indicates that the vessel has been
separated or transected from the inner muscle layer and the generator 500 is deactivated for a
sccond period of time T,. The processor 400 then sets the drive frequency to the resonant
frequeney f,. The vessel is then grasped between the blade 79 and the clamp arm assembly 451
and the transducer 30 is reactivated to transect and seal the vessel. Continnous monitoring of the
tissue impedance 7, provides an indication of when the vesscel 15 transccted and scaled, Also, the
tissue impedance Z: may be monitored to provide an indication of the completencss of the tissue
cutting and/or coagulating process or to stop the activation of the ultrasonic generator 500 when
the tissue impedance Z; reaches a predetermined threshold value, The threshold for the tissue
impedance 7, roay be selected, for examaple, to indicate that the vessel has been transected. Tn
one form, the tissue impedance Z; may range between about 10 Ohms to about 1000 Ohms from
an initial point to a point just before the muscle layer 1s transected and sealed.

{02831 The applicants have discovered that experiments that run varying current set poinis
{both increasing and decreasing) and dwell times indicate that the described forms can be used to
separate the mner muscle layer from the outer adventitia layer prior to completing the transection
resulting in improved hemostasis and potentially lower total energy (heat) at the transection site.
Furthermore, although the surgical instroments 100, 120 have been described in regards to
threshold impedance detection schemes to determine when the muscle laver s separated from the
adventitia, other forms that do not employ any detection scheme are within the scope of the
present disclosure. For example, forms of the surgical instruments 100, 120 may be employed in
simplified surgical systems wherein non-resonant power is applied to separate the layers for a
predetermined time of approximately 1 second or less, prior to applying a resonant power to cut
the tissue. The forms are not limited i this context,

{8284} Having described operational details of various forms of the surgical systems 19 (FIG.
1}y and 190 (FIG. 10), operations for the above surgical systems 19, 190 may be further described
generally in terms of a process for cutting and coagulating tissue employing a surgical instrument
comprising the input device 406 and the tissue impedance module 502. Although a particular
process is described in connection with the operational details, it can be appreciated that the
process merely provides an example of how the general functionality described hercin can be
implemented by the surgical systemns 19, 190, Further, the given process does not necessarily

have to be executed in the order presented herein unless otherwise indicated. As previously
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discussed, the input device 406 may be employed to program the stepped output {e.g., current,
frequency) to the ultrasonic transducer 50/blade 79 assembly.

[0285] FIG. 14 illustrates one form of a method 600 for driving an end effector coupled to an
ultrasonic drive system of a surgical instrument. The method 600, and any of the other methods,
algorithms, efc., described herein, may be intiated in any suitable manner. For example, the
method 600 and any of the other methods, algorithins, ere. described herein may be inttiated in
response to user input provided via any one or combination of buttons, switches, and/or foot
pedals including, for example, those described herein, With reference to FIGS. 1-3, and 6-14, by
way of example, and not limitation, the ultrasonic surgical instroments 100, 120 may be operated
m accordance with the method 600 to separate the inmer muscle layer of a vessel from the
adventitia layer prior to transecting and sealing the vessel. Accordingly, in various forms, an end
effector {e.g., end effector 81, 810) of a surgical instrumnent (e.g., surgical imstrument 100, 120)
may be driven in accordance with the method 600. A generator {(e.g., generator 30, 5060} is
coupled to an ultrasonic drive systemn. The ultrasonic drive system comprises an nltrasonic
transducer (e.z., ultrasonic transducer 50) coupled to a waveguide (e.g., wavegide 80). The end
effector 81 1s coupled to the wavegunide 80, The ultrasonic drive system and end effector 81 are
configured to resonate at a resonant frequency {e.g., 55.5kHz). In one form, at 602, the generator
30 generates a first ultrasonic drive signal. At 604, the ultrasonic transducer 50 1s actuated with
the first ultrasonic drive signal for a first period in response to activating a switch {e.g., switch
343 on a handle assembly {e.g., handle assembly 68) or a foot switch {e.g., foot switch 434)
connected to the generator 30, After the first period, at 606, the generator 30 generates a second
uitrasonic drive signal. At 608, the nltrasonic transducer 50 is actuated with the second
ultrasonic drive signal for a second peried in response to activating the switch 34 on the handle
assembly 68 or the foot switch 434 connected to the generator 30, The first drive signal is
different from the sccond drive signal over the respective first and second perieds. The first and
sccond drive signals define a step function waveform over the first and second periods.

{0206] In onc form, the generator 30 gencrates a third ultrasonic drive signal. The ultrasonic
transducer 50 is actuated with the third nltrasonic drive signal for a third period. The third drive
signal is different from the first second drive signals over the first, second, and third periods.
The first, second, and third drive signals define a step function waveform over the first, second,

and third periods. In one form, gencrating the first, second, and third ultrasonic drive signals
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comprises generating a corresponding first, second, and third drive cusrent and actuating the
ultrasonic transducer 30 with the first drive current for the first period, actuating the ultrasonic
transducer 50 with the second drive current for the second period, and actuating the ulirasonic
transducer 50 with the third drive current for the third period.

{8207} In cortain forms, the first, sccond and third drive currents may increase, decrease or stay
the same relative to onc another. For example, in certain forms, some or all of the first, second
and third drive currents are equal. Also, in certain forms, the first, sccond and third periods may
take any suitable value including, for example, fractions of a second, minutes, hours, efc. In one
example form, some or all of the first, sccond and third periods may be 55 seconds.

{0208] In one form, the generator 30 generates the first ulirasonic drive signal at a first
frequency, which is different from the resonant frequency, The ultrasonic transducer 30 is then
actuated with the fivst pltrasomic drive signal at the first frequency for the first period. Actuation
at the first frequency provides a first level of mechanical vibration to the end effector 81 suitable
for separating a first tissue from a second tissue, for example, to separate the inner muscle layver
of a vessel from the adventitia layer. The generator 30 generates the second ultrasonic drive
signal at the resonant frequency, e.g., 55.5kHz, and the actuates the ultrasonic transducer 50 with
the second ultrasonic drive signal at the resonant frequency for the second period subsequent to
the first period. Actuation at the second, resonant frequency, provides a second level of
mechanical vibration fo the end effector 81 suitable for transecting and sealing the first tissue,
such as the vessel, once it separated from the inner muscle laver. In one form, the second
ultrasonic drive signal at the resonant frequency s generated antomatically by the generator 30
after the first period. In one form, the first frequency is substantially different from the resonant
frequency and the first period is less than about one second. For example, in one form, the first
frequency is defined by the following equation: ) = 2%f,, wherein f) is the first frequency and £,
is the resonant frequency. In another form, the first frequency is defined by the following
equation: fy = £,/2, wherein 1) is the first frequency and £ is the resonant frequency. The first,
second, and third ultrasonic drive signals are also envisioned to excite be vibratory modes of the
uitrasonic transducer 50 in longitudinal, flexural, and torsional modes and harmonics thereof.
{0209 In onc form, the generator 30 moniiors a measurable characteristic of the ultrasonic
drive systom and gencrates any onc of the first and second drive signals based on the measured

characteristic. For example, the generator 30 monitors the tmpedance Z of the ultrasonic
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transducer 50, The gencrator 30 comprises electronic circuitry suitable for measuring the
impedance of the transducer 30. For example, a current sense circuit {e.g., current sense circuit
426) senses the current flowing through the transducer 30 and a voltage sense circuit {e.g.,
voltage sense circuit 428) senses the output voltage applied to the transducer 50, A multiplexer
{e.g., multiplexer 430) routes the appropriate analog signal to an analog-to-digital converter (e.g.,
ADC 432), whose digital output is provided to a processor {e.g., processor 400). The processor
400 calculates the transducer impedance Z based on the measured values of current and voltage.
{8210} In onc form, the generator 500 comprises an impedance module (e g., tissuc impedance
module 502} to measure the impedance of a tissue portion contacting an end effector {e.g., end
effector 810}, The impedance module 302 mclades an RF oscillator (e.g., RF oscillator 506) to
generate a subtherapeutic RF signal. The subtherapeutic RF signal is applied to a blade (e g,
blade 79) portion of the end effector 810, which forrus an energizing clectrode. The tissue
portion is grasped between the end effector 810 and a retorn electrode of a clamp arm assembly
{e.g., clamp arm asserbly 451} and the impedance of the tissue (e.g., tissue 514). The tissue
imapedance is then measured by a volfage sense civcutt {e.g., voltage sense civcuit 308) and
current sense civcuit {e.g., current sense circuit S10) and of the impedance module 502, These
signals are applied to the ADC 432 via the multiplexer 430, The digital output of the ADC 432
is provided to the processor 400, which calculates the tissue impedance Zt based on the measured
vahies of current through the tissae and the voltage applied to the blade 79 portion of the end
effector 810,

{8211} FIGS. 15A-C illustrate various forms of logic flow diagrams of 700, R0G, 900 of
operations for determining a change of state of tissue being manipulated by an ultrasonic surgical
mstrument and providing feedback to the user to indicate that the tissuc has undergone such
change of state or that there is a high likehihood that the tissue has undergone such change of
state. The operations 700, 800, 900, and various permutations thereof, may be utilized in any
implementation where the state of tissue 1s monitored. For example, one or more of the
operations 700, 800, 900, efc. may be executed antomatically when the surgical system is in use.
Also, operations 700, 800, 900, efc. may be triggered based on clinician input, for example, via
one or more buttons, switches and pedals, erc. (e.g., the buttons, switches and pedals, erc.
described herein). As used herein, the tissue may undergo a change of state when the tissuc is

separated from other layers of tissue or hone, when the tissuc is cut or transccted, when the tissue
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is coagulated, and so forth while being manipulated with an end effector of an ultrasonic surgical
mstrument, such as, for example, the end effector 81, 810 of the ultrasonic surgical instrument
100, 120 shown in FIGS. 1 and 10. A change in tissue state may be determined based on the
likelthood of an occurrence of a tissue separation cvent,

18212} In various forms, the feedback is provided by the output indicator 412 shown m FIGS. 9
and 11. The output indicator 412 is particularly uscful in applications where the tissuc being
manipulated by the end effector 81, 810 1s out of the user’s ficld of view and the user cannot see
when a change of state occurs in the tissue. The output indicator 412 communicates to the user
that a change in tissue state has occurred as determined in accordance with the operations
described with respect to the logic flow diagrams 700, 800, 300, As previously discussed, the
output indicator 412 may be configured to provide various types of feedback to the user
mcluding, without Tumitation, visual, audible, and/or tactile feedback to indicate to the user (e.g.,
surgeon, clinician) that the tissue has vndergone a change of state or condition of the tissue. By
way of example, and not limitation, as previously discussed, visual feedback comprises any type
of visual mndication device including incandescent lamps or LEDs, graphical user interface,
display, analog indicator, digital indicator, bar graph display, digital alphanumeric display. By
way of example, and not imitation, audible feedback comprises any type of buzzer, computer
generated tone, computerized speech, VUI to interact with computers through a voice/speech
platform. By way of example, and not himitation, tactile feedback comprises any type of
vibratory feedback provided through the instrument housing handle assembly 68, The change of
state of the tissue may be determined based on transducer and tissne impedance measurements as
previousty described, or based on voltage, current, and frequency measurements in accordance
with the operations described with respect to the logic flow diagrams 708, 800, 900 described
below with respect to FIGS. 15A-C.

{0213]  In onc form, the logic flow diagrams 700, 800, 900 may be implemented as executable
modules {e.g., algorithms) comprising computer readable instructions to be executed by the
processor 400 (FIGS. 9, 11, 14) portion of the gencrator 30, 500. In various forms, the
operations described with respect to the logic flow diagrams 700, 860, %00 may be implemented
as one or more software components, e.g., programs, subroutines, logic; one or more hardware
components, e.g., processors, DSPs, PLDs, ASICs, circuits, registers; and/or combinations of

software and hardware. In one form, the executable instructions to perform the operations
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described by the logic flow diagrams 700, 800, 900 may be stored in memory. When executed,
the instructions cause the processor 400 to determine a change in tissue state in accordance with
the operations described in the logic flow diagrams 800 and 900 and provide feedback to the user
by way of the output indicator 412, In accordance with such executable instructions, the
processor 400 monitors and evaluates the voltage, current, and/or freguency signal samples
avatlable from the generator 30, 500 and according to the cvaluation of such signal samples
determines whether a change in tissue state has occurred, As further described below, a change
m tissue state may be determined based on the type of ulirasonic instruraent and the power level
that the instrument is encrgized at. In response to the feedback, the operational mode of the
ultrasonic surgical instrument 100, 120 may be controlled by the user or may be automatically or
seni-automatically controlled.

[0214] FIG. 15A illustrates a logic flow diagram 700 of one form of determining a change in
tissue state and activating the output indicator 412 accordingly, With reference now to the logie
flow diagram 700 shown in FIG. 15A and the drive system 32 of the generator 30 shown in FIG.
9, at 702, the processor 400 portion of the drive system 32 samples the voltage (v), current (1),
and frequency (f) signals of the generator 30. In the iHlustrated forr, at 704, the frequency and
voltage signal samples are analyzed separately to determine the corresponding frequency
inflection and/or voltage drop points. In other forms, the current signal samples may be
separately analyzed in addition to the voltage and freguency signal samples or in place of the
voltage signal samples. At 706, the present frequency signal sample 1s provided to a frequency
mflection point analysis module for determining a change in tissue state as illustrated in the logic
flow diagram 800 in FIG. 15B. At 708, the present voltage signal sample is provided to a
voltage drop point analysis module for determining a change in tissue state as iliustrated in the
logic flow diagram 900 i FIG, 15C.

{0215 The frequency inflection point analysis module and the voltage drop point analysis
module determine when a change in tissue state has occurred based on correlated empirical data
associated with a particular ultrasonic instrument type and the energy level at which the

I
7
i

instrument is driven. At 714, the results 710 from the frequency inflection point analysis module
and/or the results 712 from the voltage drop point analysis module are read by the processor 400,
The processor 400 determines 716 whether the freguency inflection point result 710 and/or the

voltage drop point result 712 indicates a change in tissue state. {fthe resulis 710, 714 do not
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indicate a change in tissue state, the processor 400 continues along the “No” branch to 702 and
reads an additional voltage and frequency signal sample from the generator 30, In forms that
utilize the generator current in the analysis, the processor 400 would now also read an additional
current signal sample from the generator 30, If the results 710, 714 indicate a sufficient change
in tissue state, the processor 400 continucs along the “Yes” branch to 718 and activates the
output indicator 412.
{8216} As previously discussed, the output indicator 412 may provide visual, andible, and/or
tactile feedback to alert the user of the ultrasonic surgical mstrument 100, 120 that a change in
tissue state has occurred. In various forms, in response to the feedback from the output indicator
412, the operational mode of the generator 30, 500 and/or the ulirasonie instrument 100, 120 may
be controlled manually, avtomatically, or senu-automatically, The operational modes include,
without linutation, disconnecting or shutting down the output power of the generator 30, 500,
reducing the output power of the generator 30, 500, cycling the output power of the generator 30,
500, pulsing the output power of the generator 30, 500, and/or outputting a high-power
momentary surge from the generator 30, 500, The operational modes of the ulirasonic
mstrument in respounse to the change in tissue state can be selected, for example, to minimize
heating effects of the end effector 81, 810, e.g., of the clamp pad S8 (FIGS. 1-3), to prevent or
minimize possible damage to the surgical nstrument 100, 120 and/or strvounding tissue, This is
advantageous because heat is generated rapidly when the transduacer 50 1s activated with nothing
between the jaws of the end eftector 81, 810 as 1s the case when a change in tissue state occurs
such as when tissue has substantially separated from the end effector.
{8217} FIG. 158 is a logic flow diagram 800 illustrating one form of the operation of the
frequency inflection point analysis module. At 802, a frequency sample is received by the
processor 400 from 706 of the logic flow diagram 700. At 804, the processor 400 calculates an
exponentially weighted moving average (EWMA) for the frequency inflection analysis. The
EWMA is calcunlated to filter out noise from the gencrator from the frequency samples. The
EWMA is calculated 1n accordance with a frequency moving average equation 806 and an alpha
value {a} 80%:

Stf = O’VVYF{F( § "CL) Ss;f' § (2)

Where:

Sy = the current moving average of the sampled frequency signal;
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Sier = the previous moving average of the sampled frequency signal;
¢ = the smoothing factor; and
Y = current data point of the sampled freguency signal.
{0218] The a value 808 may vary from about { to about | in accordance with a desired filtering
or smoothing factor, wherein small a values 808 approaching about 0 provide a large amount of
filtering or smoothing and large o valucs 808 approaching about | provide a small amount of
filtering or smoothing, The « value 808 may be selected based on the ultrasonic instrument type
and power level, In one form, blocks 804, 806, and 808 may be implemented as a variable
digital low pass filter 810 with the « value 8§08 determining the cutoft point of the filter 810,
Once the frequency saroples are filiered, the slope of the frequency samples is calculated at 812
as:
Freguency Slope = deltat/deltat (3}
{0219] The calenlated Freguency Slope data points are provided to a “slow respounse” moving
average filter 814 to calenlate the EWMA moving average tor the Frequency Slope to further
reduce system noise. In one form, the “slow response” moving average filter 814 may be
implemented by caleulating the EWMA for the Frequency Slope at §18 in accordance with the
frequency slope moving average equation 820 and alpha value ('} 822:
Ng= (Z"Y‘tf’F({ *(}.')S’u’;} (4}
Where:
Sy = the current moving average of the frequency slope of the sampled frequency signal;
S’ = the previous moving average of the frequency slope of the sampled freguency
signal;
¢’ = the smoothing factor; and
Y'y = current slope data point of the sampled frequency signal.
{02267 The o value 822 varies from about O to about 1, as previously discussed with respect to
digital filter block 810 in accordance with a desired filtering or smoothing factor, wherein small
o' value 822 approaching 0 provide a large amount of filtering or smoothing and large o value
822 approaching | provide a small amount of filtering or smoothing. The «' value ¥22 may be

sclected based on the ultrasonic instrument type and power level,
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{8221} The calenlated Frequency Slope data points are provided to a “fast response” filter 816
to calculate the moving average for the Freguency Slope. At 824, the “fast response” filter 816
calculates the moving average for the Frequency Slope based on a number of data points 826,
{02221  In the illustrated form, the output of the “slow response” moving average filter 14
“Slope EWMA” is applicd to a (+) input of an adder 828 and the output of the “fast response”
filter 816 “Slope Avg” 1s applied to (-) input of the adder 828, The adder 828 computes the
differcnce between the outputs of the “slow response” moving average filter 814 and the “fast
response” filter 816, The difference between these outputs is compared at 830 to a
predetermined himit 832, The limit 832 is determined based on the type of ultrasonic instrument
and the power level at which the particular type of ultrasonic instrument is energized at. The
Himit 832 value may be predetermined and stored in memory inthe form of a look-up table or the
fike. Ithe difference between the “Slope EWMA”™ and the “Slope Avg” is not greater than the
Himit 832, the processor 400 continues along the “No” branch and returns a value 834 to the
results 710 block that indicates that no inflection pomnt was found in the sampled frequency
signal and, therefore, no change in tissue state was detected. However, if the difference between
the “Slope EWMA” and the “Slope Avg” is greater than the it 832, the processor 400
continues along the “Yes” branch and determines that a frequency inflection point 836 was found
and returns point index 838 to the results 71 block indicating that an inflection point was found
in the sampled frequency data and, therefore, a change in tissue state was detected. As
previousty discussed with reference to FIG. 15A, 11 a freguency inflection point 836 is found,
then, at 718 (FIG. 15A) the processor 400 activates the change in tissue state indicator 718.
{82231 FIG. 15C is a logic flow diagram 900 illustrating one form of the operation of the
voltage drop analysis module. At 902, a voltage sample is received by the processor 400 from
708 of the logic flow diagram 700, At 904, the processor 400 caiculates an exponentially
weighted moving average (EWMA} for the voltage drop point analysis. The EWMA is
calculated to filter out noise from the generator from the voltage samples. The EWMA is
calculated in accordance with a voltage moving average equation 906 and an alpha value (o)
908:

Se = oY (o H{1-0}5 {5}

Where:

Si, = the current moving average of the sampled voltage signal;
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Sy-1 = the previous moving average of the sampled voltage signal;

¢ = the smoothing factor; and

Yy, = current data point of the sampled voltage signal.
{0224] As previously discussed, the o value 908 may vary from 0 to 1 in accordance with a
desired filtering or smoothing factor and may be selected based on the nlirasonic instriment type
and power level, In one form, blocks 904, 806, and 908 may be implemented as a variable
digital low pass filter 910 with the « value 908 determining the cutoft point of the filter 910,
Once the voltage samples are filtered, the slope of the voltage samples is calculated at 912 as

Voltage Slope = deltav/deliat {6}
[6225] The calculated Voltage Slope data points are provided to a “slow response” moving
average filter 914 to calculate the EWMA moving average for the Voltage Slope to further
reduce system noise. In one form, the “slow response” moving average filter 914 may be
implemented by calculating the EWMA for the Voltage Slope at 918 in accordance with the
voltage slope moving average equation 920 and alpha value (o) 822
Sy = oY o H -0}y (7

Where:

S'w = the carrent moving average of the voltage slope of the sampled voltage signal,

S'w1 = the previous moving average of the voltage slope of the sampled voltage signal;

o' = the smoothing factor; and

Yy = current slope data point of the sampled voltage signal.
{0226] The o value 922 varies from about 0 to about 1, as previously discussed with respect to
digital filter block 910 in accordance with a desired filtering or smoothing factor, wherein small
o' value 922 approaching abowut O provide a large amount of filtering or smoothing and large o
value 922 approaching about 1 provide a small amount of filtering or smoothing. The o value
922 may be sclected based on the ultrasonic instrument type and power level,
{8227} The calenlated Voltage Slope data points are provided to a “fast response” filter 916 to
calculate the moving average for the Voltage Slope. At 924, the “fast response” filter 916
calculates the moving average for the Veltage Slope based on a number of data points 926.
{0228] In the illustrated form, the output of the “slow response” moving average filter 914
“Slope EWMA” is applicd to a (+) input of an adder 928 and the output of the “fast response”

filter 916 “Slope Avg” 1s applied to (-) input of the adder 928, The adder 928 computes the
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differcnce between the outputs of the “slow response” moving average filter 314 and the “fast
response” filter 916, The difference between these outputs is compared at 930 to a
predetermined himit 932, The limit 932 is determined based on the type of ultrasonic instrument
and the power level at which the particular type of ultrasonic instrument is energized at. The
Hmit 932 value may be predetermined and stored in memory in the form of a look-up table or the
itke. If the difference between the “Slope EWMA” and the “Slope Avg” is not greater than the
Hmit 932, the processor 400 continues along the “No” branch and resets a counter to zero at 940,
then returns a value 934 to the results 710 block that indicates that no voltage drop point was
found in the sampled voltage signals and, therefore, no change m tissue state was detected.
However, if the difference between the “Slope EWMA” and the “Slope Avg” is greater than the
Himit 932, the processor 400 contitues along the “Yes” branch and increments a counter at 942,
At 944, the processor 400 decides whether the counter is greater than |, or some other
predetermined threshold value for example. In other words, the processor 400 takes at least two
data points 1 regards to the voltage drop point. If the counter 18 not greater than the threshold
{e.g., T n the llustrated form) the processor 400 continues along the “No” branch and returns a
value 934 1o the results 710 block that indicates that no voltage drop point was found in the
sampled voltage signals and, therefore, no change in tissue state was detected. If the counter is
greater than the threshold {(e.g., T i the llustrated form) the processor 400 continues along the
“Yes” branch and deterimunes that a voltage drop point 936 was found and returns a point index
938 to the results 712 block indicating that a voltage drop point was found in the sampled
voltage signals and, therefore, a change in tissue state was detected.  As previously discussed
with reference to FIG. 15A, if a voltage point 836 is found, then, at 718 (FIG. 15A) the processor
400 activates the change in tissue state indicator 718,

{8229] FIG. 16 illustrates one form of a surgical system 1000 comprising a generator 1002 and
varipus surgical instruments 1004, 1006 usable therewith., FIG. 16A is a diagram of the
uitrasonic surgical instrument 1004 of FIG. 16. The generator 1002 is configurable for use with
surgical devices. According to varipus forms, the generator 1002 may be configurable for use
with different surgical devices of different types including, for example, the ultrasonic device
1004 and clectrosurgical or RF surgical devices, such as, the RF device 1006, Although in the
form of FIG. 16, the generator 1002 is shown separate from the surgical devices 1004, 1006, m

onc form, the generator 1002 may be formed integrally with either of the surgical devices 1004,
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1006 to form a unitary surgical system. The generator 1002 comprises an input device 1045
iocated on a front panel of the generator 1002 console. The input device 10435 may comprise any
suttable device that generates signals suitable for programming the operation of the gencrator
1002,

{0230} FIG. 17 is a diagram of the surgical system 1000 of FIG. 16, In various forms, the
generator 1002 may comprise several separate functional elements, such as modules and/or
blocks. Different functional clements or modules may be configured for driving the different
kinds of surgical devices 1004, 1006. For example, an ultrasonic gencrator module 1008 may
drive ultrasonic devices such as the ultrasonic device 1004, An clectrosurgery/RF generator
module 1010 may drive the electrosurgical device 1006, For exaraple, the respective modules
1008, 1310 may generate respective drive signals for driving the surgical devices 1004, 1066, Tn
various forms, the nltrasonie generator module 1008 and/or the electrosurgery/RF generator
module 1010 cach may be formed miegrally with the generator 1002, Alternatively, one or more
of the modules 1008, 1010 may be provided as a separate circuit module electrically coupled to
the generator 1002, (The modules 1008 and 1010 are shown in phantom to tllusirate this option.)
Also, in sorae forms, the electrosurgery/RE generator roodule 1010 may be formed integrally
with the ultrasonic generator module 1008, or vice versa. Also, in some forms, the generator
1002 may be omitted entirely and the modules 1008, 1010 may be executed by processors or
other hardware within the respective instruments 1004, 1006.

{8231}  In accordance with the described forms, the uitrasonic generator module 1008 may
produce a drive signal or signals of particular voltages, currents, and frequencies, e.g., 55,500
cycles per sccond (Hz). The drive signal or signals may be provided to the ultrasonic device
1004, and specifically to the transducer 1014, which may operate, for example, as described
above. The transducer 1014 and a waveguide extonding through the shaft 1015 {waveguide not
shown in FIG. 16A) may collectively form an ultrasonic drive system driving an ultrasonic blade
1017 of an end effector 1026, In one form, the gencrator 1002 may be configured to produce a
drive signal of a particular voltage, current, and/or frequency output signal that can be stepped or
otherwise modified with high resolution, accuracy, and repeatability.

10232} The generator 1002 may be activated to provide the drive signal to the transducer 1014
in any suitable manner. For example, the generator 1002 may comprise a foot switch 1020

coupled to the generator 1002 via a footswitch cable 1022, A clinician may activate the
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transducer 1014 by depressing the foot switch 1020, In addition, or instead of the foot switch
1020 some forms of the ultrasonic device 1004 may utilize one or more switches positioned on
the hand piece that, when activated, may cause the generator 1002 to activate the transducer
1014, In one form, for example, the one or more switches may comprise a pair of toggle buttons
1036a, 1036b (Figure 16A), for exammple, to determine an operating mode of the device 1004,
When the toggle button 10364 is depressed, for example, the ultrasonic generator 1002 may
provide a maximum drive signal to the transducer 1014, causing it to produce maximum
ultrasonic energy output. Depressing toggle button 1036b may cause the ulirasonic gencrator
1002 to provide a uscr-selectable drive signal to the transducer 1014, causing it to produce less
than the maximum ultrasonic energy output. The device 1004 additionally or alternatively may
comprise a second switch {(not shown} to, for example, mndicate a position of a jaw closure tfrigger
for operating jaws of the end effector 1026, Also, in some forms, the ultrasonic generator 1002
may be activated based on the posifion of the jaw closure trigger, {e.z., as the clinician depresses
the jaw closure frigger to close the jaws, vltrasonic energy may be applied).

{02331  Additionally or alternatively, the one or more switches may comprises a toggle button
10360 that, when depressed, causes the generator 1002 to provide a pulsed outpot. The pulses
may be provided at any suitable frequency and grouping, for example. In certain forms, the
power level of the pulses may be the power levels associated with toggle buttons 1036a, 1036b
{maximum, less than maximum)}, for example.

{3234] It will be appreciated that a deviee 1004 may comprise any combination of the toggle
buttons 1036a, 1036b, 1036¢. For example, the device 1004 could be contigured to have only
two toggle buttons: a toggle button 1036a for producing maximum ultrasonic energy output and
a toggle button 1036¢ for producing a pulsed output at either the maximum or less than
maximun power fevel. In this way, the drive signal output configuration of the generator 1002
could be 5 continuous signals and 5 or 4 or 3 or 2 or | pulsed signals. In certain forms, the
specific drive signal configuration may be controlled based upon, for example, EEPROM
settings in the generator 1002 and/or user power level selection(s).

{8235] In cortain forms, a two-position switch may be provided as an alternative to a toggle
button 1036¢. For example, a device 1004 may include a toggle button 1036a for producing a
continuous output at a maximum power level and a two-position toggle button 1036b, In a first

detented position, toggle button 1036b may produce a continnous output at a less than maximum
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power level, and in a second detented position the toggle button 1036b may produce a pulsed
output {e.g., at ¢cither a maximum or less than maximum power level, depending upon the
EEPROM scttings).
{0236] In accordance with the described forms, the clectrosurgery/RF gencrator module 1610
may generate a drive signal or signals with output power sufficient to perform bipolar
clectrosurgery using radio frequency (RF) energy. In bipolar clectrosurgery applications, the
drive signal may be provided, for cxample, to clectrodes of the electrosurgical device 1006, for
example. Accordingly, the generator 1002 may be configured for therapeutic purposes by
applying clectrical energy to the tissue sufficient for treating the tissuc (e g., coagulation,
caunterization, tissue welding).
{02371  The generator 1002 may comprise an mput device 1045 (FIG. 16) located, for example,
on a front panel of the generator 1002 console. The input device 1045 may comprise any
suitable device that generates signals suitable for programming the operation of the generator
1002, Tv operation, the user can program or otherwise control operation of the generator 1002
using the input device 1043, The mput device 1045 may comprise any suitable device that
generates signals that can be used by the generator {2 g., by one or more processors contained in
the generator) to control the operation of the generator 1002 (e g, operation of the ultrasonic
generator module 1008 and/or electrosurgery/RE generator module 1010). In various forms, the
mput device 1345 inchudes one or more of buttons, switches, thumbwheels, kevboard, kevpad,
touch screen monttor, pointing device, remote connection (o a general purpose or dedicated
computer. In other forms, the input device 1045 may comprise a suitable user interface, such as
one or more user interface screens displayed on a touch screen monitor, for example.
Accordingly, by way of the input device 1045, the user can set or program various operating
parameters of the generator, such as, for example, current (1), voitage (V), frequency (£}, and/or
period (T} of a drive signal or signals gencrated by the ultrasonic generator module 1008 and/or
electrosurgery/RF generator module 1014,
{0238] The gencrator 1002 may also comprise an output device 1047 (FIG. 16}, such as an
output indicator, located, for example, on a front panel of the gencrator 1002 console. The
output device 1047 includes one or more devices for providing a sensory feedback to a user.

"

Such devices may comprise, for example, visual feedback devices (e.g., a visual feedback device

AN

may comprise incandescent lamps, light emitting diodes (LEDs), graphical uscr interface,
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display, analog indicator, digital indicator, bar graph display, digital alphanumeric display, LCD
display screen, LED indicators), audio feedback devices {e.g., an audio feedback device may
comprise speaker, buzzer, audible, computer generated tone, computerized speech, voice user
mterface (VU to interact with computers through a voice/speech platform), or tactile feedback
devices {e.g., a tactile feedback device comprises any type of vibratory feedback, haptic
actuator),

18239} Although certain modules and/or blocks of the generator 1002 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 forms. Further, although various forms may be
described n torms of modules and/or blocks to facilitate description, such modules and/or blocks
may be implemented by one or more hardware components, e.g., processors, Digital Signal
Processors (DSPs), Programumable Logic Devices (PLDs), Application Specific Tntegrated
Circuits (ASICs), civcuits, registers and/or software components, e.g., programs, sabroutines,
fogic and/or combinations of hardware and software components. Also, i some forms, the
various modules described herein may be implemented utilizing similar hardware positioned
within the instruments 100, 120, 1004, 1006 (i e, the generator 30, 50, 1002 may be omitted).
{824¢] In onc form, the ultrasonic generator drive module 1008 and electrosurgery/RF drive
module 1010 may comprise one or more embedded applications implemented as firmware,
software, hardware, or any combination thereof. The modules 1008, 1010 may comprise various
executable modules such as software, programs, data, drivers, application program interfaces
{APIs), and so forth. The firmware may be stored in nonvolatife memory (NVM), such as in bit-
masked read-only memory (ROM) or flash memory. In various implementations, 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 randome-access memory
(RAM) such as dynamic RAM (DRAM), Double-Data-Rate DRAM (DDRAM), and/or
synchronous DRAM {(SDRAM}.

18241} In one form, the modules 1008, 1010 comprise a hardware component implemented as
a processor for executing program instructions for monitoring various measurable characteristics
of the devices 1004, 1006 and generating a corresponding output control signals for operating the

devices 1004, 1006. In forms mn which the generator 1002 15 used in conjunction with the device
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1004, the ountput control signal may drive the ultrasonic transducer 1014 in cutting and/or
coaguiation operating modes. Electrical characteristics of the device 1004 and/or tissue may be
measured and used to control operational aspects of the generator 1002 and/or provided as
feedback to the user. In forms in which the generator 1002 is used in conjunction with the
device 1006, the output control signal may supply clectrical encrgy {e.g., RF encrgy) to the end
cffector 1032 in cutting, coagulation and/or desiceation modes, Electrical characteristics of the
device 1006 and/or tissuc may be measured and used to control operational aspects of the
generator 1002 and/or provide feedback to the user. In various forms, as previously discussed,
the hardware component may be implernented as a DSP, PLD, ASIC, circuits, and/or registers.
In one form, the processor may be configured to store and execute coraputer software program
instructions to generate the step function output signals for driving various components of the
devices 1004, 1006, such as the ultrasonic transducer 1014 and the end effectors 1026, 1032,
{82421 FIG. 18 illostrates an equivalent cirenit 1050 of an ultrasonic transducer, such as the
wltrasonic transduocer 1014, according to one form. The circuit 1050 comprises a first “motional”
branch having a serially connected inductance Ly, resistance Ry and capacitance C that define the
electromechanical properties of the resonator, and a second capacitive branch having a static
capacitance C,. Drive current Iy may be recetved from a generator at a drive voltage V,, with
motional current I, fowing through the fivst branch and curvent I, — I, flowing through the
capacitive branch. Control of the electromechanical propertics of the ultrasonic transducer may
be achieved by suitably controlling I; and V.. As explained above, conventional generator
architectures may incinde a tuning inductor L, (shown in phantom in FIG. 18} for tuning outin a
paraliel resonance circuit the static capacitance Co at a resonant frequency so that substantially
all of generator’s current output [, flows through the motional branch. In this way, control of the
motional branch current 1, is achieved by controlling the generator current output ;. The tuning
mductor L, is specific to the static capacitance C, of an ultrasonic transducer, however, and a
differcent ultrasonic transducer having a different static capacitance requires a different tuning
inductor L. Moreover, because the tuning inductor L, 1s matched to the nominal value of the
static capacitance Co at a single resonant frequency, accurate control of the motional branch
current L, 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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18243} Forms of the gencrator 1002 do not rely on a tuning inductor L, to monitor the motional
branch current L. Instead, the gencrator 1002 may use the measured value of the static
capacitance C, in between applications of power for a specific ultrasonic surgical device 1004
{along with drive signal voltage and current feedback data) to determuine values of the motional
branch current I, on a dynamic and ongoing basis {e.g., in real-time). Such forms of the
generator 1002 are therefore able to provide virtual tuning to simulate a system that is tuned or
resonant with any value of static capacitance C, at any frequency, and not just at single resonant
frequency dictated by a nominal value of the static capacitance C..

{0244} FIG. 19 is a simplified block diagram of one form of the generator 1002 for proving
mductorless tuning as described above, among other benefits. Additional details of the generator
1002 are described i commonly assigned and contemporancously filed U.S. Patent Application
Serial No. 12/896,360, titled “Surgical Generator For Ultrasonie And Electrosurgical Devices,”
Attorney Docket Number END6673USNP/100558, the disclosure of which s incorporated
herein by reference in iis entivety. With reference to FIG. 19, the generator 1002 may comprise a
patient isolated stage 1052 i communication with a non-isolated stage 1054 via a power
transtformer 1056, A secondary winding 1058 of the power transformer 1056 15 contained in the
isolated stage 1052 and may comprise a tapped configuration (e.g., a center-tapped or a non-
center-tapped configuration) to define drive signal outputs 1060a, 1060b, 1060c¢ for outputting
drive signals to different surgical devices, such as, for example, an ultrasonic surgical device
1004 and an electrosurgical device 1006, In particudar, drive signal outputs 1060a, 1060¢ may
outpnt an ultrasonic drive signal {e.g., a 420V RMS drive signal} to an ultrasonic surgical device
1004, and drive signal cutputs 1060b, 1060c may output an clectrosurgical drive signal (e.g., a
100V RMS drive signal} to an clectrosurgical device 1006, with cutput 1060b corresponding to
the center tap of the power transformer 1056,

{02453] In certain forms, the ultrasonic and clectrosurgical drive signals may be provided
simultancousiy to distinct surgical instruments and/or o a single surgical instrument having the
capability to deliver both ultrasonic and electrosurgical energy to tissue. An example of a blade
79 and clamp arm assembly 415 of one example form of such a surgical instrument is provided
above in conjunction with FIG, 13, It will be appreciated that the clectrosurgical signal,
provided either to a dedicated clectrosurgical instrument and/or to a combined

ultrasonic/clectrosurgical instrument may be cither a therapeutic or sub-therapeutic level signal.
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{8246} The non-isolated stage 1054 may comprise a power amplifier 1062 having an output
connected to a primary winding 1064 of the power transformer 1056, In certain forms the power
araplifier 1062 may be comprise a push-pull amplificr. For example, the non-isolated stage 1054
may further comprise a logic device 1066 for supplying a digital output to a digital-to-analog
converter (DAC)Y 1068, which i turn supplics a corresponding analog signal to an input of the
power amplifier 1062, In certain forms the logic device 1066 may comprise a programmable
gate array {PGA), s ficld-programimable gate array (FPGA), programmable logic device (PLD),
among other logic circuiis, for example, The logic device 1066, by virtue of controlling the
mput of the power amplifier 1062 via the DAC 1068, may thercfore control any of a number of
parameters {e.g., frequency, waveform shape, waveform amplitude) of drive signals appearing at
the drive signal outputs 1060a, 1060b, 1060c. In certain forms and as discussed below, the logic
device 1066, in conjunction with a processor {2.g., a digital signal processor discussed below),
may iraplement a number of digital signal processing (DSP)-based and/or other control
algorithms to control parameters of the drive signals ouiput by the generator 1002,

{02471 Power may be supplied to a power rail of the power amplifier 1062 by a switch-mode
regulator 1070, In certain forms the switch-mode regulator 1870 may comprise an adjustable
buck regulator, for example. The non-isolated stage 1054 may further comprise a first processor
1074, which in one form may comprise a DSP processor such as an Analog Devices ADSP-
21469 SHARC DSP, available from Analog Devices, Norwood, MA, for example, although in
various forms any suttable processor may be employed. In certain forms the processor 1074 may
control operation of the switch-mode power converter 1070 responsive to voltage feedback data
received from the power amplifier 1062 by the DSP processor 1074 via an analog-to-digital
converter {ADC) 1676, In one form, for example, the DSP processor 1074 may receive as input,
via the ADC 1076, the waveform envelope of a signal {(e.g., an RF signal) being amplified by the
power amplifier 1062, The DSP processor 1074 may then control the switch-mode regulator
1070 {e.g., via a pulse-width modulated (PWM) output) such that the rail voltage supplied to the
power amplifier 1062 tracks the waveform envelope of the amplified signal. By dynamically
modulating the rail veltage of the power amplifier 1062 based on the waveform envelope, the
ctficicney of the power amplifier 1062 may be significantly improved relative to a fixed rail

voltage amplifier schemes.
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18248} In certain forms, the logic device 1066, in conjunction with the DSP processor 1074,
may implement a direct digital synthesizer {DDS) control scheme to control the waveform shape,
frequency and/or amplitude of drive signals cutput by the generator 1002, In one form, for
example, the logic device 1066 may implement a DDS control algorithm by recalling wavetform
samples stored in a dynamically-updated look-up table (LUT), such as a RAM LUT, which may
be embedded in an FPGA. This control algorithm s particularly uscful for ultrasonic
applications in which an ultrasonic transducer, such as the ultrasonic transducer 1014, may be
driven by a clean sinusoidal current at its resonant frequency. Because other frequencics may
excite parasitic resonances, muintmizing or reducing the total 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 1002 15 impacted by various sources of
distortion present i the output drive circuit {e.g., the power transformer 1056, the power
araplifier 1062}, voltage and current feedback data based on the drive signal may be input into an
algorithm, such as an error control algorithm imaplersented by the DSP processor 1074, which
compensates for distortion by saitably pre-distorting or modifyving the waveform sarmples stored
m the LUT on a dynamic, ongoing basis (e.g., in real-tine). In one form, 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 wavetorm 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 circuit, may result in a motional branch drive signal having the desired
waveform shape {e.g., sinusoidal) for optimally driving the ultrasonic transducer. In such forms,
the LUT waveform samples will therefore not represent the desired wavetorm shape 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.

{8249} The non-isolated stage 1054 may further comprise an ADC 1078 and an ADC 1680
coupled to the output of the power transformer 1056 via respective isolation transformers 1082,
1084 for respectively sampling the voltage and current of drive signals output by the generator
1002, In certain forms, the ADCs 1078, 1080 may be configured to sample at hugh speeds (e.g.,
80 MSPS) to enable oversampling of the drive signals, In one form, for exarple, the sampling

speed of the ADCs 1078, 1080 may enable approximately 200x (depending on frequency)
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oversampling of the drive signals. In certain forms, the sampling operations of the ADC 1078,
1080 may be performed by a singe ADC receiving input voltage and current signals via a two-
way multiplexer. The use of high-speed sarmpling in forms of the generator 1002 may enable,
among other things, calculation of the complex current flowing through the motional branch
{which may be used in certan forms to implement DDS-based waveform shape control
described above), accurate digital filicring of the sampled signals, and calculation of real power
consumption with a high degree of precision. Voltage and current feedback data output by the
ADCs 1078, 1080 may be recetved and processed (e.g., FIFO buffering, multiplexing) by the
iogic device 1066 and stored in data memory for subsequent retrieval by, for example, the DSP
processor 1074, As noted above, voltage and curvent feedback data may be used as input to an
algorithm for pre-distorting or modifying LUT waveform samples on a dynamic and ongoing
basis. In certain forms, this may require each stored voltage and current feedback data pair to be
indexed based on, or otherwise associated with, a corresponding LUT sample that was output by
the logic device 1066 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 fiming and stability of the pre-distortion algorithm,

{02530] In certain forms, the voltage and current feedback data may be used to control the
frequency and/or amplitude {e.g., carrent amplitude) of the drive signals. In one form, for
example, voltage and current feedback data may be used to determine impedance phase. The
frequency of the drive signal may then be controlled to minimize or reduce the difference
between the determined impedance phase and an impedance phase setpoint {e.g., %), thereby
nminimizing or reducing the effects of harmonic distortion and correspondingly enhancing
impedance phase measurement accuracy. 1he determination of phase impedance and a
frequency control signal may be implemented in the DSP processor 1074, for example, with the
frequency controf signal being supplied as input to a DDS control algorithm implemented by the
logic device 1066,

{0251} In another form, for example, the current feedback data may be monitored in order to
naintain the current amplitude of the drive signal at a current amplitude setpoint. The current
amplitude setpoint may be specified directly or determined mdirectly based on specified voltage
araplitude and power setpoints, In certain forms, control of the current amplitude may be
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implemented by control algorithm, such as, for example, a PID control algorithim, in the
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processor 1474, Variables controlled by the control algorithm to suitably control the current
amplitude of the drive signal may include, for example, the scaling of the LUT waveform
samples stored in the logic device 1066 and/or the full-scale output voltage of the DAC 1068
{which supplics the input to the power amplificr 1062} via a DAC 1086,

{8252} The non-isolated stage 1054 may further comprise a second processor 1090 for
providing, among other things user interface (Ul functionality. In one form, the Ul processor
1090 may comprise an Atmel AT9ISAMO263 processor having an ARM 926EI}-S core,
avatlable from Atmel Corporation, San Jose, CA, for example, Examples of Ul functionality
supported by the Ul processor 1090 may include audible and visual user feedback,
comymunication with peripheral devices {e.g., via a Universal Serial Bus (USB) interface),
communication with the footswitch 1020, coramunication with an input device 1009 (e.g., a
touch screen display) and communication with an output device 1047 (e.g., a speaker). The Ul
processor 1090 may conumunicate with the processor 1074 and the logic device 1066 (e.g., via
serial peripheral interface (SPI) buses). Although the UT processor 1090 may primarily support
UT fonctionality, it may also coordinate with the DSP processor 1074 to implement hazard
mitigation in certain forms. For example, the UT processor 1890 may be programumed to monitor
various aspects of user input and/or other jnputs {e.g., touch screen inputs, footswitch 1020
mputs {FIG. 17}, temperature sensor inputs) and may disable the drive ontput of the generator
1002 when an erroneous condition is detected.

{82531 In certain forms, both the DSP processor 1374 and the Ul processor 1090, for example,
may determine and monitor the operating state of the generator 1002, For the DSP processor
1074, the operating state of the generator 1002 may dictate, for example, which control and/or
diagnostic processes are implemented by the DSP processor 1074, For the Ul processor 1090,
the operating state of the generator 1002 may dictate, for example, which elements of a user
mterface (e.g., display screens, sounds) are presented to a user. The respective DSP and Ul
processors 1074, 1090 may independently maitain the current operating state of the generator
1002 and recognize and evaluate possible transitions out of the current operating state. The DSP
processor 1474 may function as the master in this relationship and determine when transitions
between operating states are to occur, The Ul processor 1090 may be aware of valid transitions
between operating states and may confirm if a particular transition is appropriate. For example,

when the DSP processor 1074 instracts the Ul processor 1090 to transition to a specific state, the
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Ul processor 10890 may verify that requested transition is valid. In the event that a requested
transition between states is determined to be invalid by the Ul processor 1690, the Ul processor
1090 may cause the generator 1002 to enter a failure mode.

{0254] The non-isolated stage 1054 may further comprise a controller 1096 for monitoring
input devices 1045 {e.g., a capacitive touch sensor used for turning the generator 1002 on and
off, a capacitive touch screen). In certain forms, the controller 1096 may comprise at least one
processor and/or other controller device in commumnication with the Ul processor 1090, In one
form, for example, the controller 1096 may comprise a processor {e.g., a Megal 68 &-bit
controller available from Atmel) configured to monitor user input provided via one or more
capacttive touch sensors. In one form, the controlier 1096 may comprise a touch screen
controller (e.g., a QT5480 touch screen controller available from Atmel) to control and manage
the acquisition of touch data from a capacitive touch screen,

[02535]  In certain forms, when the generator 1002 is in a “power off” state, the controlier 1096
may continue 1o receive operating power {e.g., via a line from a power supply of the generator
1002, such as the power supply 2011 discussed below). Tn this way, the controller 196 may
contitwe to monitor an input device 1045 (e.g., a capacitive touch sensor located on a front panel
of the generator 1002) for turning the generator 1002 on and off. When the generator 1002 s in
the power off state, the controller 1096 may wake the power supply {e.g., enable operation of one
or more DC/DC voltage converters 2013 of the power supply 2011 if activation of the “on/off”
input device 1045 by a user is detected. The controlier 1096 may therefore inttiate a sequence
for transitioning the generator 1002 to a “power on” state. Conversely, the controlier 1096 may
initiate a sequence for transitioning the generator 1002 to the power off state if activation of the
“on/off” input device 1045 is detected when the generator 1002 1s in the power on state. In
certain forms, for example, the controller 1096 may report activation of the “on/off” input device
1045 to the processor 1090, which in turn imploments the necessary process sequence for
transitioning the generator 1002 to the power off state. In such forms, the controller 196 may
have no independent ability for causing the removal of power from the gencrator 10602 after its
power on state has been established.

{0256] In certain forms, the controller 1096 may cause the generator 1002 to provide audible or

other sensory feedback for alerting the user that a power on or power off seguence has been

55



WO 2013/154925 PCT/US2013/035370

initiated. Such an alert may be provided at the beginning of a power on or power off sequence
and prior to the commencement of other processes associated with the sequence.

{0257} In cortain forms, the isolated stage 1052 may comprise an instrument interface cireuit
1098 to, for cxample, provide a communication interface between a control circuit of a surgical
device {e.g., a control circuit comprising hand picce switches) and components of the non-
isolated stage 1054, such as, for example, the programmabile logic device 1066, the DSP
processor 1074 and/or the Ul processor 190, The instrument interface circuit 1098 may
exchange information with components of the non-isolated stage 1054 via a comununication link
that maintains a suttable degree of electrical isolation between the stages 1052, 1054, such as, for
example, an infrared (IR)-based communication hink., Power may be supplied to the mstrument
interface circnit 1098 using, for example, a low-dropout voltage regulator powered by an
isolation transformer driven from the non-isolated stage 1054,

[8258] In one form, the instruoment interface circut 198 may comprise a logic device 2000
{e.g., logic circuit, programmable logic civourt, PGA, FPGA, PLD) in communication with a
signal conditioning civcut 2002, The signal conditioning circut 2002 may be configured to
receive a periodic signal from the logic circuit 2000 {e.g., a 2 kHz square wave) to generate a
bipolar interrogation signal having an identical frequency. The interrogation signal may be
generated, for example, using a bipolar current source fed by a differential amplifier. The
mterrogation signal may be communicated to a surgical device control circnit {e.g., by using a
conductive pair in a cable that connects the generator 102 to the surgical device) and monttored
to determine a state or configuration of the control circuit. The control circuif may comprise a
number of switches, resistors and/or diodes to modify one or more characteristics {e.g.,
amplitude, rectification) of the interrogation signal such that a state or configuration of the
control circuit is uniguely discernable based on the one or more characteristics. In one form, for
example, the signal conditioning circuit 2002 may comprises an ADC for generating samples of
a voltage signal appearing across inputs of the control circuit resulting from passage of
mterrogation signal therethrough. The logic device 2000 (or a component of the non-isclated
stage 1054} may then determine the state or configuration of the control circuit based on the
ADC samples.

[0259] In onc form, the instrument interface circuit 1098 may cormprise a first data circuit

mterface 2004 to enable information exchange between the logic circuit 2000 (or other element
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ot the instrument interface circuit 1098) and a first data circuit disposed in or otherwise
associated with a surgical device. In certain forms, for example, a first data circnit 2006 (FIG.
16A) may be disposed in a cable integrally attached to a surgical device hand piece, orinan
adaptor for interfacing a specific surgical device type or model with the generator 1002, The
data circuit 2006 may be implemented in any suitable manner and may communicate with the
generator according to any suttable protocol including, for example, as described herein with
respect to the cirenit 6006, In certain forms, the first data circuit may comprise a non-volatile
storage device, such as an clectrically crasable programmable read-only memory (EEPROM)
device. In certain forms and referring again to FIG., 19, the first data circuit interface 2004 may
be implemented separately from the logic device 2000 and comprise suitable circuitry {e.z.,
discrete logic devices, a processor) to enable commmunication between the programunable logic
device 2000 and the fivst data cirenit. In other forros, the fivst data cirowit nterface 2004 may be
integral with the logic device 2000.

[0260] In certain forms, the first data circuit 2006 may store information pertaining to the
particular surgical device with which 1t 1s associated. Such information may melude, for
example, a model number, a serial unber, 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
mstrument interface circuit 1098 (e.g., by the logic device 2000), transferred to a component of
the non-isolated stage 1054 {(e.g., to logic device 1366, DSP processor 1074 and/or Ul processor
1090} for presentation to a user via an output device 1047 and/or for controlling a function or
operation of the generator 1002, Additionally, any type of information may be communicated to
first data circuit 2006 for storage therein via the first data circuit interface 2004 (.2, using the
iogic device 2000}, Such information may comprise, for example, an updated number of
operations in which the surgical device has been used and/or dates and/or times of its usage.
{0261} As discussed previously, a surgical instrument may be detachable from a hand picce
(e.g., mstrument 1024 may be detachable from hand picce 1014) to promote instrament
mterchangeability and/or disposability. In such cases, conventional generators may be limited in
their ability to recognize particular instrument configurations being used and to optimize control
and diagnostic processes accordingly. The addition of readable data circuits to surgical device
mstruments to address this issuc is problematic from a compatibility standpoint, however. For

example, designing a surgical device to remain backwardly compatible with generators that lack
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the requisite data reading functionality may be impractical due to, for example, differing signal
schemes, design complexity, and cost. Forms of instruments discussed herein address these
concerns by using data circuits that may be implemented in existing surgical instruments
cconomically and with minimal design changes to preserve comapatibility of the surgical devices
with current generator platforms.

{0262} Additionally, forms of the generator 1002 may enable comumunication with instrument-
based data circuits. For example, the generator 1002 may be configured to conununicate with a
second data circuit 2007 contained in an instrurnent {e.g., instrument 1024 ) of a surgical device
(FiGG. 16A). In some forms, the sccond data circuit 2007 may be imaplemented in 2 many similar
to that of the data circuit 6006 described herein, The mstrument interface civcuit 1098 may
comprise a second data circuit interface 2010 to enable this communication. In one form, the
second data circuit interface 2010 may comprise a tri-state digital interface, although other
interfaces may also be used. In certam forms, the second data civcuit may generally be any
cireuit for transmitting and/or receiving data, In one form, for exarople, the second data circnit
may store information pertaining to the particular surgical mstrument with which it is assocated,
Such nformation may mclude, for example, a model munber, a senial nomber, a number of
operations in which the surgical instrument has been used, and/or any other type of information.
In some forms, the second data cirenit 2007 may store information about the electrical and/or
ultrasonic properties of an associated transducer 1014, end effector 1026, or ultrasonic drive
system. For example, the first data circuit 2006 may indicate a burn-in frequency slope, as
described herein. Additionally or alternatively, any type of information may be communicated
to second data circuit for storage thercin via the second data circuit interface 2010 (e.g., using the
iogic device 2000}, Such information may comprise, for example, an updated number of
operations in which the instrument has been used and/or dates and/or times of its usage. In
certain forms, the second data circuit may transmit data acquired by one or more sensors {e.g., an
instrument-based temperature sensor). in certain forms, the second data circuit may receive data
from the gencrator 1002 and provide an indication to a user {e.g., an LED indication or other
visible indication) based on the received data.

{0263} In certain forms, the sccond data circuit and the second data cirenit interface 2010 may
be configured such that communication between the logic device 2000 and the second data

circuit can be effected without the need to provide additional conductors for this purpose {e.g.,
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dedicated conductors of a cable connecting a hand piece to the generator 1002). In one form, for
example, information may be comnunicated to and from the second data circuit using a 1-wire
bus communication schome implemented on existing cabling, such as one of the conductors used
transmit interrogation signals from the signal conditioning circuit 2002 to a control circuit in a
hand picce. In this way, design changes or modifications to the surgical device that might
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otherwise be necessary are minimized or reduced. Morcover, because different types of
communications implemented over a common physical channel can be frequency-band
separated, the presence of a sccond data circuit may be “imvisible” to generators that do not have
the requisite data reading functionality, thus cnabling backward compatibility of the surgical
device instrument.

[0264] In certain forms, the 1solated stage 1052 may comprise at least one blocking capacitor
2096-1 connected to the drive signal output 1060b to prevent passage of DC current to a patient.
A single blocking capacitor may be required to comply with medical regulations or standards, for
example. While failure i single~-capacitor designs is relatively uncommon, such failure may
nonetheless have negative consequences. In one form, a second blocking capacitor 2096-2 may
be provided in series with the blocking capacitor 2096-1, with current leakage from a pomnt
between the blocking capacitors 2096-1, 2096-2 being monttored by, for example, an ADC 2098
for sampling a voltage induced by leakage current. The samples may be received by the logic
circuit 2000, for example. Based changes in the leakage current (as indicated by the voltage
samples in the form of FIG. 19}, the generator 1002 may determine when at least one of the
blocking capacitors 2096-~1, 2096-2 has failed. Accordingly, the form of FIG. 19 provides a
benefit over single-capacitor designs having a single point of failure.

{0265] In certain forms, the non-isolated stage 1054 may comprise a power supply 2011 for
outputting DC power at a suitable voltage and current. The power supply may comprise, for
example, a 400 W power supply for outputting a 48 VDC system voltage. The power supply
2011 may further comprise one or more DU/DC voltage converters 2013 for recciving the output
of the power supply to generate DC outputs at the voltages and currents reguired by the various
components of the generator 1002, As discussed above in connection with the controfier 1096,
onc or more of the DC/DC voltage converters 2013 may receive an mmput from the controller
1096 when activation of the “on/off” input device 1045 by a user is detected by the controller

1096 to enable operation of, or wake, the DC/DC voltage converters 2013,
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{8266] Having described operational details of various forms of the surgical systems 19 (FIG.
1}, 190 (FIG. 10}, 1000 (FIG. 16) operations for the above surgical systems 19, 190, 1000 may
be further described generally in terms of a process for cutting and coagulating tissue cmploying
a surgical imstrument comprising an input device 406, 1045 and the generator 1002, Although a
particular process is described in connection with the operational details, it can be appreciated
that the process merely provides an example of how the general functionality described herein
can be implemented by any one of the surgical systems 19, 190, 1000, Further, the given process
docs not necessarily have to be cxecuted in the order presented herein unless otherwise indicated.
As previously discussed, any one the input devices 406, 1045 may be employed to program the
output {e.g., mpedance, current, voltage, frequency) of the surgical devices 100 (FIG. 1), 120
(Fi(G. 10}, 1002 (F1G. 16), 1006 (FIG. 16).

[0267] FIGS. 20-22 illustrate variouns forms of logic flow diagrams of 1200, 1300, 1400 related
to a tissue algorithm for detecting when rapid heating of the ultrasorue end effector 1026 blade
ocenrs and provide the opportanity {or generating visnal, andible and/or tactile feedback and/or
changing an operational mode of the wstrument and/or generator. For example, feedback may
be provided via the output indicator 412 (FIGS. 9, 11} and/or the output device 1047 (FIG. 16}
{e.g., annunciation, modulation of power output and/or display of content). According to the
present disclosure, when mmltiple reference nombers are used to deseribed an element such as
“nltrasonic surgical nstroment 100, 120, 1004,” it should be understood to reference any one of
the elements, such as, for example, “ultrasonic surgical instrament 100, or “nlirasonic surgical
mstroment 120,” or “ultrasonic surgical mstrument 1004, It will be appreciated however, that
any of the algorithms described herein are suitable for execution with any of the instruments 100,
120, 1004 described herein,

{8268] In various forms, feedback may be provided by the output indicator 412 shown in FIGS.
9 and 1 or the output device 1047 in FIG. 16, These feedback devices {e.g., output indicator
412, output device 1047) are particularly useful in applications where the tissue being
manipulated by the end effector 81 (FIG. 1), 810 (FIG. 10}, 1026 (FIG. 16} is out of the user’s
field of view and the user cannot sce when a change of state occurs in the tissue. The feedback
device commmunicates to the user that a change in tissue state has occurred as determined in
accordance with the operations described with respect to the logic flow diagrams 700, 800, 900,

1200, 1300, 1400 as they relate to corresponding tissue algorithms. The feedback devices may
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be configured to provide various types of feedback according to the current state or condition of
the tissue. A change of state of the tissue may be determined based on transducer and/or tissue
measurcments based on voltage, current, and frequency measurements in accordance with the
operations described, for example, with respect to the logic flow diagrams 700, 800, 900
described above in connection with FIGS, 15A-C and the logic flow diagraras 1200, 1300, 1400
described below in connection with FIGS. 20-22, as well as the various other logic flow
diagrams described herein

{0269]  In onc form, the logic flow diagrams 1200, 1300, 1400 may be implemented as
executable modules (e g., algorithms) comprising computer readable instructions to be executed
by the processor 400 (FIGS. 9, 11, 14) portion of the generator 30, S00 or the generator 1002
(FIGS, 16, 17, 19). In varnious forms, the operations described with respect to the logic flow
diagrams 1200, 1300, 1400 may be implemented as one or more than ove software coraponent,
e.g., program, subroutine, logic; one or more than one hardware components, e.g., processor,
DSP, PLD, PGA, FPGA, ASIC, cirenit, logic circuit, register; and/or combinations of software
and hardware. In one form, the executable instructions to perform the operations described by
the logic flow diagrams 1200, 1300, 1400 may be stored in memory. When executed, the
mstroctions cause the processor 400, the DSP processor 1074 (FIG. 19} or logic device 1066
(FIG. 19) to determine a change in tissue state in accordance with the operations described in the
logic flow diagrams 1200, 1300, and 1400 and provide feedback to the user by way of the output
indicator 412 (FIGS. 9, 11} or output indicator 1047 (FIGS. 16, 17). In accordance with snch
executable instructions, the processor 400, DSP processor 1074, and/or logic device 1066
monitors and cvaluates the voltage, current, and/or frequency signal samples available from the
generator 30, 500, 1002 and according to the evaliation of such signal samples determines
whether a change in tissue state has occurred. As further described below, a change in tissue
state may be determined based on the type of ultrasonic instrument and the power level that the
instrument is energized at. In response to the feedback, the operational mode of any one of the
ultrasonic surgical instruments 100, 120, 1004 may be controlied by the user or may be
automatically or semi-automatically controlled.

[9270] A bricf sumumary of a tissue algorithm represented by way of the logic flow diagrams
1200, 1300, 1400 will now be described in connection with any one of the ultrasonic surgical

mstruments 100, 120, 1004 driven by a corresponding generator 30 (FIG, 1), 500 (FIG. 10), 1002
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(FiG. 17). In one aspect, the tissue algorithm detects when the temperature of the blade portion
{and therefore resonance) of the ultrasonic end cffector 81 (FIG. 1), 816 (FIG. 10), 1026 (FIG.
17} is changing rapidly {of most interest is an increasing change). For a clamping or shears type
mstrument, this change may correspond to a common clinical scenario, among others, when

3
1
¥

minimal-to-no tissue, tissue debris or fhuid is adjacent the blade and the blade is activated against
the clamp arm, clamp pad or other suitable tissue biasing member, For non-clamping
applications where an instrument with or without a clamp arm and associated mechanisms is
used to ctfect tissue, this change corresponds to conditions where rapid heating occurs such as
when the blade 1s activated against bone or other hard materials or when excessive force s used
to couple the blade to tissue targets. These are tlustrative cases; one can tmagine other clinical
scenarios where rapid blade heating may ocour and such a tissue algorithm as described here s
of benefit,

{02711 The tissue algorithin represented by the logic flow diagrams 1200, 1300, 1400 and any
of the algorithms described herein may be employed 1o conjunction with any of the generators
30, 300, 1002 described herein, and other suitable generators such as the GEN 04, GEN 11
generators available from Ethucon Endo-Surgery, Inc. of Cincinnati, Ohio, and related devices,
systems, that may leverage the algorithm or technology disclosed herein. Accordingly, n the
description of the tissue algorithm in conjonction with the flow diagrams 1200, 1300, 1400
reference is made to the generators 30, 500, 1002 described in conpection with corresponding
FIGS. 1-8, 10-13, and 16-19.

{0272} Accordingly, with reference now to FIGS. 1-14, the frequency of the blade/hand piece
resonant system of any one of the ultrasenic surgical mstraments 100, 120, 1004 is dependent on
temperature. When, for example, an ultrasonic shear type end effector cuts through a clamped
piece of tissue, the blade heats and thins the tissue until nitimately it cuts through the tissue. At
this point, the blade resides against the tissue pad and, if clamp pressure remains between the
two, the blade and pad interface will draw power via the mechanical or vibratory motion of the
blade relative to the pad. The power “deposited” at the interface will be largely conducted into
the blade tip as the pad material is quite insulative. It is this thermal energy that alters the
stiffness of the blade tip and the system resonance will change accordingly due to these localized
(to the tip) conditions. The generator 30, 500, 1002 tracks this resonance. The shears example

ilhustrates one scenario for which the algorithim is of use. Additional scenarios are back-cutting
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with a shears device with the clamp arm closed, blade cutting against tough or hard tissue, or any
scenarie in which knowing the thermal condition of the blade end-effector is desired. A tissue
algorithm that applics logic to this tracking of resonance and, therefore, blade tip thermal
condition is now described in connection with logic flow diagrars 1200, 1300, 1400 m FIGS.
20-22.

{8273} In addition, the description of the tissue algorithin described in connection with logic
flow diagrams 1200, 1300, 1400 will be accompanied with ithustrative examples via data
obtained using any one of the ultrasonic surgical instruments 100, 120, 1004 comprising a
corresponding generator 30, 500, 1002 described herein.

{8274] The tissue algorithm deseribed in connection with logic flow diagrams 1200, 1300,
1400 relies on the monitoring of elecirical drive signals, especially those correlating to the
resonant frequency of the drive signal. The algorithm monitors the resonant freguency and s
change with time (i e, the first derivative of frequency with respect to time). Throughout this
disclosure, this change in frequency with time is veferred to as frequency slope. Frequency slope
is caloulated locally (from a time perspective) by calculating the change n frequency of adjacent
{or relatively near) data points and dividing by the corresponding change in time. Becaunse of
signal transients, averaging or any of a multitude of applicable filtering or smoothing techniques
{(such that trends are more easily discernable and prevents turning on/off condition sets rapidly)
may be employed. The data plots shown in FIGS. 62, 63, 64 tllustrate the calculation of
frequency slope and the use of averaging technigues {e.g., exponentially weighted moving
average or EWMA) to obtain frequency slope values useful for control/monitoring. Other
descriptions of frequency slope include, without limitation, “first derivative of frequency” and
“frequency change with respect to time.”

{8275] FIG. 20 is a logic flow diagram 1200 of a tissue algorithm that may be implemented in
one form of a generator 30, 500, 1002 and/or an onboard generator or control circuit of an
instrument. At a general level, the tissue algorithm described in connection with logic flow
diagram 1200 assesscs the clectrical signals in real time against a set of logic conditions that
correlate to events of interest (e.g., blade of ultrasonic instrument is rapidly heating}.
Accordingly, the gencrator 30, 500, 1002 determines when a set of logic conditions occur and
triggers a corresponding set of responses. The terms “Condition Set” and “Response set” are

defined follows:
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(1} Condition Set — a set of logic conditions that ciectrical signals arc monitored
against in real time.

) Response Set — one or more responses of the generator 30, 500, 1002 systemtoa
Condition Set having been met,
18276} At 1202, the generator 30, 500, 1002 is placed in an ultrasonic drive mode in a ready
state.
102777 At 1204, the generator 30, 500, 1002 is activated at a predeiermined power level N.
When the user activates the surgical system 19, 190, 1000, the corresponding generator 30, 500,
1002 responds by secking the surgical system 19, 190, 1000 resonance and then ramping the
output to the end effectors 81, 810, 1026 to the targeted levels for the conunanded power level.
[0278] A1 1206, the tissue algorithm determimes whether parameters associated with the tissue
algorithm are 1o use by determining when at least one Condition Sets/Respounse Sets flag is
enabled. When no such flags are enabled, the algorithm proceeds along “NO” path where at
1208 the surgical system |9, 190, 1000 is operated m normal glirasonic mode and at 1210, the
corresponding generator 30, 500, 1002 is deactivated when the tissue procedure is completed.,
[0279] Wheno at least one flag for setting Condition Sets/Response Sets is enabled, the
algorithm proceeds along “YES” path and the generator 30, S00, 1002 utilizes the tissue
algorithm 1300 signal evaluation after resetting a Timer X and Timer X latch. The tissue
algorithm 1300, described in more detail below, may return an indication of whether a given
Condition Set is currently met or “true.” In one form, the at least oue flag for setting Condition
Sets/Response Sets may be stored in an EEPROM image of an instrument 104, 120, 1004
attached to the respective generator 30, 500, 1002, The EEPROM flags for setting the Condition
Sets/Response Sets to an enabled state are contained in TABLE 1.

[6286] TABLE 1

Enable/Disable Flag Functions for Tissue Algorithm Valu Value
Name Diescription e to BEnable | for “Normal”
Function Drive
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Enable/Disable Flag Foanctions for Tissue Algorithm Valu Value
Name Description ¢ to Enable | for “Normal”
Function Dirive
Condition Set If Condition Sct 1 is met { 0
{ Pulsing flag and this function is ¢nabled, the
generator pulses power per the
pulsing paramcters as a part of
Response Sct i
Condition Set If Condition Set 1 is met { 0
1 LCD display flag and this function is enabled, the
generator LUD displays an
assigned graphics screen as part of
Response Set |
Condition Set If Condition Set 1 is met ] 0
{ Aundio flag and this function 1s enabled, the
generator plays an assigned aundio
file as part of Response Set |
Condition Set If Condition Set 2 15 met i 0
2 Pulsing flag and this function is enabled, the
generator pulses power per the
pulsing parameters as a part of
Response 5S¢t 2
Condition Set If Condition Set 2 is met i 0
2 LCD display flag and this function is enabled, the
generator LCD displays an
assigned graphics scroen as part of
Response Set 2
Condition Set If Condition Set 2 is met { 0
2 Audio flag and this function is enabled, the
generator plays an assigned audio
file as part of Response Set 2
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{0281] In onc form, the tissue algorithm 1300 signal evaluation portion of the logic flow
diagram 1200 utilizes two Condition Sets and cach of these two Conditions Sets has a Response
Set, which are described in more detail in connection with logic flow diagrams 1300, 1400, The
tissue algorithm 1300 logic may be llustrated as follows: when Condition Set | is met,
Response Set s triggered. Having two condition sets cnables a hierarchical response
(differentiated responses based upon condition level) and also provides the ability to manage a
complicated serics of events.
[0282] At 1210, responses for Condition Sets that are met are triggered, Loop 1212 is repeated
unti} the Condition Sets are met and the generator 30, 500, 1002 is deactivated at 1214,
{02831 The pulsing response 1s more detailed and requires further explanation than the
relatively simple audio and LCD display responses. When a pulsing response 1s triggered, the
generator 30, 500, 1002 drives a pulsed output as defined by the by the following four
parameters;

(1) First Pulse Amplitude (EEPROM parameter, one vahue for each power level) —
the drive amplitade for the first pulse;

(2} First Pulse Time (EEPROM parameter) — the time over which the first pulse
amplitude is driven;

(3} Second Pulse Amplitude (EEPROM parameter, one value for each power level)
the drive amplitude for the second pulse; and

(4 Second Pulse Time {(EEPROM parameter) — the time over which the second pulse
amplitude is driven.
{0284} In certain forms, the First Pulse Amplitude and Second Pulse Amplitude may increase,
decrease or stay the same relative to one another. For example, in certain forms, the First Pulse
Amplitude and Second Pulse Amplitude may be equal. Also, in certain forms, the First Pulse
Time Period and Second Pulse Time Period may take any suitable values including, for exampie,
fractions of a sccond, minutes, hours, ¢fc. In one example form, the First Pulse Time Period and
the Sccond Pulse Time Period may be 55 seconds.
{0285] When driving a pulsed output, the generator 30, 500, 1002 drives the first pulse, then

the second pulse and then repeats. The pulse amplitude may be expressed m units off

66



WO 2013/154925 PCT/US2013/035370

percentage of the commanded power level's output current. The commanded power level may
be set by the activation switch (MIN or MAX) and the generator setting when MIN is activated.
[0286] FIG. 21 is a logic flow diagram 1300 of a signal evaluation tissue algorithm portion of
the tissue algorithm shown in FIG, 20 that may be implernented in one form of a generator. The
tissue algorithm 1300 may determine whether one or more Condition Scts are met (and,
therefore, whether corresponding Response Sets should be triggered at 1210). The tissue
algorithm signal evaluation flow shown in FIG. 21 shows the application of a “time to wait”
parameter 1304 and the calculation of a freguency slope (also referred to as local frequency slope
because it is a running calculation).

[0287] At 1302, the algorithm calculates the time since activation was initiated at 1204 (FIG.
20}, This time 15 expressed as Taiapse, Which 18 Tgyem — Troweron. As previously discussed, when
the user activates the surgical systern 19, 190, 1000, the corresponding generator 30, 500, 1002
responds by secking the resonance of the altrasonic systern 160, 120, 1004 and then ramping the
output to the corresponding end effectors 81, 8§10, 1026 1o the targeted levels for the commanded
power level.

[0288] During this time, the associated signal transients can make the application of algorithm
logic difficnlt. The algorithm, therefore, utilizes the “time to wait” parameter 1304 that s stored
in the EEPROM image located 0 a hand picce portion of the ultrasonic surgical instrument 100,
120, 1004, The “time to wait” parameter 1304 (EEPROM parameter) 1s defined as the time at
the beginning of an activation during which the generator 36, 5060, 1002 docs not apply the tissue
algorithm to lessen the influence of resonance seek and drive ramp signal transients on algorithm
logic. A typical “time o wait” parameter 1304 value is about 0.050 to 0.600 scconds (50 to 600
MS8EC).

[0289] At 1306, Trigp 15 compared to the “time to wait” parameter 1304 valne. When Teipse 18
icss than or equal to the “time to wait” parameter 1304 value, the algorithm proceeds along
“NO” path to calculate at 1302 a new Trapse. When Tripee 18 greater than the “time to wait”
parameter 1304 value, the algorithm proceeds along “YES” path to evaluate the signal,

{82908] At 1308, the algorithm performs the Signal Evaluation/Monitoring function. As
previously stated, one aspect of the function algorithm is to monitor frequency slope. Ina
physical sense, frequency slope correlates to heat flux into or out of the resonant system

comprising the blade and the hand picce acoustical subasscmbly, such as the uitrasonic systerns
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100, 120, 1004 disclosed herein. The changes in frequency and frequency slope during
activation on tissue are dominated by the changing conditions occurring at the end-cffector
(tissue drying out, separating and blade contacting the clamp arm pad). When the blade 15 being
heated (i.e., heat flux into the blade), the frequency slope is negative. When the blade is being
cooled (i.e., heat flux out of the blade), the frequency slope is positive. Accordingly, the
algorithm calculates the slope between frequency data points, fe., incoming frequency data
points 1310 (F)) and previous F, data points 1312, The calculated frequency slope also may be
referred to as a local frequency slope because it is 8 running calculation, The local freguency
slope may be referred 10 as Faupe rreq. Fr, Which 15 the frequency slope (Faope vreq) at the
resonance frequency (Fy). The local frequency slope may be routed to a Condition Set 1,
Condition Set 2 1400, for example, for evaluation in accordance with the flow diagram 1400
shown in FIG. 22, Although two Condition Sets are shown, it will be appreciated that additional
Condition Sets may be added in some example forms.

[0291] FIG. 22 s a logic flow diagram 1400 for evaluating condition sets for the signal
evaluation tissue algorithm shown in FIG. 21 that may be vmplemented m one formofa
generator, such as 30, 50, 1002, The logic flow diagram 1400 evaluates Condition Set X, where
X is gither | or 2, for example.

[3292]  In accordance with the tissue algorithm, at 1402, the local frequency slope calenlated at
1308 (FI1G. 21} is compared against a frequency slope threshold parameter 1404 value for
Condition Set X at Power Level N. The freguency slope threshold parameters 1404 may be
stored m an EEPROM located in the attached mstrument 100, 120, 1004, where one EEPROM
parameter value is stored for cach power level. When the local frequency slope calculated at
1308 drops below the frequency slope threshold parameter 1404 value, a first Response Set may
be triggered at 1210 (FIG. 20). When the blade is being heated at a relatively rapid rate, the
frequency slope will become more negative and the tissue algorithm identifics this condition by
way of the frequency slope dropping below the frequency slope threshold parameter 1404 value.
Again, the frequency slope indicates the rate of thermal change or heat flux into or out of the
biade.

{0293] In accordance with the tissuc algorithim, also at 1402, the resonant frequency is
compared against a frequency threshold parameter 1406 value for Condition set X. The

frequency threshold parameter 1406 value may be stored in an EEPROM located in the attached
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nstrument 100, 120, 1004, When the resonant frequency drops below the threshold frequency
parameter 1406 value, a second Response Set may be triggered at 1210 (FIG. 20). Asablade is
continually heated, the frequency will continue to drop. A frequency threshold parameter 1406
value is intended to improve algorithm robustness by providing additional information about the
thermal condition of the blade (in addition to the more dynamic indicator, the frequency slope),
Frequency drop from some known condition such as room temperature gives a good indication
of the thermal state of the resonant system relative to these known thermal conditions.

{0294] In some forms, frequency slope and resonant frequency may be utilized in a common
Condition Set. For example, a Condition Set may not be met unless the frequency slope and
resonant frequency both meet given thresholds, For example, at 1402, when the frequency slope
{(Fsiepe rreq) 18 less than the frequency slope threshold parameter 1404 value and the resonant
frequency (Fy) s less than the frequency threshold parameter 1406 value, the algorithm proceeds
along “YES” path to 1408 to increment a Timer X (where X corresponds to the particular
Condition Set being evaluated by the tissue algorithm).

{0295] In comparing the electrical signals, e.g., the frequency slope (Faiepe Freq) and the
resonant frequency (Fy), against respective thresholds parameters 1404, 1406, borderline
conditions where the signal bounces back-and-forth across the threshold can be taken into
consideration as follows. In one aspect, the tissue algorithm employs a “required time before
trigger” parameter 1412 value (which also may be stored in the instrument EEPROM) for the
particular Condition Set X to account for this consideration. The “required time before trigger”
parameter 1412 valoe is defined as the time required before trigger (EEPROM parameter)
required time for frequency slope and/or frequency to be less than their respective thresholds for
a Response Set to be triggered. This is intended to prevent rapid “back and forth” triggering of a
response. [t may be useful, however, to track non-rapid “back and forth” triggering, which may
OCCU.

19296} Thus, at 1414 the algorithm determines whether the Timer X value is greater than the
“required time before trigger” parameter 1412 value for Condition Set X. When the Timer X
value is greater than the “reguired time before trigger” parameter 1412 value, the algorithm
proceeds along “YES” path to sct a latch for Condition Set X at 1416, Cutput 1418 indicates

that the Condition Set X is met. When the Timer X valuce is less than or equal to the “required
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time before trigger” parameter 1412 value, the algorithm proceeds along “NO” path to indicate at
output 1420 that the Condition Set X is not met.

{0297] At 1402, when etther the frequency slope (Fsige rreq) 18 greater than or equal to the
frequency slope threshold parameter 1404 value or the resonant frequency (Fy) s greater than
then or cqual to the froquency threshold parameter 1406 value, the algorithm proceeds along
“NO” path to reset the Timer X at 1410 (where X corresponds to the particular Condition Set
being evaluated by the tissuc algorithm),

{0298] For additional robusiness, two latching parameters are employed by the algorithm.
Without the use of latching, the algorithm is configured to end a response set when either {(a) the
systern is deactivated or (b) when the signal or signals are no longer below their respective
thresholds., Two latching parameters can be utilized. They are a “minimum latch fime”
parameter 422 and a “cross-back frequency slope threshold” parameter 1424, These latch
parameters 1422, 1424 are soportant for robustness around: (a) clamp arm pad surfaces that
become more lubricious with elevated temperature and (b) pulsing output where signal traunsicots
at the pulse transitions are expected.

{§289] The muninuumn lateh tioe parameter 1422 (EEPROM parameter) can be defined as the
mintmum amount of time for response(s) to a Condition Set X to be triggered. Considerations
for minimum latch time include: (a) the length of time required to play a triggered audible
response {e.g., in one form, a “pre-alert” WAV audio file may be about .5 seconds long), (b) the
typical (about 0.5 to 1.0 sec) or extreme {about 1.5 to 2.0 sec) user response times for an event,
or {¢} the typical tissue re-grasp fime for a muti-cut (known as “marching”™) application (about
1.1 - 2.0 seconds with a mean of about 1.6 seconds).

{0300] The cross-back frequency slope threshold parameter 1424 (EEPROM parameter) can be
defined as the frequency slope threshold above which a triggered response stops {i.e., 1s no
ionger triggered). This provides for a higher “cross-back-over” frequency slope threshold that is
tasked with distinguishing between activating against the pad and jaw opened (versus
distinguishing between activating on tissue and activating on the pad).

{8381} In accordance with the tissue algorithm portion represented by logic flow diagram
1400, after the Timer X is reset at 1410, at 1426, the tissuc algorithm determines whether cither
the latch for Condition Set X or the Cross-back Frequency Slope Latch s set. When both latches

are not set, the algorithm proceeds along “NO” to indicate at output 1420 that the Condition Sct
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X is not met. When cither one of the latches is set, the algorithm proceeds along “YES” path to
1428.

[8302] At 1428, the algorithm determines whether the Latched Time for Condition Set X is
greater than the minimum lateh timme parameter 1422 value for Condition Set X and whether the
trequency slope (Fsupe rreq) 18 greater than the cross-back freguency slope threshold parameter
1424 value the algorithm proceeds along “YES” path to reset the Latch for Timer X at 1430 and
to indicate at output 1420 that the Condition Sct X is not met, When the Latched Time for
Condition Set X is less than or equal to the minimum latch time parameter 1422 value for
Condition Set X and the frequency stope (Fsiope rreq) 18 less than or equal to the cross-back
frequency slope threshold parameter 1424 value the algorithm proceeds along “NO” path to
indicate at output 1432 that the Condition Set X 15 met.

[8383] Asshown in FIGS, 21 and 22, there are two wdentical Condition Sete { and 2 from a
flow perspective, These Conditions Sets | and 2 have rephicate sets of parameters as contained
m TABLE 2. Algorithm parameters that are shared by the Condition Sets | and 2 are contained
m TABLE 3.

{0304] TABLE 2 contains a sununary of the rephicated algorithmn EEPROM parameters for
each of the Condition Sets and the number parameters per Condition Set.

{33051 TABLE 2: Algorithm EEPROM Parameter Summary, Replicated Parameters for Each

of the Condition Sets

Replicated Parameters for Each of the # of
Condition Sets Parameters per

Condition Set

Required time before triggered i
Miminum latch time {
Freguency Slope Thresholds {one for each 5

power level)

Frequency Threshold I

{8386] TABLE 3 contains a summary of the shared algorithm EEPROM parameters for cach of

the Condition Sets (not replicated) and the nomber parameters.
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18387} TABLE 3: Algorithm EEPROM Parameter Summary, Common Parameters to all

Condition Sets

Parameters Shared by Condition Sets (not # of Parameters
replicated)

Time to wait 1

Cross-back Fregnency Slope Threshold i

First Pulse Amplitudes {one for cach 5
power level)

First Pulse Time i

Second Pulse Amplitudes {onc for each 5
power level)

Second Pulse Time 1

{0308] For clarity of disclosure, the tissue algorithm described in connection with the logic
flow diagrams 1200, 1300, 1400 shown in respective FIGS, 20-22 will now be described in terms
of four examples. The basic application of the tissue algorithm includes the monttoring of
frequency slope, resonant frequency, or both against their respective thresholds. Accordingly, a
first example includes the monitoring of frequency slope against its respective threshold and is
dhustrated in FIGS. 23-28. A second example mcludes the monitoring of resonant frequency
against its respective threshold and is Hustrated in FIGS. 29-31. A third example includes the
monitoring both the fregquency slope and the resonant frequency, against their respective
threshold and is hustrated in FIGS. 32-34. Finally, a fourth example also incluades the
monitoring both of the frequency slope and the resonant frequency, against thewr respective
threshold.

{0309] Example 11 Monitoring Frequency Slope Against Respective Threshold

18318} A first cxample case includes the monitoring of frequency slope against a respective
threshold is illustrated with reference to FIGS. 23-28. The first example, and most simple, is the
example of triggering a Response Set based only on the frequency slope. TABLE 4 contains
representative paramcters for this objective for surgical instruments such as any one of the
surgical instruments 19, 190, 1000 disclosed herein comprising a corresponding ultrasonic

instrument such as nltrasonic instruments 100, 120, 1004 disclosed herein,
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#3111 TABLE 4: Representative Parameters for Trigeering an Audio Indication by Frequency
| P ggernng 3 q 3

Siope Threshold Only {one Condition Set utilized)

Parameter Value*

Condition Set | Pulsing flag O

Condition Set | LCD display flag ¢

Condition Set 1 Audio flag i

Required time betore triggered, Condition Set | S8 msec

Minmum latch time, Condition Set | 0 msec®

Freguency Slope Thresholds {one for each power level 5: ~(0.060 kHz/sec
level}, Condition Set 1 tevel 4: -0.053 kHz/sec

level 3: -0.045 kHz/sec
fevel 2; -0.038 kHz/sec
level 1: -0.030 kHz/sec

Freguency Threshold, Condition Set | 56,0060 Hz*
Time to wait 130 msec
Cross~-back Frequency Slope Threshold -0.020 kHa#/sec
First Pulse Amplitudes {one for cach power level) N/A
First Pulse Time N/A
Second Puise Amplitudes (one for each power N/A

fevel)
Second Pulse Time N/A

* These parameter values are set to an appropriate extreme such that they do not effectively take
part in the logic flow (e.g., sct to always be “truc”).

{8312} FIGS, 23-25 show signal data produced by a generator with the
representative/illustrative parameters contained in TABLE 4. The generator may be similar to
any one of the generators 30, 500, 1002 disclosed herem, which forms a portion of the respective
surgical systems 19, 190, 1000 operating n ultrasonic mode {e.g., ultrasonic system 19, 190,
1000} applied on tissue in accordance with the present disclosure.

{8313] The vse of only the freguency slope to trigger a Response Set moay be further
demonstrated in the “burn-in” scenario or test. FIGS. 26-28 show signal data produced by a

generator with the representative/illustrative parameters contained in TABLE 4 during a “burn-
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in” scenario or test. A “burn-in” simulates the use case where a user activates a shears type
ultrasonic surgical instrument without intervening tissue {e.g., back-cutting with jaws closed).
This test also may be useful for quantifying device characteristics, such as, for example,
“response time.”

{8314} The response time of an ultrasonic mstrument may be defined as the time required for
an ultrasonic system (instrument, hand picce, and generator with tissuc algorithm) to respond to
the clamp arm pad coming nto contact with the blade. The ultrasonic system is usually initially
activated “in-air” (i.e., unioaded), the clamp arm 15 closed against the blade and held for s period
of time and then the clamp arm is opened and the ultrasonic system is deactivated. The response
time 18 the tirne between the point at which the quiescent power (power in-air) begins to change
due to the clamp arm pad initiating contact with the blade and the point at which the Response
Set is triggered. This 18 also a test that enables quantification of the rate of cooling — the higher
the rate of cooling (assuming similar convective boundary conditions) the more thermal energy
or residual heat there is in the blade. The rate of cooling is proportional to the frequency slope
(to reinforce; a positive frequency slope value correlates to the instantaneous heat flax out of the
blade). As will be detailed later, the rate of cooling also may be monitored and used for control
purposes so that, for example, if the rate of cooling as defined by a positive frequency slope is
greater than a threshold value, one knows that the blade s “carrving” a large amount of thermal
encrgy and is dissipating it rapidly.

[3318] FIG. 23A 18 a graphical representation 1500 of freguency slope versus time of a
waveform 1502 of one form of a generator during a typical tissue cut. Frequency slope
{kHz/sec) is shown along the vertical axis and time {Sec) is shown along the horizontal axis for a
typical tissue cut using any one of the ultrasonic systems comprising corresponding ultrasonic
surgical instruments set on power level 5. The frequency slope threshold 1504 used for this
application was -0.06 kHz/sec and is shown by the horizontal dashed line. The vertical dash-dot
ling 1506 shows the time (2.32 seconds) that the tissue began to separate, and the vertical dashed
fine 1508 shows the time (2.55 seconds) at which the ultrasonic system triggered a Response Set
(in this case, per TABLE 4, an audible sound only).

{9316] FIG. 238 is g graphical representation of a sccond time derivative of frequency (slope
of frequency slope) versus time waveform 1503 (shown in dashed line) superimposed over the

waveform 1502 shown in FIG. 23 of one form of a generator during a typical tissue cut,
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{8317} FIG. 24 is a graphical representation 1510 of frequency versus time waveform 1512 of
one form of a gencrator during a typical tissue cut as it relates to the graphical representation
1500 shown in FIG. 23A. Resonant freguency (kHz) is shown along the vertical axis and time
{Secc) is shown along the horizontal axis for the typical tissue cut using any one of the ultrasonic
systems set on power level 5. The vertical dash-dot line 1506 shows the time (2.32 seconds) that
the tissue began to separate, and the vertical dashed line 1508 shows the time (2.55 seconds) at
which the ulirasonic system triggered a Response Set (in this case, an audible sound only).
{0318] FIG. 25 15 a graphical representation 1514 of power consumption versus time waveform
1514 of one form of a generator during a typical tissue cut as it relates to the graphical
representation 1500 shown in FIG. 23A. Power (W) is shown along the vertical axis and timne
{Sec) 1s shown along the horizontal axis for the typical tissue cut using any one of the ultrasonic
systeras set on powert level 5. The vertical dash-dot line 1506 shows the time (2,32 seconds) that
the tissue began to separate, and the vertical dashed line 1508 shows the time (2,55 seconds) at
which the ultrasonic system triggered a Response Set (in this case, an audible sound only).
[0319] FIG. 26 is a graphical representation 1516 of frequency slope versus titne waveform
1518 of one form of a generator during a burn-in test. The parameters for this test are consistent
with those contained in TABLE 4. Frequency slope (kHz/sec) 1s shown along the vertical axis
and time {Sec) is shown along the honzontal axis for a typical fissae cnt using any one of the
ultrasonic systems set on power level 5. The frequency slope threshold 1504 used for this
application was -0.06 kHz/sec as is shown by the honzontal dashed line. The vertical dotted Hine
1524 shows the point in time (2.49 seconds) that the gquiescent power begins to change due to
clamping, the vertical dash-dot line 1506 shows the time (2.66 seconds) at which power has
completed ramp-up, and the vertical dashed line 1508 shows the time {2.72 seconds) that the
uitrasonic system triggered a Response Set (in this case, an audible sound only). As shown in
the graphical representation 1516, the frequency slope at 1520 correlates to the rate of cooling or
heat flux out of the blade. Also, the response time 1522 of the ultrasonic system is measured as
the time lapse between the point in time {2.49 seconds) that the guicscent power begins o
change due to clamping and the time (2.72 scconds) that the ultrasonic systom triggered a
Response Set.

{8320} FIG. 27 is a graphical representation 1524 of a frequency versus time waveform 1526

of one form of a gencrator during a burn-in test as it relates to the graphical representation 1516
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shown in FIG. 26. Resonant frequency {(kHz} is shown along the vertical axis and time (Sec) is
shown along the horizontal axis for the typical tissue cut using any one of the nltrasonic systems
sct on power level 5.

{0321} FIG. 28 is a graphical representation 1528 of a power consumption versus time
waveform 1530 of one form of a generator during a burn-in test as it relates to the graphical
representation 1516 shown in FIG. 26, Power (W) is shown along the vertical axis and time
{Sec) 1s shown along the horizontal axis for the typical tissue cut using any one of the ultrasonic
systers sct on power level 5,

{0322} Example 2: Triggering a Response Set Based Only on the Frequency Threshold

{83331 A second example case includes iriggering a Response Set based only on the frequency
threshold with reference to FIGR, 29-35, TABLE 5 contains representative parameters for this
objective in commection with surgical instrurments such as any one of the surgical mstrurents 19,
190, 1000 disclosed herein comprising corresponding ultrasonic instroments such as the
ultrasonic instrument 100, 120, 1004 disclosed herein. It will be appreciated that triggering via
frequency threshold may be of hmited utility as it is less mdicative of dynamic end-effector
conditions and is presented herein for completeness of disclosure. The nchusion of frequency
slope 1n the tissue algorithm discnssed in connection with logic flow diagrams 1200, 1300, 1400
is intended for use in combination logic {(combined with use of the frequency slope threshold)
which 1s covered in the next section of this specification.

{1324] TABLE 5: Representative Parameters for Triggering an Audio Indication by Frequency

Threshold Only (one Condition Set utilized)

Paramcter Value*
Condition Set | Pulsing flag 0
Condition Set | LCD display flag 0
Condition Set 1 Audio flag i
Required time before triggered, Condifion Set | 50 msee
Minimmun latch tume, Condition Set | { msec®

76



WO 2013/154925 PCT/US2013/035370

Parameter Value®
Frequency Slope Thresholds {one for each power level 5: 1.00 kHz/sec™®
ievel), Condition Set | ievel 4: 1.00 kHz/sec*

fevel 3; 1.00 kHz/sec*
fevel 2: 1.00 kHz/sec*
fevel | 1.00 kHz/sec*

Freguency Threshold, Condition Set 1 55,100 Hz
Time to wait 100 msec
Cross-back Fregnency Slope Threshold -1.00 kHz/sec™®
First Pulse Amplitudes (one for cach power level) N/A
First Pulse Time N/A
Second Pulse Amplitudes {one for cach power N/A

level)
Second Pulse Time N/A

* These parameter values are set to an appropriate extreme such that they do not effectively take
part in logic flow {e.g., set to always be “true™)
[6325] FIGS. 29-34 show waveforms produced by a generator with the
representative/illustrative parameters contained in TABLE 5. The generator may be sinular to
any one of the generators 30, 500, 1002 disclosed herein, which forms a portion of the respective
surgical systems 19, 190, 1000 operating in ultrasonic mode {(e.g., ultrasonic system 19, 190,
1000} applied on tissue in accordance with the present disclosuare.

{83261 The selection of 55,100 Hz as the frequency threshold in TABLE § was based on fest
data for two abuse cases: {1) where an ultrasonic instrument is activated agamnst the tissue pad
for a prolonged period of time; and (2} where an ultrasonic instrument is used to make 10
successive cuts on excised porcine jejunum tissue as guickly as possible while keeping the
generator running throughout. Each of these two abuse cases will be discussed in more detail
with reference to respective FIG. 29 and FIGS. 30-31A-C.

{03271 FIG. 29 is a graphical representation 1600 of frequency change 1602 over time of
waveforms of several generators during a burn-in test. Frequency change (kHz) after X seconds
of burn-in is shown along the vertical axis and ultrasonic surgical instrument device number is

shown along the horizontal axis, FIG. 29 shows frequency change data afier prolonged burn-ins
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of an ultrasonic surgical instrument where the ultrasonic surgical instrument is activated against
the tissue pad for a prolonged period of time {a prolonged burn-in}. The selection of 55,100 Hz
Himits this condition to no more than a 4 second time span or a frequency drop of about a 700 Hz
from a nominal room fomperature resonant frequeney of 55,800 Hz, Freguency change data
16021, 16022, 16023, 16024 was pulled from the generator 30, 500, 1002 data at corresponding
i, 2,3, and 4 scconds into the burn-in. The nominal start frequency for the five ultrasonic
surgical instrurments was 55.8 kHz (blades started at room temperature). The sccond and fifth
devices did not run long encugh to generate a full set of data for all times.

{0328} FIG. 30 is a graphical representation 1604 of normalized combined impedance, current,
and frequency versus time waveforms of and power consumption, energy sapplied, and
temperature for one form of a generator coupled to a corresponding ultrasonic instrament used o
make 10 successive cuts on tissue {e.g., on excised porcine jejunum tissue) as quickly as possible
while keeping the generator running throughout. This data and the methods used to obtain it
represent abusive use conditions,

{0329] The representative data m FIG. 30 is shown more clearly with reference to FIGS. 31A-
C. FIG. 31 A is a graphical representation 1606 of impedance versus time waveform 1608 and
current versus fime waveform 1610 of one form of a generator during successive tissue cuts over
a period of time. Impedance (Ohm) and Cuorrent (mA) are shown along the vertical axis and time
{Sec) along the horizontal axis.

[3330] FIG. 318 is a graphical representation 1612 of resonant frequency waveform 1614
versus time of a signal of one form of a generator during successive tissue cuts over a period of
time. Resonant frequency (kHz) is shown along the vertical axis and time {Sec) along the
horizontal axis.

{8331} FIG. 31C is a graphical representation 1616 of a power waveform 1618, energy
waveform 1620, and temperature waveform 1622 versus time of one form of a generator during
successive tissue cuts over a period of time. Power {W}, Energy (J), and Temp () are shown
along the horizontal axis and time {Sec) along the horizontal axis.

{8332} Accordingly, with reference now to FIGS. 31A-C, as shown in the graphical
representation 1612, it can be seen that after the resonant frequency curve 1614 has dropped 700
Hz (from 55.8 kHz to 55.1 kHz) at 1615 on the third cut (which is a particularly abusive cut

wherein the tissue was tip loaded. Afier the resonance frequency waveform 1614 has dropped
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700 Hz (from 55.8 kHz to 55.1 kHz) on the third cut, the ultrasonic instrument begins to saturate
the generator and the current waveform 1610 dips slightly in all successive cuts. Since the drive
current waveform 1610 is proportional to blade tip displacement, a dipping current waveform
1610 resulis i slower speed of tissue effect and therefore a lower energy deposition rate {and
iower rate of heating, i.e., frequency slope 15 less negative). Management of this change due to
dipping current wavetorm 1610 within an application sequence is possible using both freguency
change and frequency slope change as will be described in connection with Examples 3 and 4 in
subsequent sections of this specification.

{8333} FIG. 32 is a combined graphical representation 1630 of a frequency waveform 1632,
weighted frequency slope wavetorm 1634 (calculated via exponentially weighted moving
average with an alpha value of 0.1), and temperature wavetorm 1636 versus titne geverated by a
generator similar to one form of the generators described herein. The ulirasorue systern had a
room teraperature resonant frequency (ongitudinal mode) slightly hugher than that for which
TABLE S was constructed. Therefore, the frequency threshold 1633 was increased accordingly
from the 55,100 Mz shown in TABLE 5 to about 55,200 Hz shown in FIG. 33 as indicated by the
dashed hine. The activation was performed on tissue (e.z., on excised porcine jejunom tissue)
with an ultrasonic system having a room temperature resonance of about 55.9 kHz set on power
level 5. Tissue separation occurs at 6.25 seconds; one side of the tissue separates from the blade
at about 8 seconds; and full separation occurs at about 10 seconds. FIG. 33 is a graphical
representation of a frequency versus time wavetform 1632 of one form of a generator 30, 566,
1002. Frequency {(kHz) is shown along the vertical axis and Time (Sec} is shown along the
horizontal axis. FIG. 33 shows the cxample of using a frequency threshold 1633 only using
parameters consistent with those shown in TABLE 5, but adjusted to about 55,200 Hz as
indicated by the dashed line 1633, The resonant frequency 1632 crosses the frequency threshold
1633 (dashed horizontal line - set at 700 Hz below room temperature resonance) at about 11
scconds and a Response Set may be triggered at this time.,

{0334] FIG. 34 is a graphical representation 1634 of weighted frequency slope versus time
wavetorm 1634 of one form of a generator. Weighted frequency slope (kHz/Sec) is shown along
the vertical axis and Time (Sec) is shown along the horizontal axis. The frequency slope

waveform 1634 is calculated via exponentially weighted moving average with an alpha value of

79



WO 2013/154925 PCT/US2013/035370

0.1. In FIG. 34, the frequency slope waveform 1634 crosses the frequency slope threshold 1635
{dashed horizontal line} and a Response Set may be triggered at about 5.8 scconds.

{8335} The remaining Examples 3 and 4 relate to the use of multipie Condition Sets, which
require a more complex application of the tissue algorithm and includes the monitoring of
frequency slope and/or freguency against their respective thresholds and may include
hierarchical approach to triggering response sets.

{8336} Example 3: Triggering a Response Set Based on Both the Frequency Slope Threshold
and the Frequency Threshold

{83371 A third example case includes triggering a Responsc Set based on hoth the frequency
slope threshold and the frequency threshold. TABLE 6 contains representative pararaeters for
this objective in connection with surgical instruments such as any one of the surgical 1nstruments
19, 190, 1000 disclosed herein comprising corresponding ultrasonic instruments such as the
ultrasonic mstruments 100, 120, 1004 disclosed herein,

{0338] TABLE 6: Representative Parameters for Triggering Audio Indications by Frequency

Slope and Frequency Thresholds (two Condition Sets utilized)

Parameter Value*

Condition Set | Pulsing flag ¢

Condition Set | LCD display flag G

Condition Set | Audio flag i

Condition Sct 2 Pulsing tlag O

Condition Set 2 LD display flag ¢

Condition Set 2 Audio flag i

Required time before triggered, Condition Set i S0 msec

Minimym latch time, Condition Sct 1 0 meec®

Frequency Slope Thresholds {one for cach power fevel 5: -0.060 kHz/sec
ievel), Condition Set 1 fevel 4: -0.053 kHz/sec

fevel 3; -0.045 kHz/sec
fevel 2: -0.038 kHz/sec

fevel 1 -0.030 kHz/sec

Frequency Threshold, Condition Set | 56,000 Hz*
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Parameter Value*

Required time before triggered, Condition Set 2 50 msec

Mininm lateh tiroe, Condition Set 2 { msec™

Freguency Slope Thresholds {one for cach power level 5: 1.00 kHz/sec®
ievel), Condition Set 2 fevel 40 1.00 kHz/sec®

fevel 3: 1,00 kHz/sec*
tevel 2: 1.00 kHz/sec*
fevel 1: 1,00 kHz/sec*

Frequency Threshold, Condition Set 2 55,100 Hz
Time to wait 100 msec
Cross-back Frequency Slope Threshold -0.020 kHz/sec
First Pulse Amplitudes {one for cach power N/A

level)
First Pulse Time N/A
Second Pulse Amplitudes {one for cach power N/A

level)
Second Pulse Time N/A

* These parameter values are set to an appropriate extreme such that they do not effectively take
part in logic flow (e.g. set to always be “true”}

{83391 In this case of Example 3, a ticred or hierarchical response is demonstrated. The
combined fogic of the frequency slope threshold and the frequency threshold will be llustrated
using the same graphical representations shown in FIGS. 32-34. In FIG. 34, Condition Set | is
triggered by the frequency slope waveform 1634 crossing the frequency slope threshold 1635
value at about 6 seconds. The Response Set for Condition Set T may include a low level audible
idicator, for example. As the user continues to activate the instrument with minimal intervening
tissue, Condition Set 2 is triggered as the resonant frequency drops below the freguency
threshold 1633 at about 11 seconds as shown in FIG. 33, The Response Sct for Condition Set 2
nmay be an clevated andible indicator, for exampie.

{0340] Example 4: Triggering a Response Set Based on Both the Frequency Slope Threshold

and the Frequency Threshold

81



WO 2013/154925 PCT/US2013/035370

18341} A fourth cxample extends to the application of both frequency and frequency slope
thresholds during abusive conditions of the surgical instrument. For various reasons, the
frequency slope signal levels may diminish {(7.e., become less negative) with extended
application.
{0342} In sbusive conditions, frequency, frequency slope, and current waveforms may deviate
from normal operation may be generated while the ultrasonic nstrument is constantly activated
at a power level 5, where the jaws of the ultrasonic instrament were opened for 1 sccond, then
closed for | second and repeated for 17 cycles.
{03431 When an ultrasonic instrument is activated multiple times directly against the pad, the
characteristic frequency slope waveform in a first region before the generator saturates becomes
less negative than iu a second after the generator saturates due, in Eargf: part, to the system
slope Wa\/‘ei‘brm, the oltrasorue systemn has not yet saturated and current is maintained at or near
the target current for power level 5. In the satoration region of the frequency slope wavetorm,
the current (and therefore blade tip displacement) continually drops cansing the frequency slope
to increase {rate of heating drops). Note that at after several abusive cyeles, e.g., the fourth abuse
cycle, which is the approximate demarcation between the non-saturation and saturation regions,
the resonant frequency drops consistent with FIGS. 29-31A-C. Separate Conditions Sets for
cach of the non-saturation and saturation regions may be applied. A first frequency slope
threshold may be emploved in the non-saturation region when resonant frequency conditions are
above a predetermined freguency threshold and a second, less negative freguency slope threshold
nmay be employed in the saturation region when resonant frequency conditions are below the
same predetermined freguency threshold.
{8344} A weighted frequency slope (kHz/sec) versus time waveform may be of one formof a
generator, When the instrument is used abusive conditions against the pad, the characteristic
frequency slope waveform in the non-saturation region becomes less negative than in the
saturation region due to material softening and a corresponding reduction in pad cocfficient of
friction. In the non-saturation region of the frequency slope wavetform corresponds to when the
tissue pad has not yet begun to heat significantly. In the saturation region of the frequency slope
waveform, the pad begins to sofien and the interface between the blade and the pad becomes

more lubricious causing the frequency slope waveform to increase (rate of heating drops).
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Separate Conditions Sets for each of the non-saturation and saturation regions may be warranted.
A first frequency slope threshold may be employed in the non-saturation region when resonant
frequency conditions arc above a predetermined frequency slope threshold and a second, less
negative frequency slope threshold may be employed in the saturation region when the resonant
frequency is below the same predetermined frequency slope threshold.

{8345] Another cxample case is now considered. TABLE 7 contains parameters for an
nitrasonic imstrument where two Condition Sets are used to account for diminishing frequency
slope signal levels due to system saturation and dropping current.

{8346} TABLE 7. Representative Paramcters for Triggering Audio Indications by Frequency
Slope and Frequency Thresholds, accounting for dununishing frequency slope doe to system

saturation {two Condition Sets utilized)

Parameter Value*
Condition Set 1 Pulsing tlag 0
Condition Set | LD display flag {
Condition Set | Audio flag i
Condition Set 2 Pulsing flag G
Condition Set 2 LD display flag y
Condition Set 2 Audio flag i
Required time before triggered, Condition Set 50 msec
{
Minmum latch time, Condition Set | { msec®
Freguency Slope Thresholds (one for each fevel 5: -0.060 kHz/sec
power level), Condition Set 1 fevel 4: -0.053 kHz/sec
fevel 30 -0.045 kHz/sec
fevel 2: -0.038 kHz/sec
fevel 10 -0.030 kHz/sec
Freguency Threshold, Condition Set | 56,000 Hz*
Required time before triggered, Condition Set 50 msec
2
Mudmum lateh time, Condition Set 2 { msec™
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Parameter Value*
Frequency Slope Thresholds (one for cach fcvel 5: -0.045 kHz/sec
power levely, Condition Set 2 level 4: -0.038 kHz/sec

fevel 3: -0.030 kHz/sec
tevel 2: -0.024 kHe/sec
fevel 1: -0.020 kHz/sec

Frequency Threshold, Condition Set 2 55,100 Hz
Time to wait 100 msec
Cross-back Freguency Slope Threshold -(3.020 kiz/sec
First Pulse Amplitudes {one for cach power N/A

fevel)
First Pulse Time N/A
Second Pulse Amplitudes (one for each power N/A

fevel)
Second Pulse Time N/A

* These parameter values are set to an appropriate extreme such that they do not effectively take
part in logic flow {e.g., set to always be “true”)

{0347} The data generated for this example run were generated using an ulfrasonic mstrument
to make ten successive cuts in jejunum tissue as gquickly as possible. Using the parameter values
from TABLE 7, the Frequency vs. Time plots for the example sample case are shown in FIGS.
35-36.

{8348] FIG. 35 1s a graphical representation 1800 of a frequency versus time waveform 1802
of one form of a generator over ten cuts on tissue (e.g., jejunmum tissue) and a graphical
representation 1804 of a temperature versus time waveform 1805, For the graphical
representation 1800, Frequency (Hz) is shown along the vertical axis and Time {Sec) is shown
along the horizontal axis. For the graphical representation 1804, Temperature (°F) is shown
along the vertical axis and Time {Sec) is shown along the horizontal axis.

{0349] FIG. 36 is a graphical representation 1805 of the frequency versus time waveform 1802

shown in FIG. 35 of one form of a generator over ten cuts on tissue {e.g., jcjunum tissuc} with

activation of intervening tissue at portions indicated by reference number 1806, Frequency (Hz)

is shown along the vertical axis and Time (Scc) 18 shown along the horizontal axis,
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18358} The frequency waveform 1802 shown in FIGS. 35 and 36 is for the cxampie case using
two Condition Sets to account for diminishing frequency slope due to electrical system saturation
(diminishing displacement). Note that this is the same test run as is shown in FIGS, 29-31A-C,
In FI(G.36, the highlighted portions 1806 indicates activation with intervening tissue {frequency
drops, shape of local frequency curve related to dryness of tissue - shallow start slope, steepens
as tissuc dries), the highlighted portions 1808 indicate activation with minimal or no intervening
tissue (local frequency slope very steep, curve shape s more linear, steepens gradually), the
section of the curve with no highlighted portions 1810 indicates time within which the device is
being repositioned for the next cut, blade cools in air and cools rapidly when placed on tissue
{frequency rises).

[0331] FIG. 37 is a graphical representation 1812 of'a frequency slope versus time waveform
1814 of one form of a generator over ten cuts on jejunum tissue. Frequency slope (kHZ/Sec) 1s
shown along the vertical axis and Time {Sec) 1s shown along the honizontal axis. Region B of
the frequency slope wavetorm 1814 shows the arca of the ten oot run where Condition Set 2 1s
iriggered priot to Condition Set | for the first time during the ten cut vun (frequency 1s below
55.1 kHz and frequency slope is less than -0.045 kH#/sec). The condition illustrated in Region
B, where Condition Set 2 18 tnggered prior to Condition Set 1, is desired because the ultrasonic
system is consistently saturating by this point in the run (voltage is saturating and current is
diminished resulting in diminished displacement and, therefore, diminished rate of heating
requiring a greater frequency slope threshold).

{0352] FIG. 38 is a graphical representation 1816 of a power versus fime waveform 1818
representative of power consumed by a one form of a generator over ten cuis on tissue {e.g.
jejunum tissue ). Power {W) is shown along the vertical axis and Time (Sec) is shown along the
horizontal axis.

{0353] FIG. 39 is a graphical representation 1820 of a current versus time waveform 1822 of
one form of a generator over ten cuts on jejunum tissue, Current {mA) is shown along the
vertical axis and Time (Sec) is shown along the horizontal axis.

{8354} Having described the basic application of the tissuc algorithim discussed in connection
with the logic flow diagrams 1200, 1300, 1400 shown in FIGS. 20-22 in terms of monitoring the
frequency slope, resonant frequency, or both against their respective thresholds, the discussion

now turns to a description of the latching logic and corresponding use as it relates to the tissue
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algorithm. The motivations for adding the latching iogic to the tissue algorithm are: {a} to
prevent a Condition Set from resetting (Condition Set changes from true to falsey duc to a
blade/pad interface becoming more lubricious during a blade on pad abuse condition; and (b} to
prevent a Condition Set from resetting (Condition Set changes from true to false) duc to pulsed
activation where periods of rapid heating are interweaved with periods of ess rapid heating
{sections of heat flux into the blade and sections of heat flux out of the blade are interweaved).
The first and second of these motivations are shown in FIGS. 48 and 49 illustrate, respectively.
As defined carlier in this disclosure, the two latch parameters addressing these motivations arc
“cross-back freguency slope threshold” as shown in FIG. 40 and “minimum latch time.” For
completeness of disclosure, FIG. 43 shows calenlated frequency slope curves for the pulsed run
shown in FIGS. 41 and 42A-C,

[0355] FIG. 40 is a graphical representation 1900 of a “cross-back frequency slope threshold”
parameter in connection with frequency slope versus time waveform 1902, As shown in FIG.40,
the “frequency slope threshold” 1904 is shown by the borizontal dashed Hoe at -0.15 kHz/see.
The “cross-back freguency slope threshold” 1906 is shown by the horizontal dash-dot hine at -
0.02 kHz/sec. In this instance, the Condition Set is met and a Response Set 1 triggered when the
iocal calculated frequency slope crosses the “frequency siope threshold” as shown by arrow 1908
pointing down. The Condition Set is not met (Response Set i3 no longer triggered) when the
iocal calculated frequency slope crosses over the “cross-back frequency slope threshold” as
shown by arrow 1910 pointing up. Note that without using the “cross-back over frequency slope
threshold™ in this case, the Response Set would not have been triggered when the local frequency
slope crossed back over the horizontal dashed line 1904 at about 4.7 seconds shown at cross over
point 1911,

{8356} FIG. 41 is a combined graphical representation 1920 of a pulsed application of one
form of an ultrasonic instrument on an excised carcotid artery showing normalized power, current,
energy, and frequency data plotted versus time.

{0357] FIG. 42A is a graphical representation 1921 of an impedance versus time wavetorm
1922 and a current versus time waveform 1924 of one form of a generator during successive
tissue cuts over a period of time. The impedance (Ohms) and current (mA) is shown along the

vertical axis and Time {Sec) is shown along the horizontal axis.
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{8358] FIG. 428 is a graphical representation 1923 of a frequency versus time wavetform 1925
of one form of a gencrator during successive tissue cuts over a period of time, Frequency (kHz)
is shown along the vertical axis and Time (Scc) 1s shown along the horizontal axis,

{8359] FIG. 42C 1s a graphical representation 1930 of power waveform 1926, energy
waveform 1927, a first temperature wavetform 1928 and a second temperature waveform 1929
plotted versus time as of one form of a gencrator during successive tissue cuts over a period of
ume. Power (W), Encrgy (), and Temperature (°C) are shown along the vertical axis and Time
{Secc) is shown along the horizontal axis.

{8360} FIGS. 42A-C show a pulsed application of an ultrasonic instrument on an excised
carotid artery where the First Pulse Tiroe 1s | second, the First Pulse Amplitude 1s 100% of
power level 3 output current. The Second Pulse Time is 1.5 seconds and the Second Pulse
Amplitude is ess than 10% of power level 3 output current, Of note, the resonant frequency
waveform 1925 exhibits sections of both heating (heat flux into the blade) and cooling (heat flox
out of the blade). The “minimur latch time” parareter, defined herein as the minimum amount
of time for response(s) to a Condition Set X to be friggered, is intended fo maintain triggering of
a Response Set during pulsed application {one example of a latch time may be about | second).
Of additional note, as shown in FIG. 424, the load or impedance waveform 1922 does not drop
below 200 Ohms throughout the ran sequence. This may be favorable considering that the
mmpedance waveform 1922 for a marching application consistently drops below about 150 Obms
while operating in air between cuts implying that an impedance Hmit may be used for resetting
Condition Sets. In one aspect this impedance limit may be used for implementation of the “low
drive in air” concept as disclosed in U.S. Patent No. 5,026,387 to Thomas.

{0361] FIG. 43 is a graphical representation 1932 of a calculated frequency slope waveform
1934 for the pulsed application shown in FIG. 41 and FIGS. 42A-C plotted on a gross scale.
FIG. 44 1s a zoomed in view of the graphical representation of the calculated frequency slope
wavetorm 1934 for the pulsed application shown in FIG. 43, Both FIGS. 43 and 44 show the
calculated frequency slope waveform 1934 for the pulsed application shown in FIG. 41 and
FIGS. 42A-C. Frequency slope (kHz/Sec) is shown along the vertical axis and Time {Sec} is
shown along the horizontal axis. Two scales are shown, where FIG. 43 shows a gross scale for
frequency slope and FIG, 44 shows a “zoomed ™ view. For frequency slope, the same trends

seen under continuous drive are shown in pulsed drive including values that correlate well to
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heat flux into (negative frequency slope) and out of the blade (positive frequency slope). The
transient nature of the frequency curve and frequency slope curve due to pulsing, combined with
the moving average calculation of freguency slope make use of the freguency slope curve during
pulsing difficult. Of note, the tissuc separated at 13 seconds. As can be seen in FIG., 43 and
especially FIG.44, the rate of cooling can be used to trigger s response correlating rapid cooling
m the dwell portions of pulsed outputs to the completion of a tissuc transcction using logic (not
shown by logic flows in FIGS. 20-22) where freguency slope waveform 1934 exceeds a
threshold value, in this case of about 0.04 kHz#/scc when sampled at the ends {(i.e., the settied
regions}) of the dwell periods. As can be scen in FIG, 42A, the impedance waveform 1922 can
be used to trigger a response correlating high impedance (hugh resistance to mechanical motion
or vibration) to the completion of a tissue transection using logic {again, not shown by logic
flows i FIGS, 20-22) where transdocer impedance waveform 1922 exceeds a threshold value, in
this case of about 700 Ohms when sampled at the beginnings (7.¢., the settled regions) of the
dwell periods.

[0362] FIG. 45 is a graphical representation 1936 of other data wavetorms 1938 of interest
suach as impedance, power, energy, temperatare. In FIG.45, the vertical scale to the right applies
to the impedance curve only.

{33631 The present disclosure now turns to considerations for power level and clamp pressure
profile in an ultrasonic fnstrument. The rate of heating of a blade to pad interface is proportional
to blade displacement, interface coefficient of friction and load {clamp pressure or normal force).
Testing was performed to assess the tissue algorithm at a range of displacements {(power levels)
and device specitic combinations of clamp pressure and coefficient of friction (defined largely
by pad materials and biade coatings).

{8364} FIG. 46 is a graphical representation 1940 of a summary of weighted frequency slope
versus power level for various ultrasonic instrument types. Weighted frequency slope (kHz/Sec)
is shown along the vertical axis and power fevel, device type, and device are shown along the
horizontal axis. The instruments used to generate the data summarized in the graphical
representation 1940 are generally commercially available with some exceptions. One test
procedure included clamping the device, activating the device for three seconds, and calculating
the average frequency slope over the full three seconds. Other metrics, however, may be

employed. For most devices, the data summarized in FIG, 46 would be approximately indicative
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of the minimum frequency slope value. FIG. 46 shows the frequency slope summary data for
burn-in testing on shears type ultrasonic instruments where the instruments were clamped, then
activated for 3 seconds, then unclamped — the average frequency slope over the full three
seconds of activation was calculated and plotted as shown.
{0365} Bascd on predetermined tests and test data from FIG.46, the following frequency slope
thresholds are suggested for the main power levels of use with some ultrasonic instraments:

(1) level 5 frequency slope threshold: -0.060 kHz/sec;

(2 level 3 freguency slope threshold: -0.045 kHz/see;

(3 level 5 frequency slope threshold: -0.070 kHz/sec; and

4 level 3 frequency slope threshold: ~0.050 kHz/sec.
[0366] System stiffness includes both blade stiffhess (cantilevered beam) and pad stiffness/pad
thermal stability. The move differentiated the unloaded (no tissue) system stiffness 1s from the
loaded (clamped on tissue) system stiffness, the more robust the tissue algorithm performance,
Other constraints, of course, may it system stiffness on the high end.
[0367] Further exploration of displacement effects were analyzed based on a larger set of data,
For the ultrasonic system, power levels are essentially differentiated by output corrent target
vahies and, current, which is proportional to vibratory amplitude or displacement. Analysis of
this data also may include digital smoothing of the frequency data to obtain usable frequency
stope curves.
[31368] FIGS. 47-49 show frequency and current versus time waveforms obtained using one
form of a generator and an ultrasonic instniment to excise a poreine carotid artery at power level
5.
{0369] FIG. 47 is a graphical representation 1970 of resonant frequency versus time waveform
1972, an averaged resonant frequency versus time waveform 1974, and a frequency slope versus
time waveform 1976 of one form of a gencrator. Frequency (kHz) and Frequency Slope
(kHz/Sec) are shown along the vertical axes and Time (Sec) is shown along the horizontal axis,
The frequency slope waveform 1976 is based on the averaged frequency data and was obtained
by post processing the frequency waveform 1972 data. The raw frequency data is plotted as well
as smoothed (via simple moving average) frequency data and frequency slope {(calculated from

the smoothed data because the raw frequency data contains stair-stepping due to rounding of the
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streamed data). The average resonant frequency waveform 1974 is obtained via a 70 msec
moving average {kHz} of the resonant frequency data,

{8370} FIG. 48 is a roomed in view 1978 of the resonant freguency versus time waveform
1972 and the averaged resonant frequency versus time waveform 1974 of one form of a
gencrator. Frequency (kHz) is shown along the vertical axis and Time (Scc) is shown along the
horizontal axis,

{8371} FIG. 49 is a roomed in view 1980 of the resonant frequency waveform 1972 and a
current versus time waveform 1982 of one form of a generator. Freguency in (Hz) and Current
{A) is shown along the vertical axes,

{8372] In FIGS. 48 and 49, the respective zoomed w views 1978, 1980 are shown to see the
effect of smoothing freqguency data and 1o see nise information at the start of the application,
which may be helpful for assessment of parameters such as Time to Wait,

{03731  Other aspects of the tissue algorithm described herein may be applied fo sitnations
when little to no intervening tissue remains (between the ultrasonic blade and the clamp arm) and
waste energy is being dumped into the end effector. Accordingly, in one form, the tissue
algorithm may be modified to provide feedback to the user relative to this sitnation, Specifically,
the tissue algorithm leverages the fact that the resonance of an nltrasonic blade changes relative
to temperature (decreases with increasing temperature and increases with decreasing
temperature ).

{3374]  In one aspect the tissue algorithm disclosed herein may be emploved to monitor the
frequency slope of a waveform where the algorithm monitors the change in resonant frequency
slope to indicate the changing condition of the tissue. In the case shown in FIG. 50, for example,
the inflection of the frequency response curve correlates o the point at which the tissue begins to
scparate {i.¢., there is a tissuc tag and the user continues to activate the instrument), which can be
verified by experimentation. The change in frequency slope can be used to provide visual,
audible and/or tactile feedback (e.g., distinct beeping sound, flashing tight, tactile vibration,
among others previously discussed) to the user (that waste energy is being dumped into the end
effector) or the generator output could be controlled or stopped.

{8375} In another aspect, the tissue algorithim disclosed herein may be employed to monttor the
frequency threshold of a waveform, where the algorithim monitors the change in frequency as the

wavetorm crosses some threshold or differcnce from some known state (e.g., room temperature).
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Similar to monitoring the frequency slope, as the change in frequency drops below some
threshold value or difference, an indication can be given to the user that the device end effector is
heating at an accelerated rate. Again, FIG. 50 provides a graphical dllustrative view of a
frequency threshold.

{8376} In vet another aspect, the tissue algorithm disclosed herein may be employed to monitor
the frequency slope change and the frequency threshold in combination. The combination of a
significant change m freguency slope and a drop in frequency below some threshold can be used
to provide an indication of high temperature.

{03771 Turning now to FIG. 50, is a graphical representation 1990 of normalized combined
power {991, impedance 1992, current {993, energy 1994, frequency 1995, and temperature 1996
waveforms of one form of a generator coupled to an ulirasonic mstrument.  As shown, the tissue
begins to separate at 6.672 seconds. From this point until the tissue fully separates, about 55-
60% of the total frequency drop is obtained, the temperature increases by a factor of about 1.92
{from 219 °C to 418 °C) and about 28% of the total energy applied is delivered. The local slopes
of the frequency vs. time waveforms are shown by a first set of dashed lines 1997, which
represents a rapid change in the resonant frequency slope. Monitoring this slope 1997 atfords
the opportunity to indicate a dramatic change which typically occurs when there 1s limited to no
intervening tissne and the vast majority of power is being applied to the blade/tissue pad
mterface. Likewise, the frequency change from ifs resonance in a known state {(e.g., room
temperature} can be used to indicate high temperatures — a frequency change threshold is shown
with a second dashed line 1998, Also, a combination of these two, frequency slope change and
frequency change threshold, can be monitored for purposes of indication. Note that the
frequency changes in this case from an nitial value of 55,712 Hz to an end value of 55,168 Hz
with the threshold shown at about 55,400 Hz,

{0378] In some cxample forms, surgical and/or instrument-related conditions may reduce the
ability of the Condition Sets described above to accurately reflect the state of the instrument. In
somge situations, the blade may heat more slowly than normal, causing the resonant frequency t©
be higher and the frequency slope to be more gradual that expected. One example of such a
situation may occur when tissue is adhered to a non-clamping surface of the blade. In this and
other situations, a more gradual rate of heating is scen, cven upon completion of a tissue bite

when minimal or no tissue is present between the blade and clamp arm pad. This may, in turn,
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delay the meeting of various Condition Sets based on comparing local frequency slope to a
frequency slope thresheold parameter and/or comparing local resonant frequency to a frequency
threshold parameter. As a result, Response Sets implementing audible tones, pulsed modes,
current deactivation, efc., may be unnecessarily delayed.

{8379} FIGS, 51A and 51B arc graphical representations of resonant frequency and frequency
slope. respectively, displayed by onc form of an ultrasonic instrument during an ultrasonic tissue
bite. The bite iHustrated in FIGS. 51 A and 51B resulted in gradual heating of the blade of an
ultrasonic instrument. FIG, 51A is a chart showing time on a horizontal axis 2100 and blade
resonant frequency on a vertical axis 2104, A plot 2105 illustrates the resonant freguency of the
blade over time. FIG. 518 1s a chart showing time on a horizontal axis 2104 and frequency slope
on a vertical axis 2106, Plot 2107 ilhustrates frequency slope over titne. In the example cut
shown in FIGS, S1A and 5B, tissue separation occurred at between 2 and 3 seconds. The tissue
separation caused a small change in resonant frequency, indicated at 2108, and a shallow
minimum 10 frequency slope, indicated at 2100, The signal features 2108, 2110, however, may
not be sufficient to tivnely trigger a Condition Set reguiring frequency slope to drop below a
frequency slope threshold parameter and/or requiring resonant frequency to drop below a
frequency threshold parameter.

[3380] FIGS. 52A and 528 are graphical representations of resonant frequency and frequency
stope, respectively, displayed by one form of an ultrasonic instnimment during another ultrasonic
tissue bite. Again, the llustrated tissue bite resulted in gradual heating of the blade of an
ultrasonic instrument. Plot 2112 illustrates resonant frequency versus time for the tissue bite of
FIGS. 52A-528 while plot 2114 illustrates frequency slope versus time for the tissuce bite of
FIGS. 52A-52B. in the illustrated tissue bite, tissue began to separate from the blade at between
five and seven seconds, and a tissue tag fully separated from the blade at about nine seconds. As
can be seen, the tissue separation caused a small change in resonant frequency, beginning at
2116, and a small minimum in the frequency slope, as indicated by 2118, Again, however, due
to slow heating of the blade, the signal features 2116, 2118 may not be sufficient to trigger a
desired Condition Set.

{8381} In certain forms, generators, such as 30, 500, 1002, and/or ultrasonic surgical
nstruments, such as 100, 120, 1004, may be implemented with one or more Condition Sets that

consider a dynamic freguency cut-off. These, and other condition sets described herein, may be
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actuated by the clinician upon receipt of an input signal from a switch, button or pedal or, in
some forms, run on background while other algorithms are executed (e.g., instrument control
algorithms). For cxample, a bascline resonant frequency may be captured when ultrasonic
impedance cxeecds a threshold impedance. For example, exceeding the threshold impedance
may indicate that the clamp arm is closed {e.g., a tissuc bite is about to begin). One or more
Condition Sets may coraprise a baseline froquency cut-off condition that is met when the
resonant freguency of the blade differs from the bascline freguency by more than a baseline
deviation threshold parameter. In certain forms, the bascline frequency cut-off condition is met
even when other conditions based on resonant frequency or frequency slope are not met, When
utihized in a logical “Or” arrangement with other condifions, bascline frequency cut-off
conditions may atlow certain Condition/Response Set pairs to be triggered in situations, such as
those described above, where blade heating is more gradual than normal.

[0382] FIG. 33 is a logic flow diagram of one form of a tissue algorithun 2120 implementing a
baseline frequency cut-off condition that may be mplemented in one form of a generator to
consider a baseline resonant frequency of an ultrasonic blade, At 2122, activation of the blade
begins, For example, the generator may be activated at a particular power level, indicated as
“N.T Optionally, at 2124, the generator may wait a threshold time period. The threshold time
period may be sufficient to allow any frequency or other transients ccawrring ppon activation to
dissipate. For example, FIGS. 54A and 54B are graphical representations of blade frequency
demonstrated in different example ultrasonic activations. Plot 2136 shows frequency versus time
for a first example activation, and demonstrates a transient frequency feature or blip at 2140,
Plot 2138 shows frequency versus time for a sccond example activation, and demonstrates a
transient feature or blip 2142,

{8383} Referring back to 2124, the algorithm 2120 may utilize any suitable threshold time
period that extends beyond the dissipation of all or most signal transients or blips. For example,
in some forms, the threshold time period may be between 0.1 and 1.0 seconds. In some cxample
forms, the threshold time period may be between 0.2 and 0.5 seconds. In one example form, the
threshold time peried may be about (.2 seconds. At, 2126 the generator may receive an
mdication of the ultrasonic impedance. In various cxample forms, the ultrasonic irmpedance
represents an clectrical impedance of the transducer blade system, and/or an impedance of the

“motional branch,” as described herein above, At 2128, the gencrator may determine whether
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the ultrasonic impedance is greater than a threshold impedance. For example, this may the
closing of the clamp arm cither against the blade or against tissue. In some forms, the generator
at 2128 may not conclude that the ultrasonic impedance is greater than the threshold unless it is
greater than the threshold for a set amount of time {a “time above impedance” period). The time
above impedance period may be any suitable value and may be between 10 and 100 msee
mchuding, for example, 30 msec.

{8384} If the ultrasonic impedance 15 not above the threshold impedance at 2128 {or is not
above the threshold impedance for the “time above impedance” period), the generator may return
t0 2126 and 2128, continuing to monitor the ultrasonic impedance until it does exceed the
threshold impedance. If the altrasonic impedance 1s above the threshold sropedance at 2128, the
generator may capture a local resonant frequency of the blade as a baseline frequency at 2130,
As the activation continues, the generator may, at 2132, deterraine whether a frequency delia, or
difference bebtween the baseline frequency and the local resonant frequency of the blade exceeds
a bascline deviation threshold parameter. 1t the frequency delia exceeds the baseline deviation
threshold parameter, then the baseline cut-off condition may be met. If the meeting of the
baseline cut-off condition caunses a complete Condifion Set to be met, than a corresponding
Response Set may be triggered at 2134, Iu some forms, the baseline cut-off condition 1s not met
until or unless the frequency delta is above the baseline deviation threshold parameter value for a
time above frequency delta period.

[3385]  In some example forms, utilizing a baseline frequency and frequency delta, as described
with respect to the algorithm 2120, also addresses issues arising in surgical situations where the
resonant frequency of the ultrasonic blade floats between activations or cuts. This may occur,
for example, when an ultrasonic blade is used for multiple cuts without being deactivated. FIG.
55 is a graphical representation of resonant frequency 2144 and uitrasonic impedance 2150 over
time for one form including multiple cuts with an uitrasonic blade. Each feature 2147 represents
a distinct tissue bite, cut or other tissue treatment utilizing the ultrasonic blade. It can be scen
from FIG. 55 that, at the outsct of each cut, the resonant frequency spikes {e.g., as the clamp arm
closes on tissue}. For example as the clamp arm closes on tissue, the blade may be bronght into
contact with relatively cool tissue. This may cool the blade, causing the temporary positive slope
of the resonant frequency, as shown. As ulirasonic energy is applied to the blade, it begins to

heat, causing the illustrated decline in resonant frequency for cach cut, Referring now to FIG. 55
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in conjunction with the algorithm 2120, the nitrasonic impedance may cxceed the harmonic
threshold impedance at the outset of cach cut 2147, causing the gencrator to capture a baseline
frequency at that time. For example, linc 2148 indicates an example point in time where the
ultrasonic impedance exceeded the threshold impedance and a baseline frequency was taken.
{0386} In cortain forms, a baseline frequency cut-off condition may be utilized in a common
Condition Set with one or more other conditions. FIG, 56 is a logic flow diagram of a tissuc
algorithm 2150 that may be implemented in one form of a gencrator and/or instrument to
implement a bascline frequency cut-off condition in conjunction with other conditions. At 2152,
the generator may calculate a frequency delta, The frequency delta may be calculated as
described above, for example, with respect to the algorithm 2120, For example, the generator
may capture a bascline frequency apon ultrasonic impedance exceeding the impedance threshold,
and find the frequency delta as a difference between the local resonant frequeney and the
baseline frequency. At 2154, the generator may apply one or more other conditions. Such
conditions may be sirmilar to those described above with respect to FIGS, 20-22. For exanwple,
the other conditions may include whether the local frequency slope is less than a frequency slope
threshold parameter 1404, whether the local resonant frequency is less than a frequency
threshold parameter, efc. The other conditions may be applied in any logical manner. For
example, the other conditions may be considered met of one of the other conditions is met {e.g.,
a logical OR}, may be considered met only if alf of the other conditions are met (e.g., a logical
AND}, erc.

{83871 If the other conditions are met at 2154, the Condition Set may be considered met, and
the generator may trigger the appropriate Response Set at 2158, If the other conditions are not
met at 2154, the generator may determine if the frequency delta is greater than the baseline
deviation threshold parameter at 2156, If not, then the other conditions may be applied again at
2154, If ves, then the Condition Set may be considered met even though the other conditions are
not met. Once a Response Set is triggered at 2128, the Response Set may continue to be
executed until parameters for exiting the Response Set are determined to be met at 2160 and the
triggered condition is exited at 2162, Such paramcters may include, for example, the cxpiration
of a Condition Sct minimum latch time parameter, frequency slope exceeding a cross-back

frequency slope threshold, erc.
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{8388} In various cxample forms, a baseline frequency cut-off condition may be utilized in the
context of the logic flow diagrams 1200, 1300, 1400 of FIGS, 20-22 described above. For
example, FIG, 57 is a logic flow diagram of one form of a signal cvaluation tissue algorithmm
portion 13007 of the tissue algorithm 1200 shown in FIG, 20 considering a baseline frequency
cut-off condition. The algorithim 1300" may be exccuted in 8 manner similar to that of the
algorithm 1300 described herein above, At 2164, however, the generator may determine whether
a load monitoring flag is sct for a given Condition Set X. In some cxample forms, the load
monttoring flag 2167 may indicate whether a frequency cut-off condition is to be considered,
{0389] If the load monitoring flag 2167 is not sct, the frequency delta may be set to zero {e.g., a
frequency delta of zero may never exceed the baseline derivation threshold, allowing the
algorithm 13007 to operate 1 a manner similar to that of the algorithm 1300). If the load
monttoring flag 2167 is set, the generator may execute a load monitoring algorithm 2166, which
may receive as mmput a maintain status flag 2168, The maintain status flag may indicate to the
generator whether to wait a threshold time period before considering ultrasonie mmpedance so as
to avoid transient features or blips as illustrated with respect to FIGS, 544, 54B.

{0390] The load monitoring algorithm 2166 may return the frequency delta. Additional details
of how the load monttoring algorithm returns the frequency delta are provided herein below with
respect to FIG. 58, Referring again to FIG. 57, at 2172, the generator may calenlate a slope
between two or more resonant frequency data points and may utilize appropriate averaging
and/or smoothing, as described herein above, Input at 2172 may inchide an incoming resonant

frequency data point 2174 (Fi) and an incoming ultrasonic impedance data point 2176 (|Z

ot )’
which may be instantancous and/or averaged over several data points. The time to wait fimer
may be applied at 1306 as described above, If the time to wait has elapsed, the generator may
execute one or more condition set algorithms 1400/14007, as described herein. Each condition
set algorithm 1400/1400° may receive as arguments the ultrasonic impedance, the frequency
slope, the resonant frequency, and the frequency delta.

{0391] FIG. 38 is a logic flow diagram of one form of a load monitoring algorithm 2166 that
may be implemented in one form of a generator. The load monitoring algorithm 2166 may take

Z

as input a local ultrasonic impedance (£ ), a local resonant frequency (Fy) and the state of the

maintain status f1ag (Fuaintin sums). At 2178, the generator may determine whether the maintain

status flag is set. It not, then the frequency delta (Faers) may be set to zero at 2210, In certain
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forms, setting the frequency delta to zere may effectively disable load monitoring. If the
maintain status flag is sct, a maintain timer 2180 may be incremented at 2180, At 2182, the
generator may determine whether the maintain timer has reached the threshold time period for
blip dissipation has been met. If not, the frequency delta may be set to zero at 2210, Ifyes, the
generator may determine at 2184 whether the received local ulirasonic impedance is greater than
a threshold impedance 2186, If yes, a load timer for implementing the time above threshold
impedance described above may be mcremented at 2192,

{9392] At 2190, the generator may determine if the load timer is greater than the time above
threshold tmpedance 2188, If yes, the generator may determine whether a bascline freguency
iatch is set at 2194, The baseline frequency latch may prevent the baseline frequency from
bouneing during a jaw closure event, indicated by ultrasonic impedance. For example if the
baseline frequency latch is set, it may indicate that a baseline frequency has already been taken
for a given load event. If the baseline frequency latch is not set, the generator may set the latch
and set the baseline frequency as the current resonant frequency of the system at 2196, At 2206,
the generator may again determine whether the baseline frequency latch is set. I ves, the
frequency delta roay be set to the baseline frequency minus the local resonant frequeney at 2208,
{f the baseling latch 1s not set, then the frequency delta may be set to zero at 2210

{13931 Referring back to 2184, if the ultrasonic impedance s not greater than the threshold
impedance, the generator may reset the load timer at 2198, At 2202, the generator may

determine whether the ultrasonic impedance is less than a reset threshold impedance (2

mor
Reset Threshold). It the nltrasonic impedance is less than the reset threshold mmpedance, the
generator may reset the baseline frequency latch at 2204 and proceed to 2206, as described
above, 1f the ultrasonic impedance is not less than the reset threshold impedance, the generator
may proceed to 2206, as described above, without resctting the baseline frequency latch.
{0394] FIG. 39 is a logic flow diagram 1400° for evalnating Condition Sets for the signal
evalnation tissue algorithm 13007 shown in FIG. 57 that may be implemented in one form of a
generator, At 2212, the generator may implement logic for determining if an unfiltered
“ondition Set is met for the evaluated Condition Set. Logic 2212 1s deseribed in more detail
below with respect to FIG. 60 and may return a “true” or “false” response. At 2214, the
generator may determine whether a filtered Condition Set lateh is set. The filtered Condition Set

iatch may be sct, as described below, when the filtered Condition Set is met, for example, 50 as
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to ensure that the filtered Condition Sct is indicated to be set for a threshold period of time. If
the filtered Condition Set latch is set, the generator may increment a latch timer at 2218 and
determine whether the unfiltered Condition Set is met at 2220, If the unfiltered condition set is
met, then the logic tlow 14007 may return an mdication that the filtered Condition Set s met.
{8395}  If the unfiltered condition sct is not met at 2220, the generator may evaluate whether the
Condition Set is still met at 2222, For example, the generator may determine (1) whether the
filtered Condition Sct latch timer has exceeded a minimwum latch timer 1422; and (1) whether the
frequency slope is greater than a cross-back frequency slope threshold 1424; and (111) [whether
ioad monitoring 2167 15 disabled OR whether a load event has completed] (e.g., whether
ultrasonic impedance is less than the impedance reset threshold 2228). If these conditions are
met, the generator may, at 2224, release the filiered Condition Set laich; reset the debounce timer
{e.g., TIMER X in FIG. 22); veset the latch timer; reset the load timner {e.g., time above
impedance period), reset the baseline frequency laich; and set the frequency delta eqgual to zero.
Logic flow 1400 may retorn an indication that the filtered Condition Set is not met,

[0396] Referring now back to 2214, it the filicred Condition Set latch 1s not set, the generator
may determoine if the unfilicred condition set is met at 2216 (e.g., based on the return of 2212). It
not, the debounce timer may be reset at 1410 and the logic flow 1400° may return an indication
that the filtered Condition Set is not met. If ves, the generator may increment the debounce timer
at 1408. At 1414, the generator may determine whether the debounce timer is greater than a
required time before trigger parameter 1412, as described above. I so, algorithm 1400" may
proceed along the YES path, latching the filtered condition set latch at 1416 and returning an
indication that the filtered Condition Set is met.

{0397 FIG. 60 is a logic flow diagram for implementing one form of the unfiitered condition
sct logic 2212 shown in FIG. 59 that may be implemented in one form of a generator. At 22372,
the generator may determine whether a focal frequency slope is less than a frequency slope
threshold parameter 1404, In some forms, the frequency slope threshold parameter may depend
on a power level delivered by the generator, as described above. If the focal frequency slope is
less than the frequency slope threshold parameter 1404, the generator may, at 2236, determine
whether the local resonant frequency is fess than a freguency threshold paramcter 1406, If so,
the algorithm 2212 may return an indication that the unfiltered Condition Set is met. In some

formas, the conditions 2232, 2236 may be implemented in a logical “OR” manner mstead of the
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logical “AND” manner shown. For example, after a determination that the local frequency slope
is less than the frequency slope threshold parameter 1404, the algorithm may return an indication
that the unfiliered Condition Set is met. Similarly, upon a determination that the local freguency
slope is not less than the frequency slope threshold parameter 1404, the algorithm may cvaluate
the resonant frequency and freguency threshold paramcter 1406 at 2236,

{0398] If the conditions evaluated at 2232 and 2236 are not met {in whatever logical

3
1
¥

arrangement is used), the generator may determine, at 2240, whether the difference between the
bascline frequency (e.g., as sct at 2196) and the local resonant frequency (e.g., the frequenecy
delta) cxceeds a bascline deviation threshold parameter 2242, If yes, the algorithm 2212 may
return an indication that the unfiltered Condition Set s met. If no, the algorithm 2212 may
return an indication that the unfiltered Condition Set is not met,

[8399]  In certain forms, generators, such as 30, 500, 1002, and/or ultrasonic surgical
instruments, such as 100, 120, 1004, may be implemented with one or more Condition Sets that
utilize load events to arm Response Set triggers. For example, the generator may detect load
events, as described herein. A load event may oceur, for example, when the load on the
ultrasonic blade experiences a change {(e.z., a sudden or rapid change). Physical conditions that
may cause a load change include, for example, the opening and/or closing of the clamp arm, a
sudden drop of the ultrasonic blade through tissue, efc. In various forms, upon detection of a load
event, Response Set triggers may be armed, or capable of being triggered upon the occurrence of
other conditions n the corresponding Condition Set. When no load event is detected, the
Response Set triggers may be disarmed, or incapable of bemg triggered even upon occurrence of
other conditions in the corresponding Condition Set. The cxistence of a load event may serve as
an alternate indicator of the types of physical conditions o be detected by various Condition Sets
{e.g., changes in tissue state, such as tissue separation, desiceation, efc. ). Accordingly, Condition
Sets that utilize load cvent triggers are less likely to return false positives {e.g., situations where
the Condition Set is met, but the underlying physical condition is not present). As a result,
Condition Sets utilizing load events may also utilize lower and more sensitive thresholds for
frequency slope thresholds 1404, frequency thresholds 1406, erc.

{0400]  According to various forms, load events may be detected by examining changes in the
frequency slope over time, FIG. 61 is a graphical representation of a frequency slope 2302 and a

second time derivative of frequency 2304 for an ultrasonic blade illustrating a pair of load

99



WO 2013/154925 PCT/US2013/035370

events. The load events are apparent in frequency slope plot 2302 at features 2305 and 2306 and
in second time derivative plot 2304 at features 2307 and 2308, The blade that generated the
characteristics iHustrated in FIG. 61 was activated unloaded at about 4 seconds, clamped at
about 1¥2 seconds, and unclamped at about 3% seconds, as indicated on the horizontal axes. The
clamping and unclamping may correspond to the load events indicated by 2305, 2307 and 2306,
2308. It will be appreciated that the frequency slope itsclf may be affected by both thermal
events {e.g., changes in the temperature of the blade) and load events. This is tllustrated by FIG.
61, as the freguency slope plot 2302 comprises various changes in addition to the featurcs 2305,
2306. In contrast, the second time derivative plot 2304 is approximately constant except for
dramatic changes at the features 2307, 2308,

{84811 Tn view of this, certain forms detect the presence of a load event by examining changes
m frequency slope over a rolling window. For exaruple, a present or local frequency slope is
compared to a past freguency slope offset from the local frequency slope by a window offset
time. Contimung results of the comparison may be referred to as a rolling delta. The window
offset time may be any suitable time and, in certain forms, may be about 100 msec. When the
rolling delta exceeds a frequency slope threshold parameter, a load event may be detected. In
certain forms, load events beginning when the blade is unloaded may not be considered (e.g.,
Response Set triggers may not be armed). For example, before examining the frequency slope
over the rolling window, the generator may first detect an increase in ultrasonic impedance
above an impedance threshold. (In some forms, the impedance threshold must be held for a time
above impedance threshold parameter before the generator will detect a load event.) The
impedance threshold may be any suitable value and, in certain forms, is between about 5 ohms
and about 260 chms, with a resolution of about 5 ochms. In onc example form, the impedance
threshold is about 100 ohms. The increase in ultrasonic impedance above the threshold may
indicate, for example, that the clamp arm is closed, thercfore, making a load event more likely.
{8482} FIG. 62 is a graphical representation of a frequency slope 2310, a second time
derivative of frequency 2312, and a rolling delta 2314 demonstrating a load cvent. Feature 2316
of the rolling delta plot 2314 indicates that the rolling delta exceeded the frequency slope
threshold parameter, thus indicating a load cvent. FIG. 63 is graphical representation of another
form of a freguency slope 2318, a second time derivative of frequency 2320 and a rolling delia

23272 demonstrating another load event, Feature 2324 in the roling delta plot 2322, feature 2326
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in the second derivative plot 2320 and feature 2328 in the frequency slope plot 2328 indicate the
ioad event.

[0483] FIG. 64 1s a logic flow diagram for implementing one form of an algorithm 2330
applying a Condition Set including a load cvent trigger that may be implemented in one form of
a generator, At 2332, the generator may determine whether a load event is occurring. Further
examples of how the gencrator may determine whether a load event is occurring are provided
herein with respect to FIG. 65, If no load cvent is occurring, the generator may continue to tost
for a load event at 2332, If a load event is occurring, the gencrator may “arm’” a relevant
Response Sct at 2334, Arming the Response Sct may comprise enabling the Response Set to be
triggered when its corresponding Condition Set is met. At 2336, the generator may determine if
the local ulirasonic impedance 1s below an impedance reset threshold parameter. The impedance
reset threshold parameter may be an impedance level at which the generator concludes that the
load event is concluded, If the local ultrasonic impedance is below the impedance reset
threshold parameter, the generator may disarm the Response Set at 2342, 1f the local ultrasounic
impedance is not below the impedance resct threshold, then the generator (e.g., 30, 500, 1002)
may determoine of the Condition Set parameters are met at 2338, It the Condition Set is met, the
generator may trigger the appropriate Response Set at 2340,

[3404] FIG. 65 1s a logic flow diagram for implementing one form of an algorithm 2332 for
determining whether a load condition exists in a surgical instrument. At 2342, the generator may
determine if the local nltrasonic impedance of the nltrasonic blade/transducer system exceeds an
impedance threshold, For example, ultrasonic impedance exceeds the threshold, it may indicate
closure of the clamp arm. If no, the algorithm 2332 may return an indication that there is no load

LY
33

event at 2334, If the local ultrasonic impedance exceeds the impedance threshold, the generator
nmay determine at 2346 whether the frequency rolling delta is greater than a frequency slope
threshold parameter. If yes, the algorithm 2332 may return a load event 2348, {fno, then the
algorithm 2344 may return no load event.

{8405]  In various example forms, Condition Scts that utilize load events to arm Response St
triggers may be utilized in the context of the logic flow diagrams 1200, 1300, 1400 of FIGS. 20-
22 described above, For example, FIG. 66 is a logic flow diagram of one form of a signal
evaluation tissue algorithm portion 13007 of the tissue algorithm 1200 shown in FIG. 20

considering a Condition Set utilizing a load cvent to arm Response Set triggers. In various
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forms, the signal evaluation tissue algorithm 13007 may operate in a manner similar to that of
the algorithm 1300 described above, with several differences. For example, in algorithm 13007,
the Signal Evaluation/Monitoring function 1308 may be performed prior to the time to wait
comparison at 1306, although it will be appreciated that these actions may be ordered in any
suttable order for any of the algorithms 1300, 13007, 13007 described herein, Additionally, the
Signal Evaluation/Monitoring function 1308 may also capture a local ultrasonic immpedance

(]Z [ ., and the rolling delta (Fuope dena), that may be passed to the various condition set

evaluation algorithms 1400, as described herein. For example, the algorithm 1300 may pass as
arguments the local nltrasonic impedance, the rolling delta, the local frequency slope (Fape) and
the local resonant frequency (F)).

[0486] FIG. 67 is a logic flow diagram of an algorithm 14007 for evaluating condition scts for
the signal evaluation tissuc algorithm 13007 shown in FIG. 66 that may be implemented in one
form of a generator. At 2352, the generator may determine whether a maintain status flag 2354
is set. If not, then the Response Set corresponding to the Condition Set of the algorithim 14007
may be armed at 2358, In certain forms, arming the Response Sct at 2358 may cffectively
disable load monitoring. I the maintain status flag 2354 is set, a load monitoring algorithm 2356
may be executed. The load monitoring algorithm 2356 may either armo, or not arm, the Response
Set trigger depending on whether a load event is detected. Additional details of the load
monitoring algorithm 2356 are provided below with respect to FIG. 68, At 2360, the generator
may implement logic for determining if an unfiltered Condition Set 15 met for the evaluated
Condition Set. Logic 2360 1s described in more detail below with respect to FIG. 69 and may
retarn a “true” or “false” response.

{04071 Af 2368, the generator may determine whether a filtered Condition Set laich is set, The
filtered Condition Set latch may be set, as described below, when the filtered Condition Set is
met, for example, so as to ensure that the filtered Condition Set 1s indicated to be set for a
threshold pertod of time.  If the filtered Condition Set latch is set, the gencrator may mcrement a
latch timer at 2365 and determine whether the unfiltered Condition Set is met at 2366, Ifthe
unfittered condition set is met, then the logic flow 14007 may return an indication that the
filtered Condition Set is met.

{3408]  If the unfiltered condition set is not met at 2366, the generator may evaluate the whether

the Condition Set is still met at 236¥. For example, the generator may determine (i) whether the
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filtered Condition Set latch timer has exceeded a minimum latch timer 14225 and (i1) whether the
frequency slope is greater than a cross-back frequency slope threshold 1424, If these conditions
are met, the generator may, at 2378, release the filtered Condition Set laich; reset the debounce
timer {e.g., TIMER X in FIG. 22); reset the latch timer; reset the load timer {(e.g., time above
impedance period), and disarm the Response Set trigger. Logic flow 14007 may return an
mdication that the filtered Condition Set is not mct.

[0409] Referring now back to 2362, it the filiered Condition Set latch is not set, the generator
may determine if the unfilicred condition st is met at 2364 (e.g., based on the return of 2360). I
not, the debounce timer may be reset at 1410 and the logic flow 14007 may return an mdication
that the filtered Condition Set is not met, I yes, the generator may increment the debounce timer
at 1408, At 1414, the generator may determine whether the debounce timer is greater than a
required titne before trigger parameter 1412, as described above. If so, algorithin 14007 may
proceed along the YES path, latching the filtered condition set latch at 1416 and returning an
mdiwcation that the filtered Condition Set s roet.

[0418] FIG. 68 15 a logie tlow diagram of one form of a load monitoring algorithio 2356 that
may be implemented in one formn of a generator, as shown m FIG. 67. The load monitoring

algorithm 2356 may receive as wnput the focal ultrasonic impedance (|7

. ) and the rolling delta

Mot

{(Filope deta). As output, the algorithin 2356 may etther arn, or not arm, the relevant Response
Set. At 2380, the generator may deterrame if the ultrasonic iropedance exceeds the impedance
threshold 2381, If so, the generator may mcrement a load timer at 2382, The load fimer may act
to debounee the local ulirasonic impedance. For example, the generator may not consider the
ultrasonic impedance to be higher than the threshold 2381 unless it is higher than the threshold
for a predetermine mumber of ticks of the timer,

{3411} At 2384, the generator may determine whether the load timer is greater than a required
time above threshold parameter 2386, If yes, the generator may arm the load trigger at 2396 and
proceed to 2398, For example, the load trigger may be armed when a load 1s indicated by the
ultrasonic impedance. 1 no at 2384, the generator may proceed divectly to 2398 without
arming the load trigger. At 2398, the generator may determine whether the Joad trigger is armed.
If no, the load set monitoring algorithm 2356 may retirn with the both the load trigger and the
Response Set trigger wnarmed. If yes, the generator may determine at 2400 whether the rolling

delta exceeds the frequency slop threshold parameter 2402, If no, then the algorithm 2356 may
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return with the load trigger sct and the Response Set trigger unarmed. If yes, then the Response
Set trigger may be armed at 2404 and the algorithm 2356 may return. Referring back to 2380, if
the ultrasonic impedance is not above the impedance threshold, the generator may reset the load
timer at 2388, At 2390, the generator may determine whether the ultrasonic impedance is less
than an impedance reset threshold parameter 2392, If yes, then the generator may disarm the
Response Set trigger and load trigger at 2394, 1f no, the gencrator may proceed to 2398 as
described above,

{8412} FIG. 69 15 a logic flow diagram of one form of an unfiltered condition set logic 2360
shown in FI1G, 67 that may be implemented by one form of a generator. At 2406, the generator
may determoine whether a local frequency slope is less than a frequency slope threshold
parameter 1404, Tn some forms, the frequency slope threshold parameter may depend on a
power level delivered by the generator, as described above. If the local frequency slope is less
than the frequency slope threshold pararneter 1404, the generator oay, at 2408, determine
whether the local resonant frequency is less than a frequency threshold parameter 1406, Tf yes,
the generator may determine at 2410 whether the load trigger and the Response Set trigger are
armed. If yes, the algorithm 2360 may return an indication that the unfiltered Condition Set is
met. fno, the generator may determine whether the filtered Condition Set is latch is set at 2412,
If yes, the algorithm 2360 may return an indication that the unfiltered Condition Set is met. Ifno
at any one of 2406, 2408 or 2412, the algorithm 2360 may return an indication that the unfiltered
Condition Set is not met.

{0413] In some forms, the conditions 2406 and 2408 may be implemented n a logical “OR”
manner instead of the logical “AND” manner shown. For example, after a determination that the
iocal frequency slope is less than the frequency slope threshold parameter 1404, the algorithm
2360 may jump directly to 2410, Similarly, upon a determination that the local frequency slope
is not less than the frequency slope threshold parameter 1404, the algorithm may evaluate the
resonant frequency and frequency threshold parameter 1406 at 2408.

{8414} Various forms of algorithms 1400, 1400" and 1400"" for evaluating Condition Sets for
the signal evalnation tissue algorithms 1300, 13007, 13007 are described. {t will be appreciated
that any number of Condition Set evaluation algorithms may be implemented with any of the
signal evaluation tissue algorithms 1300, 13007, 13007 described herein. For example, in certain

forms, the generator may implement a Condition Set evaluation algorithm 1400, as described
> bl &
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herein above, in conjunction with a Condition Set evaluation algorithm 14007 utilizing a load
event trigger. Any suitable combination of algorithims 1300, 13007, 13007, 1400, 14007, 14007
may be used.

{0415] In some cxample forms of the ultrasonic surgical instroment and generator, current is
maintained so as to be relatively constant. This may establish a substantially constant
displacement for the ultrasonic blade that, in turn, establishes a substantially constant rate of
tissue-effecting activity, In some forms, the current is maintained, even over changing
mechanical loads, where the mechanical load is reflected by the ultrasonic impedance. To
achieve this, differcnces in mechanical load may be compensated for substantially by modulating
applied voltage.

{8416] As described herein, to operate efficiently (e g., minimize waste heat at the transducer),
the surgical instrument {e.g., blade and transducer combination) may be driven at or near the
systemt’s resonant frequency. The frequency of the system may be determined via a phase
difference between the current and voltage signals. As described herein, the resonant frequency
of the systern changes with thermal changes. For example, the additional of thermal energy (e g.,
heat) resulis 1o a softening of the blade and/or other systemn components, thereby changing the
system’s resonant frequency. Accordingly, the generator, in some example forms, implements
two control loops. A first loop maintains a substantially constant current across varying loads,
whitle a second control loop tracks the system resonant frequency and modifies the driving
electrical signals accordingly.

{8417} As described herein, various algonithms for use with ultrasonic surgical instruments
approximate physical conditions of the instrument {e. g., the ultrasonic blade thereof) based on
the clectrical signals provided to the instrument. For example, with respect to Figures 58 and 65,
closure of the clamp arm s determined by monitoring ultrasonic impedance. It will be
appreciated, however, that in any of the forms described hercin, closure of the clamp arm may be
alternatively determined in any suitable manner, for example, from any suitable clectrical signal
provided to the instrument and/or derivations thercof. In some example forms where current is
kept substantially constant, the value of the veltage signal is proportional to ultrasonic
impedance. Therefore, the varicus ultrasonic tmpedance thresholds described herein may
alternately be implemented as voltage thresholds. Similarly, where current is substantially

constant, power or energy delivered to the blade will also be proportional to ultrasonic
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impedance and corresponding changes in power, energy, changes in voltage, power or energy
with respect to time, efc., may also indicate clamp arm closure. Also, as illustrated herein, when
the clamp arm mitially closes, the temperature of the ultrasonic blade may drop as it comges nto
contact with cool tissue. Accordingly, blade closure may alternately be detected by monitoring
for a drop in blade temperature, indicated cither by a rise in the resonant frequency of the blade
and/or one of the other methods described herein, Also, in some forms, closure of the clamp arm
may be determined based on detecting activation of a closure trigger and/or closure control.
Various forms may detect clamp arm closure utilizing combinations of some or all of the
electrical signal properties described.

{#418] Also, for example, load events are described herein, for example, with respect to FIG.
65, InFIG. 65 and the associated description load events are detected based on a frequeney
rolling delta. Various other qualities of the electrical signals provided to the instrument may also
be used to indicate a load event, For example, the physical changes indicated by the frequency
rolling delta may also be indicated by the voltage signal, a change in the voltage signal with
respect {o time, the ultrasonic impedance including the slope thereof, a second denivative of
frequency, current, changes in current with respect to time, efe. Additionally, changes in the
temperature of the blade, as described herein, are determined based on detecting changes in the
frequency slope. Additional electrical signal properties that may vary based on blade
temperature may inchide, for example, the slope of the power and/or energy provided to the
blade.

{8419]  According to various forms, an ulirasonic instrument, such as the instruments 100, 120,
1004 may be driven according to a control algorithm that involves driving the instrument
sequentially at different power levels. For example, when the ultrasonic surgical instrument is
activated, it may be driven at a first power level. For example, a gencrator (e.g., gencrators 30,
500, 1002 and/or an internal generator) may provide a drive signal at a first power level. After
the expiration of a first period, the generator may provide a second drive signal at a sccond
power level less than the first power level. In some applications, the first, higher power level
may serve to separate the inner muscle layer of a vessel from the adventilia layer, as described
herein.

{8428] FIG. 71 15 a logic flow diagram of one form of an algorithm 3021 for driving an

ultrasonic instrument sequentially at two power levels. FIG. 70 is a chart illustrating a power or
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displacement plot for one example implementation of the algorithm of FIG. 71, The algorithm
3021 may be implemented by a generator, such as 30, 500, 1002 and/or an internal generator, to
drive an ultrasonic instrument such as 100, 120, 1004, In FIG, 70, vertical axis 3002
corresponds to a displacement of the end effector blade. The horizontal axis 3004 corresponds to
time in seconds. The algorithm 3021 is described herein as implemented by a generator, such as
onc of generators 30, 500, 1002 herein, it will be appreciated that the algorithm 3021 may
alternately be implemented by an imstrument, such as 100, 120, 1004 {e.g., by a control circuit
2009 thereof).

[0421] At 3020, the generator may receive a trigger signal provided by a clinician, The trigger
signal may be provided in any suitable manner. For example, in some forms, the clinician
provides the trigger signal utilizing a button or other input device on the instrument uself (eg.,
buttons 312a, 1036a, 1036h, 1036¢, footswiiches 434, 1020, efe.). At 3022, the generator may
activate the mstrument by providing a first drive signal. Referring to FIG. 70, activation of the
mstrument is indicated at 3006, The first drive signal corresponds to a fivst level of power
provided to the end effector of the instrument. At 3024, the generator maintains the first drive
signal for a first period. The end effector displacement corresponding to the first drive signal is
mdicated in FIG. 70 at 3009, As llustrated in the example of FIG, 70, first power level
corresponds to an end effector displacement of between 60 and 120 microns, such as about 75
microns. The first power level may be selected to separate the mner muscle layer of a vessel
from the adventilia layer and/or to provide other tissue effects tending to tmprove the dissection
and/or sealing process. In some forms, the first drive signal may also provide off-resonance, as
described herein, to further aid in the separation of the inner muscle layer of a vessel from the
adventilia fayer

{8422} The generator determines whether the first period has expived at 3026. The first period
may be measured in any suitable manner. For example, in some forms, the first period is a set
time period that expires after a predetermined amount of time has passed since the activation of
the instrument. This is the case in the example shown in FIG. 70, wherein the first period is one
sccond. Also, in some forms, the first period expires when a particular tissue change of state
occurs., Any of the changes in tissue state described herein may indicate the end of the first

period and, for cxample, any of the algorithms described herein for detecting a change in tissuc
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condition may be utilized. For cxample, in some forms, the end of the first period may be
indicated by a change in the impedance of the transducer.

{8423}  When the first period expires, the generator provides a second drive signal at a second
power level at 3028, In the example of FIG. 70, the transition from the first to the second drive
signal is indicated at 3007, The end effector displacement at the second drive signal is indicated
i FIG. 70 to be between about 20 and 60 microns, such as about 37.5 microns. Although the
sccond drive signal is indicated in FIG. 70 to be a continuous signal, it will be appreciated that,
m some forms, the second drive signal is a pulsed drive signal, for example, as described herein,
The sccond drive signal may be provided to the instrument until any suitable endpoint, For
example, referring to FIG. 70, the completion of tissue dissection is indicated at 3008,
Deactivation of the mstrament 1s indicated at 3010, In some forms, tissue dissection may be
detecting using any of the algorithms for detecting tissue state changes described herein, To
some forms, the generator may automatically deactivate the mstrument either at dissection point
3008 and/or thercafier (e.g., a predetermuined time period thereafier),

{0424] The algorithm 3021 may wnprove the performance of the mstrument relative to simply
activating the imstrument at a single power level. FIG. 72 is a chart illusirating burst pressures
obtained with a surgical instrument similar to the instroment 1004 operated according to the
algorithm of FIG. 71 (3030} and operated by activating the instrament 1004 at a single power
level (3032). In the example of FIG. 72, plot 3032 corresponds to the instrament 1004 activated
at a single power level corresponding to the second power level of the algonithm 3021, Both the
trials for the algorithm 3021 and those at the single power level were conducted on 5-7 mm
porcine ceratoid arteries. As can be seen, the algorithm 3012 lead to higher burst pressures,

~y
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i

which may correspond to higher quality scals and transections. FIG. 73 is a chart illustrating
transection times obtained for the trials indicated in FIG. 72. As ilustrated, the algorithm 3021
may provide superior transection tHnes,

18425]  In use, the algorithm 3021 has a potential for misuse by clinicians. For example, FIG.
74 1s a chart 3040 illustrating a drive signal pattern according to one form of the algorithm 3021,
In FIG. 74, the vertical axis 3042 corresponds to a power level provided and the horizontal axis
3004 corresponds to tine. The first and second power levels are indicated on the axis 3042 as
“S”and “1,” respectively. For example, when implemented on the GEN 11 generator available

from Ethicon Endo-Surgery, Inc. of Cincinnati, Ohio, “5” may correspond to power level 57
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and “1” may correspond to power level “1.7 As ilustrated, the clinician has activated (3006} and
deactivated (3010) the mstrument several times in succession without completing tissue
transection. As illusirated, the clinician deactivated the instrument near the beginning of the
second (lower power) drive signal in order to reactivate the instrument and reestablish the first
{(higher power) drive signal, It will be appreciated that this type of use may prevent the
algorithm 3021 from operating as designed. In some forms, the algorithm 3021 may be modified
to implement a rest time between a deactivation 3010 and a subscqguent activation 3006,

{9426] FIG. 75 15 a logic flow diagram of another form of the algorithm 3021 implementing a
rest time between a deactivation of the instrument and a subsequent activation. The algorithm
3021 may be implemented by a generator, such as 30, 500, 1002 and/or an internal generator, to
drive an ulirasonic instruroent such as 100, 120, 1004, Afier receiving the trigger signal at 3020,
the generator may determine at 3050 if a rest timne has passed since a most recent activation of
the instrument. In various forms, the rest time 1s selected to correspond to an amount of time that
waould allow the glirasonic blade and/or tissue o refurn to a rest state. In one example form, the
rest tirne 1s four seconds. If the rest time has passed, then the algorithim 3021 may proceed to
actions 3022, 3024, 3026 and/or 3028 as described herein above. If the rest time has not passed
at 3030, then the generator may, at 3052, provide the instrament with a drive signal at the second
power level {e.g., the lower of the power levels of the algorithim 30217, In this way, if the rest
period has not passed since a previous deactivation, the algorithm 3021 may continue at the
point where it left off at the deactivation.

{0427] FIG. 76 is a chart illustrating a drive signal pattern according to one form of the
algorithm 3021, The clinician may activate the instrument at 3056, When the second drive
signal is provided, the clinician deactivates the instrument at 3058, For example, the
deactivation 3058 may occur before tissue scaling and transection is complete. At 3660, the
clinician reactivates the instrument, for example by generating a trigger signal as described
herein above. As illustrated, however, the rest time did not pass before the reactivation at 3660,
Accordingly, the gencrator, at 3660, provides a drive signal at the second power level. After the
deactivation at 3062, however, the rest time did pass before the reactivation at 3064,
Accordingly, the gencrator provides a drive signal at the first power level and the algorithm

3021 proceeds as shown in FIG. 70,
i
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{8428} In various forms, the algorithm 3021 may be implemented utilizing an alternate logic
condition in place of the rest time. For example, instead of determining whether the rest time has
expired at 3050, the generator may determine whether the alternate logic condition has been met,
The alternate logic condition may be any suitable condition including, for example, an indicator
of a state of the instrument and/or tissue being acted upon. 1n some forms, the logic condition
may be, or be related to, a temperature of the end cffector. For example, the alternate logic
condition may be based on the resonant frequency of the ultrasonic drive systerm and end
cffector, as indicated by the frequency of the drive signal. If the frequency is above a threshold
value (indicating that the temperature of the end effector temperature is below a threshold value),
then the algorithm 3021 may proceed to actions 3022, 3024, 3026, 3028 as described. The
frequency of the drive frequency may be measored in any way nchuding, for example, those
described herein above with respect to FIG. 21 above. In another example, the aliernate logic
condition may be based on the impedance of the oltrasonic transducer, which may serve as
another proxy for end effector teraperature, as described herein above with respect to FIGS. 10-
13, Also, in some forms, the temperature of the end effector may be measured by a temperature
probe at the end effector, such at the temperature probe 3070 posttioned at the end effector 1026
of FIG. 16A.

{34281 FIG. 77 1s a logic flow diagram of another form of the algonthm 30217 implementing a
third drive signal. The algorithm 3021" may be implemented by a generator, such as 30, 500,
1002 and/or an internal generator, to drive an ultrasonic instrument such as 100, 120, 1004, The
generator may perform actions 3024, 3022, 3024, 3026, 3028 as described above with respect to
FIG. 71, After providing the second drive signal at 3028, however, the generator may maintain
the second drive signal at 3070 until the expiration of a sccond period at 3672, At the expiration
of the second time period, the gencrator may provide a third drive signal at 3074, The third drive
signal is at a third power that may be greater than the second power and less than the first power.
For example, in one example form, the sccond power level is 45% of the first power level. The
third point level may be, for example 100%, 75%, eic. of the first power level. The first and
sccond periods may be, for example, 1.5 scconds and twelve seconds, respectively. It will be
appreciated that the algorithim 3021" may be implemented with a rest time period, for cxample,
as the algorithm 3021, For example, the actions 3070, 3072 and 3074 may be performed after

action 3028 as dlustrated in FIG. 75
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18438} In various forms, the algorithm 3021" may lead to higher burst pressures and shorted
transection times relative to the algorithm 3021 illustrated i FIG. 71, For example, FIG. 79 is a
chart iHlustrating burst pressures obtained with a surgical instrument similar to the instrument
1004 operated according to the algorithm 3021 versus the surgical instrument operated according
to the algorithm 3021". As illustrated, the burst pressure for the algorithm 3021" arc higher than
with the algorithin 3021, Similarly, FIG. 80 is a chart llustrating transcction times obtained for
the trials indicated in FIG, 79. As tllustrated, transcction times for the algorithm 3021" are lower
than for the algorithm 3021, Also, in some forms where the algorithm 30217 is implemented ina
comjunction with another algorithm for providing feedback (e.g., a response set) upon detecting a
change in tissue state {e.g., a condition set), providing the third, higher power drive signal may
increase the effective of the algorithims deseribed herein for detecting a change in tissue state.
[0431]  In some forms, the algonithms 3021, 3021, 3021" may be imaplemented in conjunction
with various other algorithios described herem. For example, any of the algorithms 3021, 30217,
3021" may be implemented in conjunction with a condition set and/or response set based on a
measured characteristic of the instrament and/or tissue acted upon by the instrument. For
example, the algorithms 3021, 3021, 3021" may be implemented with one of the algorithms
described herein above with respect to FIGS. 15A-18C, FIGS., 20-22, FIGS. 57-6{, erc. Whena
condition set ndicates a tissue condition, the corresponding response set may be executed on top
of the algorithms 3021, 30217, 3021, For example, when a triggered condition set calls for
feedback, the feedback may be provided while the algorithm 3021, 3021, 3021" continnes.

Also, for example, when a triggered condition set calls for a change to the drive signal, the
generator may deviate from the algorithm 3021, 30217, 3021" in accordance with the triggered
response set.

{8432} FIG. 81 is a logic flow diagram of one form of an algorithm 3100 implementing an
mitial clamping period. The algorithm 3100 may be implemented by a generator, such as 30,
500, 1002 and/or an internal generator, to drive an ultrasonic instrument such as 100, 120, 1004,
At 3102, the generated may receive an activation request, for example, as described herein above
with respect to the activation request 3020, At 3104, the generator may provide feedback
mdicating that the instrument has been activated. The feedback may be audible, visual and/or
tactile foedback as described herein, When the feedback is provided, however, the imstrument is

not yet activated. In this way, the algorithm 3100 may provide time for the end cffector to
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compress tissue prior to activating the instrument so as to increase the efficacy of transection and
sealing. At 3106, the end effector may determine whether a first time period has expired. The
first time period may be, for example, a few seconds. When the first time period has expired, the
generator may activate the mstrument and begin executing a control algorithm. The control
algorithm may be any suitable algorithm including, for example, any of the algorithms 3021,
3021, 32017, For example, referring to FIG. 71, actions 3104, 3106 would be performed after
receiving the trigger signal 3020, Action 3022 would be performed to correspond to 3108,
{8433] FIG. 82 15 a logic flow diagram of another form of an algorithm 3120 wuplementing an
mitial clamping period. The algorithm 3021" may be implemented by & generator, such as 30,
500, 1002 and/or an internal generator, to drive an ultrasonic instrurment such as 100, 120, 1004,
For example, the algorithm 3120 may implement the imtial clamping peniod 1o comjunction with
a step function, such as the siep function described herein above with respect to FIGS. 6-8.
Referring agamn to FIG. 82, the generator may perform actions 3102, 3104, and 3106 as
described herein with respect to FIG, 8§81, At 3122, the generator may provide a first drive signal
3122 at a first level. The first level may correspond to a current, a power, an end effector
displacement, erc. When a second time period has expired at 3124, the generator provides a
second drive signal at 3126, The second drive signal corresponds to a current, power and or end
effector displacement at a level higher than that of the first level. The second drive signal may
be maintained antil the generator detects a change in tissue state such as, for example, a drop m
the frequency slope below a threshold frequency slop at 3128, Upon the occurrence of such an
event, the generator may provide a third drive signal at 3130, The third drive signal may be
maintained, for example, until an additional change in the state of the tissue {e.g., transection),
for example, as determined by an algorithm, such as those described above with respect to FIGS.
15A-15C, FIGS. 20-22, FIGS. 57-60, erc.

{8434] FIG. 83 is a chart illustrating a drive signal pattern according to the algorithm 3120,
The vertical axis 3132 corresponds to drive signal current while the horizontal axis 3134
corresponds to time. The activation signal is received at 3092, The first time period is
represented by 3096, The second time period with the first drive signal is indicated at 3097, The
second drive signal is provided at 3098 until the frequency slope threshold is met at 3135, upon
which the third drive signal is indicated by 3099, Transcction s indicated at 3008, and

deactivation at 3094.
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18435} As described above, any of the algorithms described herein including, 3021, 3021,
30217, 3100, 3120, efc., may be implemented in conjunction with an algorithm for implementing
a condition set and response set. The condition set, for example, may be true based on the
presence or absence of a particular state of the ultrasonic instrurnent and/or tissue acted upon by
the ultrasonic mstrument, The response set may define actions to be taken by the instrument
and/or the generator upon the condition sct being true. In some forms, various condition sets
may be estimated utilizing one or more multi-variable models. Examples of multi-variable
models may mclhude, for example, ncural network models, genctic algorithm models,
classification tree algorithm models, recursive Bayesian models, efe.

{#436] One suitable type of multi-variable model comprises a neural network., Neural
networks may be effective for recognizing complex patterns in input variables, which may make
them well sutted to detect condition sets based on tissue state (e.g., whether transection has
occurred, whether sealing has occurred, efc. ). FIG. 84 is a diagraro showing an example neural
network 3150, The neural network 3150 comprises a group of interconnected nodes 3152, 3154,
3156 referred to as neurons. Connections between different nearons indicate how data is passed
through the network. Tnput nevrons 3152 are assigned valoes from input data (e.g., various
parameters of the surgical instrument, the drive signal, efc. ). In various forms, the nput
variables are scaled to values between zere and one. The values of the input neurons 3152 (e.g.,
the input variables} are then utilized to calculate values of various hidden neurons 3154, which
are, in turn, used to find the value of one or more ocutput neurons 3136, The value of the output
neuron 3156 may trigger (or not frigger) a response set such as, for example, feedback and/or
changes to the drive signal. In practice, the number of respective input nodes 3153, hidden
nodes 3154 and output nodes 3156 may vary, sometimes considerably, from what is shown in
Fi(. 84, In various forms, a neural network is operated on a data cycle. Druring cach cycle,
mput values are provided to the input neurons 3152 and output values are taken at the output
node 3156.

{8437 Neural networks may be fully connected, as shown in FIG. €4, meaning that cach input
neuron 3152 1s connected to cach hidden neuron 3154, Some forms may utilize a neural network
that 15 not fully connected. For example not all of the input nodes may be connected to cach
hidden neuron 3154, Values for the hidden nodes 3154 may be deternuined according to an

activation function. In various forms, the outputs of the activation function range from 0 to |,
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For example, the output function may be selected to generate outputs between O and 1 or, in
some forms, results of the output function may be scaled. In some forms, it is advantagoous to
sclect functions that are continuous and differentiable. This may facilitate training of the neural
network, For example, back-propagation training utilizing a gradient method may reguire
computing partial derivatives of the output function, which may be simplified when the
optimization functions are continuous and differentiable. One example of such a function that
may be utilized as the activation functions is the sigmoid function, as indicated by Equation (8)
below:

x=wf v+l +wd +..+8 (8)

In Equation {(8), £ corresponds to the values of the input neurons, @ corresponds to the weights
given to cach input, 8§ corresponds to a constant. When the neural network is fully connected, the
valucs of all input neurons are passed to all hidden neurons, meaning the activation function for
cach hidden neuron will inchude a £ term corresponding to cach input node. The weights given
to cach input (w0} may be unique for cach hidden neuron and/or cach input value, The constant 8
may also be unigue for cach hidden neuron 3154, The results at each node may be given by

Eqguations (9} and (10) below:

of{x}= % %
I+e” ‘

FIG. 85 is a plot of one cxample implementation of Equation (%), demonstrating that the function
is continuous and differentiable.

G =o{x) {(16)

The output of the sigmoid function is lustrated in FIG. 86, For example, the output (O} may be
calculated from the weighted sum of the imput neurons plus theta {e. g, Equation {8)) applied to
Egnation (9.

{8438} In various forms, cach hidden neuron has / inputs, which is equal to the number of
mputs to the neural network. If there are J hidden neureons 3154, then there are / x J unique
values for omega {(©) and J/ unique values for theta (6). In some forms, the output newron(s)

3156 may utilize the same activation equation. Accordingly, there may be J x K unique omega
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(o) values connecting the hidden neurons 3154 to the output neuron 3156, where K is the
number of output neurons, and A unique values of theta (8} for the output node(s) 3156.

{0439} The output of the neural network may indicate the truth of falsity of a condition set
comprising one or more conditions of the ultrasonic surgical instrument, tissue acted upon by the
surgical instruraent, or some combination thereof, For example, a neural network may be used to
model a condition set indicating whether to provide feedback indicating tissue transection at or
near the separation point. For example, in some forms, the output of the neural network may
mdicate whether 80% transection has been achieved. Any suitable number or type of neurons
3152, 3154, 3156 may be used. For example, the neural network 3150 may comprise twelve
mput neurons 3152, (7=12), four hidden neurons (J =4}, and one output neuron (K= 1), The
data cycle may be 10 nulliseconds. Accordingly, values for the 12 juputs may be fed into the
network 3150, and vesults caleulated, every 10 nulliseconds.

[0440] Toput vanables {e.g., variables corresponding to the input nodes 3152) may comprise
any variables that could, in some circumstances, attect the value of an output node 3156, The
example input variables described below may be utilized 1o a neoral network, such as 3154,
having an output node or nodes corresponding to any suitable ultrasonic instrument-related value
suich as, for example, 0% transection. [t will be appreciated that the nput variables described
herein may also be used any other suitable type of model including, for example, genetic
algorithm models, classification tree algorithm models, recursive Bayesian models, eic.

{3441} In some forms, input variables corresponding to input nodes 3152 include variables
describing the operation of the surgical system during the treatment of tissue. A tissue treatment,
for example, may begin when the surgical system is activated on tissue. Example tissue
treatment input variables are described below:

{8442} An clapsed time since activation input variable may represent a time since the
activation of the instrument {e.g., at the beginning of a tissue treatment). Time may be measured
in any suitable increments including, for example, 10 milliseconds (0.010 seconds) beginning at
mstrument activation {e.g., 0.00 seconds). In some forms, the clapsed time since activation is
measured and stored by the generator.

{0443] Dufferent variables may be utilized to describe the operation of the ultrasonic transducer
or hand picce including, for example, a voltage drop across the transducer, a current drawn by

the transducer, and an impedance of the transducer. Values for these and similar variables may
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be captured and stored {e.g., by the generator) at any suitable interval. For example, voltage
current and/or impedance values may be captured at an interval equal to the data cycle of the
neural network 3150,

{8444] Additional input variables describe different permutations of voltage, current and/or
impedance of the transducer over predetermined time periods, For example, averages of voltage,

current or impedance may be taken over the entire activation period {(e.g.

, described by the
elapsed time since activation). Also, in some forms, averages of voltage, current or impedance
are taken over a predetermined number of prior samples. For example, an average impedance
may be taken across the last 4 impedance samples, where 4 may be equal to 10. Power, energy
and various other values derivable from voltage, current and/or impedance may also be
calculated as stand-alone wnput variables or in different permutations. For example, total energy
is used as an ioput vanable in some forms. Total energy may indicate a sum of energy delivered
to the ultrasonic system sinee activation. This may be derived, for example, by multiplying a
samunation of power by time throughout the activation. An nupedance curve or shape indicates
changes in impedance since activation. In some forms, a spline fit or other smoothing function
may be applied to the impedance curve. Application of a smoothing function may accentuate
mflection points, the presence or position of which may be utilized as input variables. For
example, the impedance curve, i some forms, may experience a sudden drop as cutting occurs.
Varions example mput variables, such as the impedance curve, are described as a curve or array
of values, Such variables may be input to the newral network 3150 or similar model in any
suitable form including, for example, by taking an area under the curve, taking one or more peak
values, taking an average or running average of the curve, erc. In some forms, integrals, peaks,
averages, efe. of various curves may be bounded, for example, to exchude transient effects from
activation. Additional variables may inchude, for example, a total energy {(e.g., since activation),
a total change in impedance {e.g., since activation), efc.

{3445] Various input variables are based on the resonant frequency of the surgical system (e.g.,
transducer, waveguide and biade}. The resonant frequency of the surgical system may be
manifested in the frequency of the drive signal. For example, as described herein, the generator
may be tuned to drive the surgical system {e.g., provide a drive signaly at the system’s resonant
systemt. In some forms, the resonant frequency itsclf (e g, a current or instantancous resonant

frequency} may be an input variable, Resonant freguency may be sampled at any suitable
o 4 o -
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interval such as, for example, at the data cycle of the neural network or other model. Another
example resonant frequency variable describes a change in the resonant frequency over the
course of tissue treatment. For example, the change in resonant frequency may be set equalto a
difference between a current resonant frequency value and a frequency value at the activation
and/or at a sct point after the activation (e.g.. 0.5 seconds after activation). Yet another resonant
frequency variable describes a frequency derivative oF/dt, or an instantaneous slope of the
resonant frequency. An additional resonant frequency variable may be derived by taking an
average of frequency derivative values. One example average includes all frequency derivative
valucs since activation and/or frequency derivative values over a predetermined period such as,
for example, the past 10 data cycles of the neural network 3150, Tn some forms, multiple
average frequency derivative variables may be used, with each variable calculated over a
different period {e.g., a differcot murnber of past data cycles of the neural network 3150 or other
model). Various different permutations of the resonant frequency variables described heremn
may also be used. One example resonant frequency variable describes a maximum average
frequency derivative caleulated over a preceding 4 average dFdt values, where 4 may
correspond to a mumber of data cycles of the neural network 3150 or other model. For exarople,
A may be equal to 10. Another example input variable is a phase margin. The phase margin
describes a difference in phase between the drive signal and the displacement of the blade. The
phase margin may be measured in any suitable manner for example, as described tn commonly-
owned U.S. Patent No. 6,678,621, entitled “Output Displacement Control Using Phase Margin In
An Ultrasonic Hand Piece,” which is incorporated herein by reference in its entirety.

18446} In various forms, the neural network 3150 or other model receives input variables
having values that describe a specific surgical system {e.g., system-specific variables). System-
specific variables may describe properties any component or group of components of a surgical
system including, for example, a hand picce, a blade, a waveguide, an end effector, a clamp arm,
a clamp pad, efc. In this way, system-specific variables may serve to provide a “fingerprint” of
cach surgical system. Different system-specific variables may be measured and utilized in
various ways. For example, system-specific variabies may be used in both the training and
execution of the neural network 3150 or other model.

{0447} Some system-specific variables describe propertics of the surgical system, or

components thereof, that can be physically measured. System length deseribes the length of the
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surgical system {e.g., the waveguide and biade thereotf). Example system lengths include 23 em,
36 cm and 45 cm. In some forms, separate neural networks 3150 may be trained and utilized for
systems having different lengths, however, thus may be avoided by utilizing system length as an
mput variable,

{0448} Some system-specific input variables describe properties of the ultrasonic blade, For
example, an individual blade gain describes a ratio of an increase or decrease i displacement
from a transducer to the tip of a blade {e.g., the blade gain may describe the combination of a
blade and a wave guide). The gain of any given ulfrasonic blade may be determined by the
physical properties of the blade itself including, for example, discontinuities in the diameter of
the blade. Different blades mavufactured to the same specifications may have slightly different
blade gains, for exaraple, due to manufacturing tolerances. For example, the gain for one
suitable blade may be 3.5 £ 0.2, In vanious forms, blade gain is measured during the
manufacturing and/or testing of the surgical system. For example, a laser vibrometer or other
suitable instrument may be utilized to mweasure the displacement of the blade when driven by a
generator and hand piece with known gams.

{8449] Another blade-specific variable is the natural resonant frequency of the blade, This
may also be referred to as the quiescent resonant frequency. The natural resonance frequency is
a function of the physical properties of the blade. In various forms, natural resonant frequency is
measured doring manufacturing or testing of a blade (or associated system), for example utilizing
an impulse excitation or ping test. According to a ping test, sound waves or vibrations over a
range of frequencies are provided to the (usually unloaded) blade. The frequency at which the
blade is caused to resonate is noted, For example, a microphone or other audio sensor may be
used to record the response of the blade to pings of various frequencics, The frequency content
of the measured values may be analyzed to identify resonance. Yet another blade-specific
variable is the Q factor for the blade. The Q factor describes the bandwidth of the blade relative
to its center frequency. In other words, the @ factor describes how tightly packed the frequency
spectrum of the blade is arcund the resonant frequency. (¢ factor may be measured, for example,
utilizing commoniy available spectrum analyzer equipment, for example, during manufacture or
testing of a blade or associated system.

{0450} An additional blade-specific variable is the blade length. For example, due to

manufacturing tolerances, not every blade of the same design will have the same length. Exact
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blade lengths may be measured using any suitable measurement technigue or equipment
including, for example, micrometers, optical systems, coordinate measurement machines, efc.
Blade deflection describes the degree that the blade deflects when in contact with the clamp arm.
The degree of blade deflection may be measured, for example, utilizing a non-contact laser
displacement instrument, a dial indicator, or any other suitable mstrument, Various acoustic
properties of blades may alse be utilized as blade-specific input variables, A Poisson’s ratio for
different blades may be measured utilizing strain gauges to measure {fransverse and axial strain
and/or may be derived from the blade material, The speed of sound in different blades may also
be measured and/or derived from blade materials. Other acoustic properties that are potential
mput variables include the phase velocity, density, corapressibility or stiffness, bulk modualus,
ete. For example, many acoustic properties of blades, clamp pads, efe. are provided by the
material manufacturers.
{8451} Additional blade-specific variables include a surface coefficient of friction and a
projected sealing surface. The surface coefficient of friction may be relevant to models of tissue
effect because the coefficient of surface friction may relate to the power delivered to tissue, for
example, according to Equation (1 1) below:
Power =ux2n*d*/*N {11

In Equation (11}, p 1s the coctlicient of surface friction (e.g., dynamic friction); /s the frequency
of the drive signal (e.g., the resonant frequency of the system); N is the normal foree; and d is the
displacement of the blade. The coefficient of surface friction may be measured i any suitable
manner. For example, the blade may be mounted to a turp table and rotated while a known
normal force is applied. In some forms, Equation (1 1) above also considers the projected sealing
surface, as indicated by Equation {12) below:

Power density = (ux 2 ¥ d * f* N}/ S8 (123
In Equation {12), SS is the projected scaling surface. The projected sealing surface may be
estimated, for example, based on the geometric configuration of the blade. For example, the
blade length, width and curvature may be relevant. A related example input variable is blade
clock. For example, in some forms the blade is curved. A blade clock describes an angular
direction of blade curvature about the longitudinal axis.
{0452] In various forms, the way in which a surgical system acts on tissue depends on the way

that the clamp arm and blade engage the tissue. This may, in turn, depend on various system-
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specific dimensions other properties. For example, various system-specific variables describe
the interrelationship between the blade, the clamp arm and the clamp pad. One such cxample
mput variable is the clamping force provided between the blade and the clamp arm. For
example, the clamping force may correspond to Fy, described herein above with respect to
Equation (1). Clamping force may be measured in any suitable manner. For cxample, with
reference to the surgical system 19 shown with respect to FIGS, 1-3, the clamp arm 56 may be
secured in an open position {e.g., not in contact with the blade 79). A force transducer may be
secured to the clamp arm 56, for example, at a midpoint between the pivot point and the distal-
most cnd of the clamp arm 56. Then the handle 68 may be actuated to close the clamp arm 56
against the blade 79, The force transducer may measure the force provided. In some forms, the
irigger position may be monitored to derive an input variable expressing the clamp force versus
trigger position. In some forms, the maximum force 1s used. In some forms, clamping foree s
measured with the clamp arm secured 1n on-open positions. For example, a pressure sensor, such
as those available from TEKSCAN, may be placed between the blade and clarap arm.

[0453]  Similar vanables include a tnigger displacement, a frigger force, and a tube sub-
asserubly spring force. The trigger displacement is the distance that the trigger 34, 4120 (F1G.
93} 1s pivoted to close the clamp arm against the blade. The displacement of the trigger may
correspond to degree to which a spring is displaced to close the clamp arm. For example, a
spring S051 1s shown n FIG. 105, Referring now to FIGS. 93, 95 and 105, although the spring
5051 1s not specifically illustrated in FIG. 95, it will be appreciated that the spring S5t ora
sumilar spring, may be coupled to the yoke 4174 of FIG. 95 and to the handle 4122 0 a manner
similar to that shown in FIG. 105, As described with respect to FIGS. 93 and 95, proximal
motion of the trigger 4120 leads to distal motion of the yoke 4174 and reciprocating tubuiar
actuating member 4138 to close the clamp arm 4150 and blade 4152, As the yoke 4174 moves
distally, it may expand the spring 5051, Accordingly, the displacement of the trigger {e.g.,
trigger 4120} indicates the expansion of the spring {e.g., 5051 ) and, therefore, may serve as a
proxy for clamp force. Trigger force (e.g., the force required to be provided to the trigger) may

also be used as an input variable. Trigger displacement and force may be measured in any
suitable manner. In sore forms, a tube sub-assembly force may also be measured and used as an
mput variable. For example, referring again to FIG. 95, the tube sub-assembly force represents

the force provided to the clamp arm 4150 and blade 4152 by the reciprocating actuating member
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138. The various displacements and forces described herein may be measured in any suitable
manner utilizing any suitable equipment including, for example, vision measurement systems,
strain gauges, dial indicators, erc.

{0454] Other suitable clamping-related variables relate to a pressure profile. The pressure
profile describes a distribution of pressure along the blade and clamp arm when the clamp arm 15
closed. A clamping profile may be measured in any suitable manner. For example, a pressure
sensor, such as a sensor avatlable from TEKSCAN, may be placed between the blade and the
clamp arm. The clamp arm may then be closed {e.g., utilizing trigger 34 and/or trigger 4120
described herein) and the resulting force (and/or force distribution) is measured. [n some forms,
claraping forces may be taken over less than the entire length of the clamp arm. For example,
clamping force at a particular position on the clamyp arm or blade {e.g., at a proximal portion of
the clamp arm) may be uiilized as an mput vanable to the neural network 3150 or other suitable
maodel.

[0455]  Various other claraping-related input variables comprise a clamp arm deflection, a
clamp arm position ot ride, a jaw angle at full open trigger, and pad height. Clamp arm
deflection s a measure of the degree of deflection 1o the clamp arm when closed aganst the
blade. A clamp arm position or ride, also referred to as a jaw angle at full open trigger, describes
a distance or angle between the clamp arm and the blade. For example, the jaw angle at full
open trigger may be measured utilizing a vision system, an optical comparator, a protractor, efc.
A pad height may describe a thickness of the clamp arm pad. These values may be measured in
any suitable mamner. For example, a vision system may be utilized to capture images of the
biade and dertve clamp arm deflections, efe. Also, various mechanical or optical range finding
technigques may be used to measure specific dimensions. Additional clamping-related variables
may describe properties of the pad {e.g., clamp pad 38}, Examples of such parameters may
include, a pad lot number, dimensions of the pad, a material distribution of the pad, a material
hardness of the pad, thermal propertics of the pad, as well as average values for these or similar
values over a production lot,

{8456] In some forms, system-specific variables are assigned values based on measurements
made during test procedures. For example, some input variables are determined during a system
burn-in. One form of a burn-in is described hercin above, with respect to FIGS. 26-28. A burn-

m may be performed under known {(and repeatable) conditions such as, for example, with the

121



WO 2013/154925 PCT/US2013/035370

instrument in air, fully clamped, and dry {e.g., nothing between the clamp arm and biade). In
some forms, a frequency slope during burn-in may serve as an input variable along with similar
valucs such as, for example, power, cnergy, voltage, a rate of power change (dPower/dt); arate
of energy change (dEnergy/dt); a rate of change in voltage (dV/dt); a rate of change in current
(dl/dt); a rate of change in frequency (dfdt); a rate of change in impedance {dZ/dh), peak
mmpedance, efc. In some forms, when the burn-in is performed in air {e.g., with the blade agamst
the pad), the variables described above may remain relatively constant throughout the burn-in. If
the variables change, however, the frequency slope or other variable may be taken ata
predetermined time after actuation, averaged or otherwise mathematically combined over all or
portion of the burn~-in cyele, efe.

{04571  In some forms, a frequency slope or other value is taken under burn-in conditions with
the generator power set across different power levels, For example, a frequency slope or other
measurement may be taken with the generator set at a first power and a second {requency slope
ot other measurement may be taken with the generator set at a second power level. Tn sowe
forms, the burn-in may be performed with a tissue (e.g., porcine Hissue) or a tissue surrogate
{sponge material, efe. ) positioned between the clamp arm and the blade. Tn some forms, the
frequency slope and related variables may change as the tissue surrogate is transected. For
example, the frequency slope may be taken at various different points in the burn-in cycle,
averaged over all or a portion of the burn-in cvcle, efc. Another test-related variable is the
munber of burn-in cycles that are performed. For example, in some forms, multiple burn-in
cycles may be performed, for example, if there 1s a problem with the instrument or with the test
procedure at the first burmn-in.

{0458} After performing a burn-in, vartous other characteristics of the surgical system may be
measured (and used as input variables). For example, the burn-in may create an indentation on
the clamp pad corresponding to the blade. Analysis of the indentation may yield a burn-in depth
{e.g., the depth of the indentation}. The depth may be measured with any suitable device. In
some forms, the burn-in depth may be measured with a vision system, laser range finder and/or
other mechanical or optical measurement tool. In some forms, the burn-in depth is taken at
various points on the clamp pad to indicate a burn-in depth distribution {e.g., a contact profile).
Also, in some forms, a point of clamp arm contact may also be derived from the indentation. For

example, the deepest portion of the indentation may correspond to the point of first contact,
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{8459]  Still other system-specific input variables are measured in a free state. A free state may
be recreated with the clamp not in contact with the blade, and the blade ronning in air. Variables
measured in a free state may include power consumption, device impedance, freguency slopes
across different power levels, blade impedance at different power levels, current, voltage and
impedance of the hand picce, erc. In various forms, system and enviromumnent-related variables
may be measured during a pre-run. For example, various surgical systems are configured to
require a pre-run test prior to operation on tissue. This may serve, for example, to ensure that the
surgical system has been properly assembled. During the pre-run test, however, various system-
specific variable values may be captured including, for example, voltage, current, impedance,
resonant frequency and permutations thereof, for example, as described herein,

{04601 Additional systemi-specific variables relate to the temperatore response of the blade
and/or clarap armo. For example, a clamp arm temperature response describes the way that a
particolar clamp arm heats when exposed to a heat influx. The temperature of a clamp arm may
be measured, for example, with an mfrared thormometer. A clamp arm temperature response
may be expressed as a murnber of degrees of heating in temperature per watt of heat influx.
Simatarly, a clamp arm temperature cooling curve may be a measure of how a given blade cools
i room temperature air per unit time, for example, expressed in degrees per umit time. Similar
mnput variables may be based on the blade including, for example, a blade temperature response
and a blade cooling curve. Another example temperature response variable comprises a blade
impedance versus temperature. This may be a measure of an acoustic impedance of the blade
{e.g., as expressed by an electrical impedance of the transducer) as a function of temperature.
Since a change in blade temperature may cause a change in frequency, the components securing
the blade and waveguide within the shaft may not be necessary be at exact nodal poinis {e.g.,
positions on the waveguide with zero transverse displacement). Accordingly, when the
components are not at the exact nodal points, they may cause acoustic impedance in the system
when in air. Measuring how this changes and resulting changes in frequency may make it
possible to model not only blade temperature, but also how far back on the blade {e.g., toward
the handle} the blade temperature has changed. The respective temperature responses and/or
cooling curves may be used as inputs to the neural network 3150 in any suttable manner. For
example, the slope of the respective curves, a knee value where the slope changes, or any other

suitable value may be selected.
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{8461} Other example, system-specific variables comprise the age of the production line on
which a system was produced and a transverse frequency measured within the blade, for
example, at a burn-in. For example, production machinery may change over its lifetime, causing
blades and other components produced at different point in the production machinery lifecycle to
behave differently. Transverse frequencies describe vibrations in the blade that are in a direction
orthogonal to that of the shaft and may be mcasured, for example, utilizing a vector signal
analyzer or spectrum analyzer, such as the N9O30A PXA Sigeal Analyzer available from
AGILENT TECHNOLOGIES. Transverse frequencics may be measured in any suitable
conditions including, for cxample, in a predetermined condition set such as a burn-in or free
state.

[0462] Various input variables for the neural network 3150 may be based on the hand piece or
transducer used by the surgical system to treat tissue, Examples of such variables may incloade
an impedance of the transducer, as described above, a resonant frequency of the hand picece, a
current set point of the hand piece, efe. The resonant frequency of a hand picce describes the
resonant frequency of the hand picce independent of the waveguide or blade. For example, the
resonant frequency of the hand piece may be measured at the time of manuafactore. The current
set point for a hand piece describes a level of current that s to be provided to a particular hand
piece to provide a predetermined displacement. For example, different hand pieces may have
different current set points based on different mamufacturing tolerances. The current set point,
resonant frequency, and other variable values describing a hand piece may be stored, for
example, at an clectrically erasable programmable read only memory (EEPROM) or other
storage device associated with the hand piece. For example, the generator may interrogate the
hand picce to retricve hand picce-specific variables. In some forms, utilizing hand picce-specific
variables may provide additional clarity to various other system-specific variables measured
during manufacturing and/or testing. For example, when the system is utilized by a clinician, a
differcnt and often newer hand picce may be utilized, Hand piece specific variables may correct
for this.

{8463} It will be appreciated that the neural network 3150 may utilize any of the input
variables described hercin above. In some forms, the neural network 3150 may be evaluated
utilizing matrix algebra. For example, four matrices maybe used. A 1 x { input matrix (O _1)

may inchude (e.g., scaled) values for the / input ncurons. An { x J hidden neuron omega matrix
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(W_ij} compriscs omega (@) values used to calculate vaklues of hidden neurons 3154, AJx X
output neuron omega matrix (W _jk) comprises omega {w) values used to calculate the values of
output neuron or neurons 3156, A 1 x J hidden neuron constant matrix (O ]) comprises constant
8 values for the hidden neurons 3154, A 1 x K output neuron constant matrix (O_k) comprises
constant § values for the output neuronds) 3156, For any given cycle, the output of the neural
network may be caleulated by evaluating the matrices as indicated by Equations {13)-(16) below:

Xj=01%¥W i +0 ; (13}
The result of Equation (13), x_j, may be the weighted sums of the input neuron values for each
hidden neuron 3154. Matrix x_j may be processed clement-by-element through an equation,
sach as Eqguation (14) below, resulting in a matrix of equal size, O _j.

Oj=(1+exp(-x_j)) . " 1* 2) (14)
The result of Equation (14), O _j may be the values for each of the hudden neurons 3154, To

Equation (12}, Z corresponds to an matrix of ones having a size K x J,

k=0 3*W k+0O Kk (15)
The result of Equation (13}, x_k, may be the weighted sums of the hidden nevron values for each
output neuron 3156, Matrix x_k 1s processed element-by-clement through an equation, e.g.,
Egnation (16}, resplting in a matrix of equal size, O k.
O k=(1+expl-x kp"{-1*2ZhH {16}
The result of Equation {16), Ok, may be the output of the neural network. In Hguation (15}, 27
may be a matrix of ones having a size K x 1.

{8464} The ncural network may be trained in any suitable manner. For example, in some
forms, the neural network may be trained utilizing back-propagation. During back-propagation
training, the data flow of the neural network is reversed. For example, values for error versus
actual output are used to modify individual weight and constant parameters. FIG. 87 is a logic
flow diagram of one form of an algorithm for training a neural network, such as the neural
network 3150, utilizing back-propagation. At 3172, relevant data sets may be generated. In
some forms, separate data sets are generated for training and testing to ensure that actual pattern
recogrition is taking place instead of the network merely learning the data files being used for

training. Each data sct may comprise, for example, all of the necessary inputs (for cxample, sce
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TABLE 8). Each data set may also comprise actual values describing the state of the instrument
and/or tissue corresponding to cach set of input values, which represent the value modeled by the
neural network. For example, in some forms, the actual values may comprise transection data,
which may indicate whether the tissue has reached a threshold level of transaction {(e.g., 80%
transaction) upon any given set of input values. Neural networks trained 1n this manner may
provide an output indicating tissue has or has not reached the threshold level of transection, It
will be appreciated that any suitable value may be used including, for example, any other
suitable level of transection, complete transection, tissue sealing, erc. Whether any given sample
has reached 80% or any other suitable threshold transaction state may be determined, in some
forras, based on the amount tissue along the length of the cut that 1s transected. For exarople,
transection may not oceur all at once and, instead, may ocour from frout-to-back, back-to-from
or middle out. Whether any given tissue sample 1s, fransected to the threshold value may be
deternined according to any suttable method. For example, in some forms, a video camera may
record a cut and a user may visually deterrne whether a fransection is complete to the threshold
value, Also, in some embodiments, an optical {2.g., laser) positioning sensor may be atilized to
measure a position of the clamp arm relative to the blade. The inclination of the clamp arm
relative to the blade may indicate the degree of transection.

{3465] At 3174, the neural network may be created. For example, the values for the weights
and constants of the various neurons 3154, 3156 maybe randomly initialized {e.g., utilizing the
MATLAB “rand” fimction, which generates a uniform distribution). In some forms, a value
range of -2.5 1o 2.5 may be utilized as these values tend to result in outputs in the range of -1
when processed by a sigmoid activation function. At 3176, the network 3150 may be run
forward on the input data to gencrate a predicted output {(or outputs if there are multiple output
nodes). At 317§, an error may be calculated. The error is a difference between the predicted
output from 3176 and the actual value of the tissue or instrument property, as described herein.
In various forms, the output or cutputs may be denoted as binary numbers where one (1}
corresponds to the existence or truth of the condition and zero (0) corresponds to the non-
existence or falsity of the condition. For example, when the condition is 80% transection, the
output should be | when the tissuc is 80% transected and 0 when the tissue is not (yet) 80%
transected. In some forms, the condition may be considered truc when the output of the neural

network 3150 exceeds a threshold value (e.g., 0.85).
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{8466] At 3180, the weights for cach node are evalnated, For example, for cach weight a
partial derivative is found of the output or error (£} with respect to the weight {(omega {(®}). This
may be represented as 8£/9 wy; for connections between the input layer 3152 and the hidden layer
3154 and as 3£/3 oy for connections between the hidden layer 3154 and the output layer 3156,
At 3182, the constants for cach node are cvaluated. For example, for cach constant, a partial
derivative is found of the output or error (£) with respect to the constant 8. This may be
represented as 0£/8 8 for connections between the input layer 3152 and the hidden layer 3154
and to 8£/0 8 for connections between the hidden layer 3154 and output layer 3156, At 3184,
deltas may be caleulated for each weight and constant. The deltas may found by multiplying
cach partial derivative by a gradient constant, 1. Tn some forms, a value of 6.1 may be used for
1. The deltas may then be added to the original values of cach weight and constant. Actions
3176, 3178, 3180, 3182, and 3184 may be repeated for subsequent cycles of the input data, In
some form, the network 3150, once trained, moay be tested. For example, the network 3150 may
be tested, as described berein, on a testing data set distinet from the training data set. In vanous
forms, a neural network or other multi-variable model may be pre-trained. Resulting model
parameters {e.z., network configuration, values for weights and constants, efc.) may be
determined and stored at a generator and/or instrument. The values may be utilized to execute
the model during use,

{04677 FIG. 88 is a logic flow diagram of one form of an algorithm 3160 for detecting a
condition set for an ultrasonic jnstrument utilizing a multi-variable model, such as the neural
network 3150 described herein. As with the other instrument control algorithms deseribed
herein, the algorithm 3160 is described as being executed by a generator, such as generators 30,
50, 1002 described herein, but in some forms may be executed by an instrument itself. Also,
although a neural network is described herein, it will be appreciated that the algorithm 3160 may
be exccuted wtilizing any suitable type of model including, for example, genetic algorithm
models, classification tree algorithm models, recursive Bayesian models, erc. At 3162, the
generator may execute the multi-variable model. Exccuting the multi-variable model may
comprise providing input values to the model, processing the input values, and generating an
output. For cxample, a process for exccuting an exarmple neural network is described herein
above in conjunction with Equations (11} — (14}, At 3164, the generator may determine whether

the modeled condition set 1s met. In the example above, this may involve determuning whether
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s

80% transcction has been achieved {e.g., whether the value of the cutput node 3156 has exceeded
a threshold value. If not, the model may continue to execute at 3162, 1f so, the trigger response
associated with the condition set may be triggered at 3166. The response set may include any
suitable actions including, for example, providing feedback indicating the truth of the condition
set, modifying a drive signal for the mstrument, efc.

{0468] Although a neural networks, such as the network 3150 are described herein, it will be
appreciated that any other suitable type of multi-variable model may be utilized in addition to or
mstead of a neural network including, for example, genetic algorithm models, classification tree
algorithm models, recursive Bayesian models, efc. For cxample, a recursive Bayesian model
models the probability of an cutput event occurring {e.g., a threshold transection state), where the
probably is equal to zero at the beginning of the transection {2.g., £ = ) and continually increases
with each time step. The amount of increase n the probability is based on whether certain
criteria are toet. The oriteria may represent threshold values of different input variables, For
example, if “frequency slope < threshold 17 18 true, it may inerease the probability by a certain
arpount for each time step at which it is troe. If “frequency delta < threshold 27 is true, it counld
merease the probability by an additional amount, where the sum of increases due to different
criteria at each time step indicates the increase m probability at the time. When the probability
reaches a threshold value (e g., 0.85), the recursive Bayesian model may indicate that the
modeled condition is true.

[3468]  Another type of suitable multi-variable model is a classification or decision tree. A
classification or decision tree comprises a plurality of binary decisions arranged according to a
hierarchy tree structure For example, in some embodiments, the generator may first determine if
a frequency slope characterizing a drive signal provided to a surgical mmstrument is less than a
threshold If not, then the change in frequency may be measured against a second threshold. If
the change in frequency is less than the threshold, then the generator may provide feedback
indicating the end of the transection. [f the change in frequency is greater than the threshold,
then the generator may not provide feedback. Referring back to the initial decision, if the
frequency slop is less than the first threshold, then the gencrator may determine if a reguired time
before trigger is greater than a threshold, The required time before trigger may refer to a
threshold amount of time after the frequency slope is met before the gencrator provides feedback

mdicating the end of the transection. For example, this may correct for bounciness in the
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frequency slope signal. If the required time before trigger has passed, then the generator
provides feedback indicating the end of the transection. If not, then no feedback is provided.
{0478] FIG. 89 15 a logic tlow diagram showing one form of an algorithm 3570 utilizing a
multi-variable model such as, for example, the neural network 3150 or other model described
herein. The algorithm 3570 is described as being executed by a gencrator, such as generators 30,
50, 1002 described herein, but in some forms may be executed by an instrument itself. The
algorithm 3570 cormprises two action threads 3571, 3573 which may execute concurrently. For
example, a control thread 3571 may comprise actions for controlling the ultrasonic surgical
mstrument. In this way, the control thread 3571 may be similar to the algorithms 3021, 3021,
30217, 3100, 3120, described herein. A condition thread 3573 oay be similar to the condition
monitoring algorithins described heremn with respect to FIGS. 13A-15C, FIGS. 20-22, FIGS. 57-
60, erc.

{0471} Referring fust to thread 3571, that control thread roay be sumilar to the algorithm 30217
of FIG. 77. For example, at 3572, the generator moay receive an activation request, similar to the
activation request at 3020 described herein above, At 3574, the generator may drive the end
effector at a first power level for a first period, for example, by providing a first drive signal at
the first power level. At 3576, after the expiration of the first period, the generator may drive the
end effector at a second power level for a second period, wherein the second power level is less
than the first power level. This may be accomphished, for example, by providing a second drive
signal at the sccond power level. At the expiration of the second period, at 3578, the generator
may drive the end effector at a third level for a third period at a third power, for example, by
providing a third drive signal at the third power level. The third power level may be greater than
the second power level and less than the first drive level or, in some forms, may be equal to the
first power level. At 3580, the generator may drive the end effector at a thermal management

~y
Ji
i

ievel, cither at the expiration of the third period or as indicated by the condition thread 3573 as
described herein. According to the thermal management level or stage, the generator may reduce
the power provided to the end effector so as to slow down the rate of excess heat production. For
example, in one form entering the thermal management stage may entail reducing the powerto a
ievel that 1s 75% of the first power level. Also, in some forms, the thermal management level or

stage may entail ramping and/or stepping down the power provided to the end effector.
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{3472} Referring now to the condition thread 3573, the generator may, at 3582, execuic a
multivariable model, such as the neural network 3150 deseribed herein or any other multivaniable
model. At 3584, the generator may determine whether an output of the model meets a
predetermined threshold. The threshold may indicate the truth or presence of one or more of the
conditions of the modeled condition set. If not, then the generator may continue 1o execute the
model at 3582, If yes, the generator may wait an alert time period at 3586, At an expiration of
the alert time period, the generator may generate feedback {(e.g., audible, visual or tactile
feedback) at 3588, The feedback may indicate the truth or presence of the detected condition.
At 3590, the generator may wait a thermal management time period. While waiting, the
feedback initiated at 3588 may be maintained. At 3592, the generator may determine whether

hoth the first and second tirne pertods {see thread 3571) have expired. If so, the generator may
A 4

may wait ontil the fivst and second time periods expire, at 3594, before 1'nodii‘ying the power
provided to the end effector at 3596. For example, the generator may enter the thermal
mavagement level or stage.

{84731 FIG. 90 is a chart illustrating a drive signal pattern 3200 of one implerentation of the
algorithm 3170, In the example of FIG. 80, the first period 1s a time period of one second, the
second period is a time period of sixteen scconds. The first power level 1s 100% of the power
avatlable from the generator (e.g., 100% of the power available at fevel S provided by the GEN
11 generator available from Ethicon Endo-Surgery, Inc. of Cinciunati, Chio}. The second power
level may be 50% of the power available from the generator. The third power level may be
100% of the power avatlable from the generator.

{8474] As illustrated, upon activation the ond effector may be driven at the first power level, as
indicated by 3572 (FIG. 89). The end effector is then driven at the second power level for the
second period, and driven at the third power level at the expiration of the second period. The
multi-variable model may return a value indicating the truth of at least one condition of the
condition set at the point labeled “threshold exceeded” (see 3584 of FIG. 89}, T4, as shown in
FIG. 90, may correspond to the alert time period. At the expiration of the alert time period, the
generator may provide the feedback descried above with respect to 3588 of FIG. 89, T3, as
shown, may correspond to the thermal manageraent time period. At its expiration, because the

first and sccond time period is expired (3194), the generator may modify the end ceffector drive
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level (3196) as shown by the point labeled “thermal management activated.” For example, the
generator may provide a drive signal at a power level that is lower than or equal to the first
power level and greater than the second power level {e.g., 75% of the power available from the
generator).

{0475] FIG. 91 is a chart llustrating a drive signal pattern 3202 of another implementation of
the algorithm 3570, In the example of FIG, 91, the time periods and power levels are the same
as illustrated with respect to FIG. 90. Upon activation, the end cffector may be driven at the first
power, as indicated by 3572, At the expiration of the first period, the end effector is driven at the
sccond power level for the second period. In FIG. 91, however, the multi-variable model retorns
a value mdicate the truth of at least one condition of the condition set at the point labele
threshold exceeded before the expiration of the second tirne period, at the point labele

“threshold exceeded.” As indicated at FIG. 89, the generator may wait the alert time period and
then initiate the feedback of 3588 at the point labeled “feedback.” At the expiration of the
thermal management time period (3190), the second period is still not expired. Accordingly, the
generator wails until the end of the second period (3194) and then modifies the end effector drive
level, for example, by tnplementing the example thermal management level of 753% of the power
avatlable from the generator.

{3476] FIG. 92 1s a logic flow diagram showing one form of an algorithm 3210 for utilizing a
multi-variable model to monitor a condition set comprising multiple conditions. The algorithim
3210 is described as being executed by a generator, such as one of the generators 30, 50, 1002
deseribed herein, but in some forms may be executed by an instrument selfl. In the example
form shown in FIG. 92, the condition set monitored by the multi-variable model comprises two
conditions, a condition indicating the presence or absence of tissue seal and a condition
indicating the presence or absence of tissue transection. The tissue transection may be complete
tissue transection and/or partial transection (e.g., 80% transection, as described herein), At 3212
and 3214, the generator may monitor model values indicating the truth or falsity of the tissue seal
and tissue transection conditions. In some forms, both the tissue seal and tissuc transection
conditions may be monitored by the same model. For example, the neural network 3150
described herein may be generated and trained with two output nodes 3156, Also, in some

forms, the generator implements separate models, with distinet models for cach condition.
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{8477} If the transection condition is met at 3216, it may indicate that transection has occurred,
or is set to occur, before sealing. As this may be an undesirable occurrence, the generator may
deactivate the surgical instrumnent at 3528 to prevent transection from occurring before sealing.
At 3222, the generator may wait a first period. Waiting the first period, for example, may allow
the tissue to complete sealing either before transection occurs and/or before the clinician s
provided with an indication to open the end effector to release the tissue. The first period may be
a predetermined time period or, in various forms, may be based on the scal condition output of
the model. At the expiration of the first period, the generator may provide feedback indicating
the end of the seal and transcct operation at 3224, Alternatively, after the expiration of the first
period, the generator may apply an amount of energy for a second period and then sabsequently
deactivate the instroment and provide feedback indicating the end of the seal and transect
operation. I the transection condition is not met at 3216, it may indicate that transection is not
set to oconr before sealing. The generator ray then determive at 3220 whether the seal
condition is true. If not, the generator may return to the monttoring actions 3212, 3210, If the
seal condition s set to ocour, the generator may generate the feedback at 3224, In some forms, if
the wstrument s still activated at 3224, the geverator may deactivate the mstroment and/or
deactivate the instroment after a delay period.

{3478}  Various algorithms herein are described herein as being executed by a generator. It will
be appreciated, however, that in certain example forms, all or a part of these algorithms may be
performed by mternal logic 2009 of a surgical imstrament (FIG. 164). Also, various algorithms
described herein above utilize various thresholds and flags such as, for example, a threshold
impedance, a time above impedance period, a baseline deviation threshold parameter frequency,
a time above frequency delta period, a load monitoring flag, a maintain status flag, efc. Such
thresholds, flags, efc., may be stored at any suitable location including, for example, a generator
and/or at an EEPROM or other storage device included with the surgical instroment.

{8479} Multi-function capabilitics of many ultrasonic surgical instruments, challenge the
ability of a user to comfortably access and operate the multiple functions and controls of the
instrument. This includes, for example, the ability to comfortably actuate the jaws of a clamping
mechanism and activate hand control buttons/switches, sometimes simultancously, As such,
various user interface controls may be desirable. One user interface design to control functions

of the ultrasonic surgical instrument may include a rotation mechanism between two portions of
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the device requiring a rotatable electrical connection. Rotatabie electrical connections may fail
over time, requiring costly repairs or replacement of associated instrument components that may
otherwise have valuable operation life remaining. Accordingly, there is a need to extend the
operational life of various ultrasonic surgical instruments by providing alternate solutions to
costly repairs and premature component replacements.

{0480] Ultrasonic surgical instruments, including both hollow core and solid core instruments,
arc used for the safe and effective treatment of many medical conditions. Ultrasonic surgical
mstruments, and particularly solid core ultrasonic surgical instruments, are advantageous because
they may be used to cut and/or coagulate tissue using energy in the form of mechanical
vibrations transmitted to a surgical end effector at pltrasonic frequencies. Ulirasonic vibrations,
when transtottted to tissue at suttable energy levels and using a suitable end effector, may be
used to cut, dissect, coagulate, elevate or separate tissue, Ulirasonic surgical instruments
wiitizing solid core technology are particularly advantageous because of the arnount of ultrasonic
energy that may be transmitted from the ultrasonic transducer, through an ulfrasonic fransmission
wavegnide, to the surgical end effector. Such imstrurnents may be used for open procedures or
minimally invasive procedures, such as endoscopic or laparoscopic procedures, where the end
effector is passed through a trocar to reach the surgical site.

{481] Activating or exciting the end effector (e.g., cutting blade, ball coagulator) of such
instruments at pltrasonic frequencies induces longitudinal vibratory movement that generates
localized heat within adjacent tissue, facilitating both cutting and coagulating. Because of the
nature of ultrasonic surgical instruments, a particular ultrasonically actnated end effector may be
designed to perform numerous functions, including, for example, cutting and coagulating.

{0482} Ultrasonic vibration is induced in the surgical end effector by electrically exciting a
transducer, for example. The transducer may be constructed of one or more piezoelectric or
magnetostrictive elements in the instrument hand piece. Vibrations generated by the transducer
section are transmitted to the surgical end effector via an ultrasonic waveguide extending from
the transducer section to the surgical end effector. The waveguides and end effectors are
designed to resonate at the same frequency as the transducer. When an end effector is attached
to a transducer the overall system frequency may be the same frequency as the transducer itself.
The transducer and the end effector may be designed to resonate at two different frequencies and

when joined or coupled may resonate at s third frequency. In some forms, the zero-to-peak
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amplitude of the longitudinal ultrasonic vibration at the tip, d, of the end cffector behave as a
stimple sinuseid at the resonant frequency as given by:

d=4 sin{of) (7
where: o=the radian frequency which equals 2z times the cyclic freguency, £ and A=the zero-to-
peak amaplitude. The longitudinal excursion is described by a as the peak-to-peak (p-t-p)
amplitude, which may be twice the amplitude of the sine wave or 2 A,
{0483} Various forms of ultrasonic surgical instruments described herein comprise a first
structure and a second structure where the second structure is rotatable relative to the first
structure. In some forms, electrical communication between the first structure and the second
structore may be provided through a rotatable electrical connection. In one form, the first
structure coraprises an ultrasonic hand piece comprising an uitrasonic travsducer, which 1o many
desigos, may be used to rotate a shaft extending distally from the hand prece. Rotation of the
hand prece ray joclude rotation velative to a second structure, such as a handle asserably or
another component of the instrument in which electrical coupling 1s requuired. For example, in
one form, the second structure may comprise a user interface. According to one form, the user
mterface may be engaged by the user to provide operation instractions or signals between the
hand piece, power generator, or another component of the ultrasonic surgical systemn. In one
form, mstructions or signals provided at the user interface may be electrically coupled through
the rotatable electrical convection to provide signals that may be used to control or provide
information related to an operation associated with the ultrasonic surgical instrument. In one
form, the user interface may comprise buttons, switches, knobs, or other various interfaces
known in the art. In one form, the rotatable electrical connection may electrically couple an end
effector that is rotatabie relative to another component of the instrument, such as a hand picce or
handle assembly, to provide electrical communication therebetween.
{0484] FIGS. 93-94 illustrate one form of an ultrasonic surgical instrument 4108, The
ultrasonic surgical instrument 4100 may be emploved in various surgical procedures including
endoscopic or traditional open surgical procedures. In one form, the ultrasonic surgical
instrument 4100 comprises a handle assembly 4102, an elongated endoscopic shaft assembly
4110, and an ultrasonic hand piece 41 14 comprising an ultrasonic transducer assermbly. The
handle assemibly 4102 comprises a trigger assembly 4104, a distal rotation assembly 4106, and a

switch assembly 4108, The ultrasonic hand picce 4114 15 electrically coupled to a generator
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4116 via a cable 4118, The elongated endoscopic shaft assembly 4110 comprises an end effector
assembly 4112, which comprises clements to dissect tissue or mutually grasp, cut, and coagulate
vessels and/or tissue, and actuating elements to actuate the end effector assembly 4112,
Although FIGS. 93-94 depict an ond effector assembly 4112 for use in connection with
endoscopic surgical procedures, the ultrasonic surgical instrument 4100 may be employed in
more traditional open surgical procedures. For the purposes herein, the ultrasonic surgical
instrument 4100 is described in terms of an endoscopic instrument; however, it is contemplated
that an open version of the ultrasonic surgical instrument 4100 also may include the same or
similar operating components and features as described herein, Additional embodiments of
strnilar pltrasouie surgical instruments are disclosed in convnonly-owned U.S. Patent
Application Publication No. 2009-0105750, which is incorporated herein by reference in s
entirety.

[0485] The ultrasonic transducer of the altrasonic hand picce 4114 converts an electrical signal
from a power source, such as the pltrasouie signal generator 4116 or battery (not shown), jnto
mechanical energy that results in primarily a standing acoustic wave of longitudinal vibratory
motion of the transducer and the blade 4152 portion of the end effector asserubly 4112 at
ultrasonic frequencies. As shown in FIG. 94, the handle assembly 4102 1s adapted to receive the
ultrasonic hand piece 4114 at the proximal end through a proximal opening 4156, In one form,
in order for the ultrasonic hand piece to deliver energy to the end effector assembly 4112, which
may inchide a clamp arm 4150 movably opposed to a blade 4152, components of the hand piece
4114 must be acoustically coupled to the blade 4152, In one form, for example, the ultrasonic
hand piece 4114 comprises a longitudinally projecting attachment post comprising a waveguide
coupling, which is illustrated as a threaded stud 4133 in FIG. 94, at a distal end of the hand picce
4114 for acoustically coupling the ultrasonic hand picce 4114 to the waveguide 4128 (see FIG.
85). The ultrasonic hand piece 4114 may mechanically engage the clongated endoscopic shaft
assembly 4110 and portions of the end effector assembly 4112, For example, referring to FIG.
94, in one form, the ultrasonic transmission waveguide 4128 comprises a longitudinally
extending attachment post 4129 at a proximal end 4131 of the waveguide 4128 to couple to the
surface 4166 of the ultrasonic hand picce 4114 by a threaded connection, such as the stud 4133,
That is, the ultrasonic transmission waveguide 4128 and the ultrasonic hand piece 4114 may

mechanically couple via a threaded connection therchetween to threadably engage and
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acoustically couple the ultrasonic transmission waveguide 4128 and the ultrasonic hand piece
4114. In one form, when the ultrasonic hand piece 4114 is inserted through the proximal
opening 4156, the ulirasonic hand piece 4114 may be sccured to the waveguide 4128 with a
torque wrench, In other forms, the distal waveguide coupling may be snapped onto the proximal
end of the ultrasonic transnussion waveguide 4128, The ultrasonic hand piece 4114 also
comprises a distal rim portion 4158 with a circumferential ridge 4160 configured to engage the
handle 4102 through the proximal opening 4156, As described in more detail below, the distal
rim portion 4158 may comprise one or more clectrical contacts configured to clectrically couple
to the handle assembly 4102, for example, to receive electrical control operation instructions
from the user via the bandle assembly 4102,

[0486] To one form, the handle assembly 4102 comprises a trigger 4120 and a fixed handle
4122, The fixed handie 4122 roay be integrally associated with the handle assembly 4102 and
the trigger 4120 may be movable relative to the {ixed handle 4122, The trigger 4120 is movable
m direction 4121a toward the fixed handle 4122 when the user applies a squeezing force against
the trigger 4120, The trigger 4120 may be biased in the durection 4121b such that the trigger
4120 1s caused to move in direction 4121b when the user releases the squeezing force aganst the
trigger 4120. The example trigger 4120 also includes a trigger hook 4124 extension to provide
an additional interface portion from which the trigger 4120 may be operated.

{04871 FIG. 95 shows a cross-section of the handle assembly according to various forms. The
handle assembly 4102 comprises a trigger 4120 movable in divections 4121a and 4121b with
respect to a fixed trigger 4122, The trigger 4120 is coupled to a linkage mechanism to translate
the rotational motion of the trigger 4120 in directions 4121a and 4121b to the linear motion of a
reciprocating tubular actuating member 4138 in along the longitudinal axis “T”. The trigger
4120 comprises a first set of flanges 4182 with openings formed therein to receive a first yoke
pin 4176a. The tirst yoke pin 4176a 1s alsco located through a set of openings formed at the distal
end of the yoke 4174, The trigger 4120 also comprises a second set of flanges 4180 to receive a
first end 4176a of a link 4176. As the trigger 4120 1s pivotally rotated, the yoke 4174 translates
horizontally along longitudinal axis “T7. Thus, referring to FIG. 93, when the trigger 4120 is
sgueczed in direction 4121a the reciprocating tubular actuating member 4138 moves in direction
4146a to close the jaw clements comprising the clamp arm 4150 and blade 4152 of the end

etfector assembly 4112, When released, the trigger 4120 may be biased to move in direction
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4121B when the sgueczing force is released. Accordingly, the yoke 4174 and the reciprocating
tubular actuating member 4138 move in direction 41460 to open the jaws of the end effector
assembly 4112, In some embodiments a spring 5051 (FIG. 105) is coupled between the yoke
4174 and the handle assembly 4102, The spring 5051 biases the trigger 4120 to the open
posttion shown in FI1G. 95,

{0488] Further to the above, the distal rotation assembly 4106 may be located at a distal end of
the handle assembly 4102 when the ultrasonic hand picce 4114 is received for and mechanically
and acoustically coupled to the handle assembly 4102, In one form, the distal rotation assembly
4106 comprises a ring or collar shaped knob 4134, The distal rotation knob 4134 is configured
to mechanically or frictionally engaged with the ultrasonic hand piece 4114, As previously
discussed, the ulirasonic hand piece 4114 15 mechanically engaged to the elongated endoscopic
shaft assembly 4110, Thus, rotating the rotation knob 4134 rotates the ultrasonic band piece
4114 and the elongated endoscopic shaft assembly 4110 in the same direction 4170,

[0489] In various forms, the nltrasonic surgical instroment 4100 may comprise on or more user
interfaces to provide electrical control instructions to control the operation of the mstrurent
4100. For exarople, 1o one form, a user may eruploy a footswitch 4111 to activate power
delivery to the nltrasonic hand piece 4114, In some forms, the ultrasonic surgical instroment
4100 comprises one or more electrical power setting switches to activate the uitrasonic hand
picce 4114 and/or to set one or more power settings for the vltrasonic hand piece 4114, FIGS.
93-85 illustrate handle assemblies 4102 comprising a switch assembly 4108, The switch
assembly 4108 may comprise a user interface associated with a toggle or rocker switch 41323,
4132b, for example. In one form, the switch assembly 4108 may be at least partially associated
with the handle assembly 4102 and may be implemented as a MIN/MAX rocker-style or
“toggle” switch. In one position, the MIN/MAX rocker-style switch {or “toggle” style} buttons
4132a, 4132b may create an casily accessible location for power activation. For example, the
uscr also may operate a first projecting knob 4132a to set the power o a first level (e.g., MAX)
and may operate the second projecting knob 4132b to set the power to a second level {e.g.,
MIN}. The toggle switch 4132a, 4132b may be coupled to the generator 4116 to control the
operation of the mmstrument, such as activation or power delivery to the ultrasonic hand picce
4114, Accordingly, in various forms, the toggle switch 4132a, 4132b and the generator 4116

may be clectrically coupled through a rotatable connection. For example, in certain forms, the
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surgical instrument 4100 may comprise a rotatable electrical connection allowing the clectrical
power control operations provided at the handle assembly 4102 to electrically communicate with
the generator 4116 via the ultrasonic hand piece 4114, The toggle switch 41323, 4132b may
comprise a control selector and/or an activation switch clectrically coupled to a circuit board,
e.g., a printed circuit board, flex circuit, rigid-flex circuit, or other suitable configuration. In one
form, the switch assembly 4108 comprises a toggle switch having a first electrical contact
portion 4132a and a sccond clectrical contact portion 4132b configured for modulating the power
setting of the ultrasonic hand picce 4114 between a minimum power level {e.g., MIN) and
maximum power level (e.g., MAX). The toggle switch may be electrically coupled to a handle
portion of a circuit, which may inchude, for example, a flex circuit configured to electrically
couple to the generator 4116 via a rotatable connection throogh the hand piece 41 14 to control
the activation of the ulirasonic hand piece 4114, Tuo various forms, the switch assembly 4108
comprises one or more electrical power setting switches to activate the ultrasonic hand piece
4114 to set one or more power settings for the nltrasonic hand picce 4114,

{04901  As those having skill in the art will appreciate, a generator 4116 may provide activation
power o the ultrasonic hand piece 4114 via cable 4118, for example. As described above, the
handle assembly 4102 may be conveniently used to provide electrical power control instructions
to the generator 4116 to control power delivery to the ultrasonic haund piece 4114, for example,
through one or more switches associated with the switch assembly 4108, For example, in
operation, the one or more switches 4108 may be configured for electrical communication with
the generator 4116 to control electrical power delivery and/or electrical power operation features
of the ultrasonic surgical instrument 4100, 1t is to be appreciated that in at least one form, the
generator 4116 may be internal to the hand piece 4114,

{8491} As mntroduced above, the ultrasonic hand picce 4114 may be configured to rotate
relative to the handle assembly 4102 or component thereof via the distal rotation knob 4134, to
rotate the vltrasonic transmission waveguide 4128 and locate the end effector assembly 4112 in
the proper orientation during a surgical procedure. Accordingly, in various forms, the nitrasonic
hand picce 4114 may be clectrically coupled at one or more points to the electrical power control
operations provided by the handle assembly 4102, For cxample, in certain forms, the surgical
mstrument may comprise a rotatable electrical connection allowing the electrical power control

operations provided by the handle assembly 4102 to electrically communicate with the generator
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4116 via the ultrasonic hand piece 4114, That is, in one form, the handle assembly 4102 and the
ultrasonic hand piece 4114 are electrically coupled via a rotatable electrical connection of a
connector module 4190,

{04921 FIG. 96 iHustrates a connector module 4200 according to various forms. The connector
module 4200 1s shown coupled to a flex circuit 4202 and a distal portion 4204 of a hand picce
4114, which is also shown in an isolated view in the hatched box. The connector module 4200
compriscs a housing 4206 and a rotation coupling 4208. Although not shown, the conmector
module 4200 and ultrasonic hand picce 4114 may be positioned within the opening 4156 the
handle assembly 4102 such that the ultrasonic hand picce 4114 or waveguide 4128 is positioned
within a central bore 4210 defined by the housing 4206 and a distal portion 4204 of the hand
piece 1s thereby received aud engaged by the connector module 4200, As described above, the
ultrasonic hand piece 4114 may mechanically and acoustically couple to the waveguide 4128,
which may be structared to operably couple to an end effector assernbly 4112, The ultrasonic
hand piece 41 14 may also be rotatable relative to the housing 4206 of the connector wodule
4200, which may provide a rotatable electrical connection between the ultrasonic hand piece
4114 and a countrol or user juterface cireuit comprising a user interface, such as the swiich
assembly 4108 operatively associated with the flex circwit 4202,

{34831 In the tHustrated form, the control or user interface circuit comprises the flex circuit
4202. For example, the rotatable electrical connection may comprise an electrical
communication or conductive path along which electrical control operating instructions or
signals provided by a user at a yser interface, e.g., via the switch assembly 4108, may be
electrically coupled to the generator 4116, e.g., via the ultrasonic hand picce 4114, Accordingly,
the clectrical control operating instructions or signals may be received by the generator 4116,
which may respond by altering power delivery to the nltrasonic hand picce 4114 to control the
operation of the instrument 4100, Further to the above, the switch assembly 4108 may comprise
or be electrically coupled to the flex circuit 4202, which in turn may be configured to provide an
electro-mechanical interface between the switches 4132a, 4132b and the generator 4116 via the
hand picce 4114, For example, the flex circuit 4202 may comprise one or more switch points
4202a, 4202b configured for mechanical actuation via the toggle switches 4132a, 4132b. In one
form, the flex circnit 4202 may comprise clectrical contact switches, such as dome switches, that

may be depressed to provide an electrical signal to the generator 4116, The flex circunit 4202
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may comprise one or more conductors, such as conductive pathways, shown generally as 4211,
which may be provided by wires, traces, or other conductive pathways as is known to those in
the art, The conductive pathways may clectrically couple to one or more switch conductors or
ring conductors 4212, 4214, as shown in the exploded view of the connector module 4200 in
FIG. 97. The flex circuit 4202 may couple to the ring conductors 4212, 4214 via one or more
conductive leads 4216, 4218 or tabs of the respective delivery ring conductors 4212, 4214
{(described below). It is to be appreciated that while switch conductors are generally referred to
herein as ring conductors 4212, 4214 that define generally arcuate structures or bodies that may
comprise one or more conductive paths, in various forms, the switch conductors may comprise
other structures such as arcuate tracks, for example.

[0494] The connector module 4200 comprises an outer ving conductor 4212 and av inner ring
conductor 4214, The outer ring conductor 4212 and the inner ring conductor 4214 cach define a
generally open-ended O-shaped structure and are configured for relative rotation with respect to
the hand piece 4114. Each of the outer and wner ving conductors 4212, 4214 yuay further
comprise a conductive connection, ¢.g., a lead 4216, 4218, that may be electrically coupled to the
flex circuit 4202 via one or more conductive pathways 4211, thereby providing a conductive
path to the connector module 4200 for rotatable electrical communication to the generator 4116
via the hand piece 4114, Accordingly, a conirol circuit may be established wherein the
connector module 4200 provides a rotatable electrical connection between the user interface,
e.2., switch assembly 4108, and the hand piece 4114,

{0493] Referring generally to FIG. 97, in various forms, one or more links 4220, 42224, 42220
may be positioned to be movable relative to and/or along a portion of a ring conductor 4212,
4214 comprising a conductive path. For example, a link 4220, 42223, 4222b may be rotationally
coupled to the ultrasonic hand picce 4114 when the hand picce 4114 is received within the
opening 4156 to engage the connector module 4200, The rotation of the uitrasonic hand picce
4114 in direction 4170 (sce FIG. 93) may produce a corresponding rotation of the hink 4220,

(b"j"f”

42223, 4222b about the longitudinal axis with respect to a corresponding ring conductor
4212, 4214 between a first position and a second position. The link 4220, 42224, 4222b may
comprise one or more conductor contacts 4224a, 4224b, 4226a, 42265 positioned to clectrically
couple to the corresponding ring conductor 4212, 4214 when the link 4220, 42223, 4222b is in

the first position and the sceond position. The link 4220, 42224, 42220 may further comprise
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one or more hand piece coupling contacts 4228a, 4228b, 4230a, 4230b configured to electrically
couple to a distal surface 4232a, 4232b, 42342, 4234b of the distal portion 4204 of the ultrasonic
hand picce 4114 when the hink 4220, 4222a, 42220 is in the first position and the second
position.

{0496] Further to the above, in various forms, the links 4220, 4220a, 42203 may be rotatable
relative to a respective ring conductor 4212, 4214, The ring conductor contacts 4224a, 4224b,
4226a, 4226b may be positioned fo rotate about or along a surface of the ring conductors 4212,
4214 when the hand picce 4114 rotates with relative to the housing 4206, In one form, the ring
conductors 4212, 4214 comprise arcuate surfaces or tracks about which the ring conductor
contacts 4224a, 4224b, 42264, 4226b may rotationally contact through an arcuate rotation
extending from or between a first position and a second position. For example, n some forms,
the ring conductor contacts 4224a, 4224b, 4226a, 42265 may comprise pressure contacts
configured for pressure contact with a respective ring conductor 4212, 4214 along an arcuate
conductive path. In one form, one or more links 4220, 4222a, 4222b comprise a tensioning
member, such as a spring arm 42363, 4236b, 4238a, 4238b, to tension or bias one or More 1ing
conductor contacts 42244, 4224h, 4226a, 4226b toward a ring conductor 4212, 4214 to maintain
electrical coupling with respect to the ring conductor 4212, 4214 when the link 4220, 42224,
4222b rotates relative to the ring conductor 4212, 4214, In certain formes, the ring conductor
contacts 4224a, 4224b, 4226a, 4226b may be biased against an inner or outer surface of the ring
conductor 4212, 4214 such that the ring conductor may electrically couple the hink 4220, 42224,
42226 with the ring conductor 4212, 4214 along one or more portions of an arcuate motion
associated with the ultrasonic hand picce and/or a corresponding link 4220, 4222a, 42226, In
other forms, for example, the link 4212, 4214 may comprise a ring conductor contact 4224a,
4224b, 4226a, 4226b that may be engageable with the ring conductor 4212, 4214 along a
conductive path via a hooked or looped portion about or around the ring conductor 4212, 4214,
{84971 Referring generally to FIG. 98, showing an operational arrangement of the links 4220,
4222a, 4222b and corresponding ring conductor 4212, 4214, the connector module may
comprise an outer ring conductor 4212 and an inner ring conductor 4214. In various forms, each
ring conductor 4212, 4214 may also define a conductive path along an arcuate portion of the ring
conductor 4212, 4214, An outer link 4220 may be provided that is configured for rotation

relative to or about the outer ring conductor 4212, An inner link 4222a, 4222b may similarly be
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configured for rotation relative to or about the inner ring conductor 4214, For example, the outer
ring conductor 4212 and the inner ring conductor 4214 may comprises conductive leads 4216,
4218 configured to electrically connect to the flex circuit 4202 through slots 4242, 4244 defined
i the housing 4206. In one form, the conductive leads 4216, 4218 may at least partially retain
the outer ring conductor 4212 and the inner ring conductor 4214 to allow relative rotation with
respect to the links 4220, 4222a, 4222b. Each link 4220, 4222a, 4222b may comprise one or
more conductor contacts 4224a, 4224b, 4226a, 4226b positioned to electrically couple to a
corresponding ring conductor 4212, 4214 when the link 4220, 4222a, 4222b is in the first
postition and the second position, Hach link 4220, 42223, 422b may comprise one or more hand
piece coupling contacts 4228a, 4228b, 4230a, 4230b configured to electrically couple to a distal
surface 4232a, 4232b, 4234a, 4234b of the distal portion 4204 of the ultrasonic hand piece 4114,
For example, the ring conductor contacts 42244, 4224b, 42264, 4226b may be rotated about the
longitudinal axis between a first position and a second position such that the ring conductor
contacts 4224a, 4224b, 42264, 4226b maintain electrical contact with the corresponding ring
conductor 4212, 4214 through the rotation.
{0498] The outer hink may comprise a pair of ring conductor contacts 4224a, 4224b that may
be coupled to spring arms 4236a, 4236b to bias the contacts 4224a, 4224 toward an inner
surface of the outer ring 4212, In one form, the mner link 4214 comprises a pair of ring
conduactor contacts 4226a, 4226b attached to spring arms 4238&a, 4238b structured to bias the
contacts 4226a, 4226b toward an outer surface of the jnner ring 4214, The inuer link 42224,
4222% comprises a first portion 4222a and second portion 4222b, however, in certain forms, the
inner link 4222a, 4222b may comprise a unitary structure. For example, the inner link 4222a,
42275 may comprise a conductive or non-conductive body portion extending between the pair of
ring conductor contacts 4226a, 4226b.
{8499}  As introduced above, in various forms, a connector module 4202 comprises one or
more links 4220, 42223, 42220 positioned to rotate relative to a handle assembly, a housing
4206, a user interface 4108, a trigger 4120, and or a conductive path associated with a ring
conductor 4212, 4214 (sce FIGS. 94, 98-99). According to varipus forms, the links 4220, 42223,
1222 comprise one or more hand piece coupling contacts 4228a, 4228b, 4230a, 4230b
structured to engage and electrically couple to the distal portion 4204 of uitrasonic hand piece

4114 (FIG. 96). In one form, the hand picce coupling contacts 4228a, 4228b, 4230a, 4230b may
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comprise an engagement member structured to engage the distal portion 4204 of nltrasonic hand
picce 4114 to at least partially rotationally couple the respective link 4220, 4222a, 4222b to the
ultrasonic hand picce 4114,

{0500] In onc form, the ocuter link 4220 comprises a pair of outer hand piece coupling contacts
4228a, 4228b clectrically coupled with the patr of outer ring contacts 4224a, 4224b to provide an
clectrical conductive path from the distal portion of the hand piece to the outer ring conductor
4212. Hach of the pair of hand picce coupling contacts 4228a, 4228b is structured to extend
through a respective slot 4246a, 42465 defined in the rotation coupling 4210, As explained in
more detail below, the rotation coupling 4210 may be configured to couple with the rotation of
the ultrasonic hand piece 4114, For example, in various forrs, the rotation coupling 4210 1
configured to provide a rotatable framework to couple the rotation of the ultrasonic hand piece
4114 to the links 4220, 42224, 4222b.

{0581] The pair of hand piece coupling contacts 4228, 4228b illustrated m FIG. 98 comprise
curved extensions structured to engage and electrically couple to oue or more electrical contacts
disposed along a first distal surface 4232a, 4232 of the of the ultrasonic hand piece 4114, Ag
Hhustrated, the curved extensions of the pair of outer hand piece coupling contacts 42283, 4228b
may operate to at least partially assist in coupling the rotation of the ultrasonic hand piece 4114
to effect a corresponding rotation to the outer link 4220, For example, the curved extensions
may comprise an engagement member comprising an edge structured to frictionally engage the
first distal surface 42324, 4232b or be positionable within a groove or edge defined in the first
distal surface 4232a, 4232b to rotationally couple the vltrasonie hand piece 4114 and the rotation
coupling 4210, In certain forms, the outer hand picce coupling contacts 4228a, 4228b extend
from tensioning members or spring arms 4248a, 4248b configured to bias or tension the ocuter
hand piece coupling contacts 4228a, 4228b outward of the longitudinal axis “T” and/or toward
the first distal surface 4232a, 4232b. In one form, the outer link 4220 comprises one or more
tabs 4250a, 4250b, such as projections or clips, structured to retain the link 4220, For example,
first tab 4250a may be received in slot 4252 defined in the rotation coupling 4208 and a second
tab 4250b may clip to and/or be compressible against a portion of the rotation coupling 4208 to
retain a position or orientation of the link 4220 (FI1G. 100}

[0582] In one form, the inner link 4222a, 4222b comprises a pair of inner hand picce coupling

contacts 4230a, 4230b clectrically coupled to the pair of inner ring conductor contacts 4226a,
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42265 to provide an clectrical conductive path from the ultrasonic hand piece 4114 o the inner
ring conductor 4214, The pair of outer hand picce coupling contacts 4230a, 42300 are cach
structured to extend through a slot 42548, 4254b defined in the rotation coupling 4210 and
comprise curved extensions defining edges structured to engage and electrically couple to one or
more electrical contacts disposed along a sccond distal surface 4234a, 4234b of the distal portion
4204 of the ultrasonic hand picce 4114, As illustrated, the curved extensions may operate to at
icast partially assist in coupling the rotation of the ultrasonic hand picce 41 14 (FIG. 96) to effect
a corresponding rotation to the inner link 42223, 42225, For example, the curved extensions may
comprise engagement members structured to frictionally engage the second distal surface 42344,
4234b or be positionable within a groove or edge defined m the second distal surface 4234a,
42345 to rotationally couple with the rotation of the ultrasonic hand piece 4114, In various
forros, the inner hand piece coupling contacts 4230a, 4230b exiend from tensioning members
comprising spring arms 4258a, 42580 configured to provide a bias or fension the hand piece
coupling contacts 4230a, 4230b outward of the longitudinal axis *T7 and/or toward the second
distal surface 4234a, 4234b of the hand piece 4114, In various forms, the ner ink 4220a,
42205 further comprises one or more tabs 4256a, 4256b to retamn the link 1 a destred orientation.
For example, the inner link 4220a, 4220b may comprise a first tab 4256a and second tab 4256b.
The first and second tabs 42564, 4256b may be configured to be received in a slot defined in the
rotation coupling 4210 or clip to and/or compress against a portion of the rotation coupling 4210
{(not shown}.

{0563]  In various forms, the distal portion 4204 of the ultrasonic hand piece 4114 may
comprise one or more distal contact surfaces 4232a, 4232b, 4234a, 4234b, shown gencrally in
the hatched isolation window of FI(G, 96, The distal contact surfaces 4232a, 4232h, 42344,
4234b may provide electrical contacts or contact points that may electrically couple to the ring
conductors 4212, 4214 via links 4220, 4222a, 4222b. In some forms, electrically coupling the
hand piece 4114 with the ring conductors 4212, 4214 may complete an electrical circuit
comprising a user interface circuit, such as the flex circuit 4202, and the generator 4116, as
described above.

{0504] In onc form, the hand picce 41 14 may comprise distal contact surfaces 4232a, 4232h,
4234a, 4234b disposed on or within a distal rim 4205 positioned along the distal portion 4204 of

the hand picce 4114, The distal rim 4205 may define one or grooves defining the distal contact
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surfaces 4232a, 4232b, 4234a, 4234b comprising one or more electrical contacts or contact
surfaces. The contact surfaces may comprise, for example, gold plating or other suitable
conductive electrical contact material known in the art. In one form, this distal rim 4205 may
define longitudinal or circumiferential grooves dimensioned to complement or receive a hand
picce coupling contact 4228a, 4228b, 4230a, 4230b. For example the distal rim 4205 may define
one or more grooves along the distal contact surfaces 42324, 4232b, 4234a, 4234b to fittably
engage a respective hand piece coupling contact 4228a, 42285, 42303, 4230b such that the distal
contact surfaces 4232a, 4232b, 4234a, 4234b and respective hand picce coupling contacts 4228a,
4228b, 4230a, 4230b may frictionally, electrically, and rotationally coupled when the connector
module 4200 receives the hand piece 4114, In one form, the distal contact surfaces 4232a,
4232b, 4234a, 4234b and the respective hand piece coupling countacts 4228a, 4228b, 4230a,
4230b may couple in a male-female or lock-and-key relationship. In certain forms, the distal
contact surfaces 4232a, 4232b, 4234a, 4234 comprise on or more circumferential ridges
extending about an nner ciroumterence of the distal 1t 4205 to electrically couple with
respective hand piece coupling contacts 4228a, 4228b, 4230a, 4230b along all or part of the
circurnferential ridges. In various forms, the distal contact surfaces 4232a, 4232hb, 42343, 4234b
comprise gold plated circumferential electrical contacts disposed on the circumferential ridges
within the inper surface of the distal rivy 4205, as shown in FIG. 86,

{0565] The distal contact surfaces 4232a, 4232b, 4234a, 4234b may be electrically coupled to
the generator 4116 via leads extending throngh the band piece 4114 and wire 4118 to
commumeating electrical control signals from the user interface, e.g., the switch assembly 4108,
to control an operation of the ultrasonic surgical instrument 4100, Accordingly, in one form, the
flex circuit 4202 may be configured to interface with the switches 4132a, 4132b and to provide
electrical signals along the conductive pathways 4211 to the conductive leads 4216, 4218, which
in turn provide electrical connection to the links 4220, 4222a, 4222b via the ring conductors
4212, 4214, which in turn electrically couple, via the hand picce coupling contacts 4228a, 4228b,
4230a, 4230b, to distal contact surfaces 4232a, 4232b, 4234a, 4234b disposed at the distal
portion of the ultrasonic hand picce 4114 to provide a conductive path to the generator 4116 via
the ultrasonic hand piece 4114 a cable 4118,

[0586] According to various forms, the connector module 4202 comprises a spindle 4240, The

spindic may extend from the housing 606 along the longitudinal axis “T” and may definc a
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central bore 4210 along the longitudinal axis “T” dimensioned to receive a length of the hand
piece 4114 and/or waveguide 4128 therethrongh. As shown in FIGS. 96-97, the spindle extends
proximally from the housing 4206 along the longitudinal axis “T”. The rotation coupling 4208 is
rotatably mounted on the spindle 4240 for rotation about the longitudinal axis T with relative
to the housing 4206, In certain forms, the spindle 4240 comprises one or more retaining
structures 4260a, 42600 structured to retain and thercfore limit the longitudinal excursion of the
rotation coupling 4208,

{0507] FIG. 99 illustrates the ring conductors 4212, 4214 mounted to or otherwise positioned
with respect to the housing 4206 such the hand picce 4114 may rotate relative to the ring
conductors 4212, 4214, One or more portions of the ring conductors 4212, 4214 may extend
through slote defined in the housing 4206 to provide av anchorage with respect to the housing
4706, As describe above, the ring conductors 4212, 4214 may comprise leads 4216, 4218
extending through slots 4242, 4244 defined in the bousing. As shown in FIG. 97 and FIG. 99,
the outer ting conductor 4212 mcludes two tabs 42624, 4262b dimensioned to be received within
two retention slots 4264a, 4264b defived ju the housing 4206, To various forms, the ring
conductors 4212, 4214 and/or housing may comprise additional positioning featores such as
hooks, latches, clips, or adhesives, for example, that may be used to position the ring conductors
4212, 4214 proximate to the housing 4206 to allow relative rotation between the ultrasonic hand
piece 4114 and the ring conductors 4212, 4214, In FIG. 99, the inner ring conductor 4214
comprises an inner circumference 4266 (see FIG. 97) configured to fittably engage a surface
4268 extending from the bousing 4206. In one form, the inner ring conductor 4212 may be
frictionally and/or adhered with an adhesive to the surface 4268.

{0508] FIG.100 illustrates a perspective view of a distal portion of the rotation coupling 4210
having therein positioned inner and outer ring conductors 4212, 4214 and corresponding inner
and outer links 4220, 42224, 4222b. The rotation coupling 4210 compriscs a plurality of internal
slots configured to recetve and therein retain the inner and outer links 4220, 4222a, 42276, Itis
to be appreciated that varicus forms may comprise other slot configuration than shown in FIG.
100. For example, in various forms, the rotation coupling may contain positioning extensions {o
position the links, In one form, one or more portions of the links 4220, 4222a, 4222b may be
adhered to the rotation coupling by an adhesive. In the illustrated form, the rotation coupling

comprises an outer slot 4270a, 4270b, 4270¢ for recetving the outer ring conductor 4212, The
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outer slot 4270a, 4270b, 4270¢ may be dimensioned to allow relative rotation between the
rotation coupling 4210 and the outer ring conductor 4212. The rotation coupling 4210 may
turther define slot 4280 for recetving the outer link 4220. Slot 4280 is positioned inward toward
the longitudinal axis “T7 (sce FIG, 96) with respect to outer slot 4270a, 4270b, 4270¢. Slot 4280
comprises spring arm slots 4282a, 4282b dumensioned for recetving spring arms 4236a, 424%8a
and 4236b, 4248b, respectively. Adjacent to the spring arm slots 4282a, 4282b, slot 4280
defines slots 42844, 4284b, which are dimensioned fo receive outer ring conductor contacts
4224a, 4224b, respectively, Shot 4280 further defines slots 4286a, 4286b, which arc
dimensioned to receive the outer hand piece coupling contacts 4228a, 4228b and extend
proximally to slots 4246a, 42465 (slot 4246b 15 shown in FIG. 96). The rotation coupling 4210
may further define slot 4296b for recerving the mner ring conductor 4214 and slot 4281 for
receiving the muoer link 4222a, 42225, Slot 4281 is positioned inward toward the longitudinal
axis “T7 {see FIG. 96) with respect to spring arm slots 4288a, 4288b and 1s dimensioned to
receive spring arms 4238a, 4238, respectively. Adjacent to one end of each spring armo slots
4288a, 4288b, the rotation coupling defines an 1oner ring contact slot 4290a, 42906 for receiving
the wner ting contacts 4226a, 42260, respectively. Adjacent to the other end of each spring arm
slots 4288a, 4288b, the rotation coupling defines slots 4292a, 4292b, which are dimensioned to
receive inner hand piece coupling contacts 4230a, 4230b, respectively, and respectively extend
proximally to slots 4254a, 4254b (slot 4254b is shown in FIG. 96).

[3509]  The rotation coupling further defines a bore 4294 dimensioned to be mounted about the
spindle 4240, A proximal inner circumferential surface 4296a of the rotation coupling defines a
portion of the bore 4294 that comprises a decreased diameter relative to a more distal inner
circumfcrential surface that defines slot 4296b, The decrcased diameter of the proximal inner
circumferential surface defining slot 4296a may reduce rotational friction about the spindle 4240
and may provide additional space for components, such as ring conductors 4212, 4214 and links
4220, 4222a, 42220, to be positioned about the spindle 4240 within the rotational coupling 4210
The rotational coupling 4210 further inchides a proximal outer circumferential surface 4298a
comprising a decreased diameter relative to a distal outer circumferential surface 4298b. The
decreased diameter of the distal outer circumferential surface 4298a may provide additional
space for components, such as ring conductors 4212, 4214 and links 4220, 4222a, 42220, to be

positioned about the spindle 4240 within the rotational coupling 42190, 1t is to be appreciated that
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additional ring conductors and links may be provided to, for example, provide additional
rotatable electrical connections.

[8518] FIGS. 101-103 illustrate a connector module 4300 according to various forms. In one
form, the connector module may find use in ultrasonic surgical instruments similar to that
described above with respect to FIGS, 96-99. Thercfore, for brevity, similar features and may be
identified by similar numbers and may not be described in similar detail. However, itisto be
understood that the various features may find similar use and share similar descriptions as those
presented above with respect to connector module 4190 and commector module 4200 and
ultrasonic surgical instrument 4100, For example, the connector module 4300 may be coupled to
a cireuit associated with a user wterface, which may be similar to flex civeuit 4202, The
connector module 4300 may also couple to a distal portion 4304 of an ultrasonic hand piece (see
FIGS. 93-94). The connector module 4300 comprises a housing 4306 and a rotation coupling
4308 and may be positionable within a handle asserobly (e.g., bandle assembly 4102 shown in
FIGS. 93-95). As described above, the ulirasonic hand picce may mechanically and acoustically
couple to a waveguide, which may be structured to operably couple to an end effector assembly.
The ultrasonic hand piece may also be rotatable relative to the connector module housing 4306,
which may provide a rotatable electrical connection between the ultrasonic hand piece and the
user interface. The connector module 4300 may nclude a spindle 4340 extending generally
proximally from the housing 4306 along a longitudinal axis. The rotation coupling 4308 may be
rotatably mounted on the spindle 4340 for rotation thereabout with respect to the housing 4306.
The spindle 4340 includes one or more retaining structures 4360a, 4360b structured to retain and
theretore limit the longitudinal excursion of the rotation coupling 4308.

{8511} The switch assembly 4300 includes a pair of outer hand picce coupling contacts 432§,
4328b comprising pressure contacts structured to electrically couple to onc or more electrical
contacts disposed along a first distal surface 4332a, 4332b of the of the ultrasonic hand piece.
The outer hand piece coupling contacts 4328a, 4328b may extend from tensioning members or
spring arms 4348a, 434&8b (see FiG. 103) configured to bias or tension the outer hand picce
coupling contacts 4328a, 4328b ouwtward of the longitudinal axis and/or toward the first distal
surface 4332a, 4323b. The outer hand picce coupling contacts 4328a, 4328b may be structured
to respectively extend through a slot 43464, 43460 detined in the rotation coupling 4310 and

comprise pressure contacts structured to clectrically couple to one or more electrical contacts
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disposed along a first distal surface 4332a, 4332b of the distal portion 4304 of the ultrasonic
hand picce.

{0512}  In onc form, the switch assembly 4300 includes a pair of inner hand picce coupling
contacts 4330a, 4330b comprising pressure comtacts structured to clectrically couple to onc or
more electrical contacts disposed along a second distal surface 4334a, 4334b of the of the
ultrasonic hand piece. The inner hand picce coupling contacts 4330a, 4330b may extend from
tensioning members or spring arms 4358a, 4358b (see FIG. 103) configured to bias or tension
the inner hand piece coupling contacts 4330a, 4330b outward of the longitudinal axis and/or
toward the sccond distal surface 4334a, 4334b. The outer hand picce coupling contacts 4330a,
4330b may be structured to respectively extend through a slot 4354a, 4354b defined mn the
rotation coupling 4310 and comprise pressure contacts structured to electrically couple to one or
more clectrical contacts disposed along a second distal surface 4334a, 4334b of the distal portion
4304 of the ultrasonic hand piece.

[0513]  As shown most clearly in FIGS, 101-102, the connector module 4300 comprises one or
more engagement features 43994, 43995, 4399¢, 4399d structured to engage the ultrasoric hand
piece. The engagement features 4399, 4399, 4399¢, 4399d juay comprise one or more
projections, clips, or “grippers” formed about the rotation coupling 4310. The engagement
features 4399a, 4399b, 4399¢, 43994 are structured to fittably engage a surface of the ultrasonic
hand piece. The engagement features may comprise one or more phiable, resilient, flexible
polymeric materials positioned on the rotation coupling. In one form, the engagement features
4399a, 4399b, 4399¢, 4399d are dimensioned to grip a diameter of the ultrasonic mstrument. For
example, the engagement features 4399a, 43990, 439%¢, 4399d may define a diameter that is
undersized relative to a dimension of the ultrasonic hand picce to create a friction interference fit.
in various forms, the hand piece may comprise a distal portion 4304 defining a ridge or groove
configured to receive a portion of the engagement features 4399a, 4399b, 439%¢, 4399d. In one
form, the engagement 4399a, 4399, 4399¢, 4399d may be configured to flex inward toward the
iongitudinal axis to reccive the hand picce while providing tension outward of the fongitudinal
axis to rotationally couple with the hand piece when the hand picce has been received,

{9514] FIG. 103 iHustrates a distal view of the rotation coupling 4310 having therein disposed
mner and outer ring conductors 4312, 4314 and corresponding inner and cuter links 4320, 4322a,

43225, The inner and outer links 4320, 4322a, 4322b arc rotatable relative to the outer ring
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conductor 4312 and an inner ring conductor 4314, The outer ring conductor 4312 and the inner
ring conductor 4314 comprises conductive leads 4316, 4318 configured to electrically connect to
a user interface through slots defined 1n the housing 4306, which may be similar to slots 4342,
4344. Each hink 4320, 4322a, 4322b comprises a pair or conductor contacts 4324a, 4324b,
4326a, 4326b positioned to electrically couple to the corresponding ring conductor 4312, 4314
when the link 4320, 4322a, 43220 is in the first position and the second position and a pair of
hand piece coupling contacts 43281, 4328b, 43301, 4330b configured to electrically couple to a
distal surface 4332a, 4332b, 4334a, 4334b of the distal portion 4304 of the ultrasonic hand piece.
For example, the ring conductor contacts 4324a, 4324b, 4326a, 4326b may be rotated about a
iongriudival axis between a fivst posttion and a second posttion such that the ring conductor
contacts 4324a, 4324b, 43264, 4326b maintain electrical contact with the corresponding ring
conductor 4312, 4314 through the rotation.

[0515]  The outer link 4312 cornprises a pair of ring conductor contacts 4324a, 4324b coupled
to spring arms 4336a, 4336b structored to bias the contacts 4324a, 4324b toward an mmer surface
of the outer ring 4312, The pair of outer hand picce coupling contacts 4328a, 4328b clectrically
coupled with the pair of outer ring contacts 43244, 4324b to provide an elecirical conductive path
from the distal portion 4304 of the hand piece to the outer ring. The tnner link 4314 comprises a
pair of ring conductor contacts 4326a, 4326b electrically coupled to the pair of hand piece
coupling contacts 4320a, 4320b and are attached to spring arms 4338a, 4338b structured to bias
the ring conductor contacts 4326a, 4326b toward an outer surface of the inmer ring 4314, The
mner link 43228, 4322b comprises a first portion 43222 and second portion 4322b,

{8516} The rotation coupling 4310 forms a central bore 4394 defined by a proximal rotation
surface 4396a and a distal slot 4396b. The rotation coupling 4310 comprises a plurality of slots
dimensioned to receive the ring conductors 4312, 4314 and corresponding links 4320, 43224,
4322b. The slot configuration shown in FIG. 103 is similar to the slot configuration shown in
FIG. 100 and, for brevity, will not be described in detail. For example, the rotation coupling
comprises slot 4370 to receive the outer ring conductor 4312 and slot 4386b to receive inner ring
conductor 4314, The rotation coupling defines slot 4380, which is dimensioned to receive the
outer link 4312. The rotation coupling also defines slot 4388a to receive the first portion of the
mner link 4322a and slot 4388b to receive the second portion of the inner hink 4322b. Slots

4346a, 4346b conprise circumferential window facing outward of the longitudinal axis. Slots
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4392a, 4392b define outward facing arcuate grooves structure to receive the inner hand picce
coupling contacts 4330a, 4320b.

[0517] FIGS. 104 and 105 illustrate one form of a handle assembly 5000 that employs a unigue
and novel switch assembly, generally designated as 5020, In various forms, the handle assembly
5000 may be similar in design and use to other handle assemblies disclosed herein. Accordingly
those features that are common to other handle assembly arrangements that have been described
above will not be discussed in detail beyond that which may be necessary to understand the
design and operation of handle assembly 5000,

{0518] In at least one form, the handle assembly 5000 may comprise two handle housing
segruents that are configured 1o be coupled together to form a haodle bousing 50602, For
example, a left bandle housing segment 5004 15 shown n FIG. 104 and a right handle housing
segroent 3006 is shown in FIG. 105, The handle housing segments 53004, 5006 may each be
fabricated from a plastic or other polymer material and be coupled together by fasteners such as
screws, bolts, snap features, adhesive, ete. The handle housing segments 5004, 5006 cooperate
to form a handle housing 5002 that has a “fixed” handle portion that may form a pistol grip 5008
that may be casily gripped and manipulated by one hand. As can be seen in FIG. 104, the left
handle housing segment 5004 may be contoured in such a manner so as to establish a “thumb
groove” area, generally designated as 5010. Those of ordinary skill in the art will readily
appreciate that when a chinician is gripping the pistol grip 5008 in his or her right hand, for
example, the clinician’s thumb may be naturally located in the thumb groove area 5010, In at
least one form, the right handie housing 5006 may also be formed with a similar thumb groove
area (not shown}, such that if the clinician is gripping the handle assembly 5000 in his or her left
hand, the clinician’s left thumb would naturally be located in that area.

{8519} As indicated above, the handle assembly 5000 includes a switch assembly 5020 that
may include a first switch arrangement 5030 and a second switch arrangement 5060, In at least
one form, the first switch 5030 inchudes a first button assembly 5032 that is supported for pivotal
travel relative to a “forward portion” 5003 of the handle housing 5002, The first button
assembly 5032 may be formed from, for example, a polymer or other suitable material and
mchude a tirst finger button 5034 and a second finger button 5036 that are interconnected by a
journal portion 5038, The journal portion 5038 serves to pivotally support the first button

asserably 5032 on a first pivot pin 5040 that extends between the left and right housing segruents
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5004, 5006. The first pivot pin 5040 may be molded into one of the housing segments 5004,
5006 and be received in a corresponding socket (not shown) formed in the other housing
segment 5004, 5006. The first pivot pin 5040 may be attached to the handle housing segments
5004, 5006, by other means as well, The first pivot pin 5040 defines a first switch axis FS-FS
about which the first button assembly 5032 may be “rocked”. See FIG. 107, In at least one
form, the first and sccond finger buttons 5034, 5036 may be provided with a somewhat
“bulbous” shape as shown in FIGS. 106 and 107. In addition, to further enhance the clinician’s
ability to distinguish between the first finger button 5034 and second finger button 5036 without
iooking directly at the finger buttons 5034, 5036, one of the finger buttons may be provided with
a distimguishing feature or features. For example, as shown in FIGS. 106 and 107, the first finger
button: 3034 has a plurality of detents 3042 or other formations formed into Us perimeter.

{0530]  As can be seen in FIG. 105, 4 switch frame 3030 is supported within the handle
assembly 3002 such that it is located proxivoal to the first button asserubly 5032 and in the
portion of the housing assembly 5002 that is adjacent to the thurb groove area 5010 (FIG. 104).
In one form, the switch frame 5050 1s non-movable relative to the first button assembly 5032 and
may be rigidly supporied on stand-offs or other gusset-like support features molded into or
otherwise formed on the handle bousing segments 5004, S006. The switch frame 5050 may
support a circwit board 5052, e.g., a printed circuit board, flex circuit, rigid-flex circuit, or other
suttable configuration that includes a first contact pad 5054 that corresponds to the first finger
button S034 and a second contact pad 5056 that corresponds to the second finger button 5036.
Those of ordinary skill in the art will understand that by rocking or pivoting the first button
assembly 5032 about the first switch axis FS-FS, the clinician can activate the first contact pad
5054 by pivoting the first finger button 5034 into actuation contact with the first contact pad
5054, Asused herein, the term “actuation contact” may include a sufficient amount of physical
contact between the finger button and the first contact pad required to initiate actuation of the
contact pad {(or similar contact arrangement). “Actuation contact” may also include a sufficient
amount of physical proximity of the finger button relative to the contact pad (or other contact
arrangement} that is sufficient to initiate actuation of the contact pad — but without any portion of
the finger button actually physically touching the contact pad. The clinician can activate the
second contact pad 5056 by pivoting the second tinger button 5036 info actuation contact with

the second contact pad 5056, Such uniguc and novel first switch arrangement may be casily
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actuated by the clinician’s index finger when her or she is gripping the pistol grip portion 5008
of the handle assembly 5000, Thus, every button of the switch assembly may be easily actuated
by the single hand supporting the handle assembly. As in the various forms described above, the
first switch arrangement 5030 may be emuployed to modulate the power setting of the ultrasonic
handpicce and/or to active various algorithms described herein.

{9521} In some forms, the first switch arrangement 5030 is coupled to a generator, such as any
of the generators 30, 500, 1002, For example, the respective contact pads 5054, 5056 may be in
clectrical conmunication with the generator via a connector module 5057, which, in some forms,
is similar to the comnector module 4200 described herein above. The connector module 5057 is
coupled to an juternal or external geverator. Signals mndicating activation of the respective
contact pads 5054, 5056 mway cause the generator to modify the operation of the instrument 5000,
For example, when the clinician selects the first finger button 5034, 1t may cause the generator to
increase the level of power provided to the end effector. When the climician selects the second
finger button $036, it may canse the generator to decrease the level of power provided to the end
effector. In various embodiroents, the generator roay be configurable between a minimum power
ievel (e.g., MIN) and maximum power level (e.g., MAX). For example, some forms of the
GENI1 generator available from Ethicon Endo-Surgery, Inc. of Cincinnati Ohio provide five
power levels. The finger buttons may be used to toggle the generator among the power levels.
Also, in some forms, one or both of the finger buttons 5034, 5036 may be associated with an
algorithm, such as those described herein. For example, when the user selects one of the buttons
5034, the generator may execute an algorithm, such as, for example, one or more of algorithms
3021, 30217, 302177, 3120, 3170 any of the algorithms described with respect to FIGS. 15A-15C,
20-22, 57-60, efc.

{8522} In various forms, the switch assembly 5020 also inchides a second switch arrangement
5060. Referring to FIGS. 107-109, the second switch arrangement 5060 may include a right
switch button 5062 and a left switch button 5066 that are each pivotally attached to the switch
frame 5050, For exampie, the right switch button 5062 is pivotally attached to or pinned to the
switch frame 5050 for selective pivotal travel about a right switch axis RS-RS that s
substantially transverse to the first switch axis FS-FS. See FIGS. 108 and 109, Likewise, the

icft switch button 5066 is pivotally attached to the switch frame 5050 for sclective pivotal travel
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about a left switch axis LS-LS. In alternative arrangements, the right and left switch buttons
5062, 5066 may be pivotally supported by the handle housing segments 5004, 5006.

{0523] In at least one form, the right and left buttons 5062 and 5066 may have a general
“barrel-shape” to facilitate case of actuation by the clinician’s thumb and/or finger. This casc of
actuation is further enhanced by the fact that the right and left buttons 5062, 5066 arc
strategically located in the general thumb groove areas associated with each handle housing
segment, For example, if the clinician is holding the pistol grip 5008 in his or her right hand, the
clinician may activate the right switch button 5062 by sweeping his or her right thurmb down
across the right switch button 3062 in a contacting sweeping motion, Similarly, if the clinician
was holding the pistol grip 5008 1o his or her left hand, he or she may activate the left switch
button 5066 by sweeping her left thumb down across the left switch button 5066 in a contacting
sweeping motion,  Such onigue and novel switch arrangements enable activation of the left and
right switch buttons 5062, 3066 by avoiding inadvertent activation from divect inward forces to
the switch buttons.

[0524] As can be scen in FIG. 108, the right switch button 5062 has a right switch arm 5064
protruding therefrom for actoating a right contact pad 30358 that comprises a portion of the circuit
board 5052, Likewise, the left switch button 5062 has a left switch arm 5068 protruding
therefrom for actuating a left contact pad 5059 that comprises a portion of the circuit board 5052,
Thus, those of ordinary skill in the art will understand that by rocking or pivoting the right switch
button 5062 about the right switch axis RS-RS, the clinician can activate the right contact pad
5058 and by rocking the left switch button 5066, the clinician can activate the left contact pad
5059, The left and right contact pads 5058, 5059 may be in electrical communication with a
generator, e.g., via the connector module 5057, The generator may be programmed to modify
the operation of the instrument 5000 in any suitable manner in response to the activation of one
of the switch buttons 5062, 5066. For, example, in some forms one or both of the switch buttons
5062, 5066 may be associated with an algorithm, such as those described herein. For example,
when the user selects one of the buttons 5034, the gencrator may cxecute an algorithm, such as,
for example, one or more of algorithms 3021, 30217, 302177, 3120, 3170 any of the algorithms
described with respect to FIGS. 15A-15C, 20-22, 57-60, efc. In some forms, the generator is
configured to execute the same algorithm in response to activation of either of the switch buttons

5062, 5066, for cxample, so as to acconmunodate clinicians that are right or left handed,
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{8525] FIG. 109A, illustrates a switch assembly 502(¢ that may inchide the first switch
arrangement 5030 as well as a second switch arrangement 5060°. In at least one form, the
second switch arrangement 5060° includes a left switch button 5066° that has a left pivot arm
5067 protruding therefrom. The left switch button 5066° may be pivotally mounted on pivot
mounts 5007 or formations molded or otherwise formed in the left handle housing 5004, The
ieft switch button 5066° may have a barrel-like shape or configuration and be selectively
pivotable about a left switch axis LS-LS that may be substantially transverse to the first switch
axis FS-FS. The clinician may selectively pivot the left switch button 5066’ to bring an actuator
portion 5069 of the left switch arm 5067 into actuation contact with a corresponding left contact
pad 5059 supported within the handle assermbly, In the illustrated arrangement, the second
switch arrangement only includes the left switch bution 3066° as described above. In alternative
forros, the second switch arrangernent may only jnclude a right switch button mounted on the
right side of the handle housing 1n the wanner Yustrated in FIG. 1094, Still other forms of the
second switch arrangewnent may nclude both right and left switch buttons roouuted n the
manner iHustrated 1o FIG. 109A.

[0536] FIGS. 110 and 111 illustrate another form of a handie assembly 5100 that 1s siular to
the handle assembly 5000 described above, except that the right and left switch buttons 5162,
5166 do not pivot, but instead are supported in their respective handle housing segments 5106,
5104 such that they may be depressed inwardly into contact with their respective right and left
contacts {not shown). As with the handle assembly 5000 described above, however, the right
and left switch buttons 5162, 5166 are located in the general thumb groove areas 5012, 56106,
respectively in the manner described above to facilitate case of operation when the clinician is
gripping the pistol grip portion 5108,

{85271 FIG. 112 iHustrates a portion of a left handle housing segment 5204 of another handle
assembly 5200 wherein a left side button 5266 thereof may be pivotally coupled to the switch
frame 5250 as shown and be formed with a switch post 5267 that is adapted to be pivoted into
actuation contact with the corresponding left contact pad 5059, The right button assembly (not
shown} of the handle assembly 5200 may be similarly configured. In alternative arrangements,
the right and left buttons may be pivotally coupled to their respective handle housing segments.
[8528] FIGS. 113 and 114 illustrate another form of a second switch arrangement 5360 that

may be employed for example in a handle assembly 5000 described above in place of the second
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switch arrangement 5060. As can be seen in FIGS. 113 and 114, the second switch arrangement

~y
Ji
i

5360 may include a left switch button 5366 that has a left switch arm 5370 that extends laterally
above and across a switch frame 5350 which is supported within the handle assembly as was
discussed above. The left switch arm 5370 s configured to be pivotally coupled to a right
portion or formation 5352 of the switch frame 5350 which is adjacent to a right handle housing
{not shown) of the handic assermbly. The left switch arm 5370 may be pinned for example to the
right portion 5352 of the switch frame 5350 to define a right switch axis RS-RS about which the
icft switch arm may pivot. See FIG. 113, A left actuation pin or fug 5372 extends downwardly
from the left switch arm 5370 such that when clinician rocks the left switch button 35366 ina
manner described above, the left actuation pin 5372 1s brought into actuation coutact with the
corresponding left contact pad 5359 supported on the switch frame 5350,

{0529]  Still referring to FIGS. 113 and 114, the second switch arrangerent 5360 may turther

and across the left switch arm 5370 to be pivotally coupled to a left portion or formation 5354 of
the switch frame 3350 which is adjacent to a left handle housing (not shown) of the handle
asserubly. The right switch arm 5380 ruay be pinned for example to the left portion 5354 of the
switch frame 5350 to define a left switch axis LS-LS about which the right switch arm 5380 may
pivot. See FIG. 113, A right actuation pin or hug 5382 extends downwardly from the right
switch arm 5380 through a corresponding hole 5374 in the left switch arm 5370 such that when
clinician rocks the right switch button 5362 in a manner described above, the right actuation pin
5342 is brought into actuation contact with the corresponding right contact pad 53358 supported
on the switch frame 5350, The right and left switch axes may be substantially parallel to cach
other, but laterally displaced from each other. When employed in a handle assembly that
inchudes a first switch arrangement 5030, the right and left switch axes may cach be substantially
transverse to the first switch axis FS-FS of that tirst switch arrangement. Those or ordinary skifl
in the art will understand that such switch arrangement facilitates longer pivot arms or lengths
which alse facilitate button motion that is substantially straight down.

{8530] FIG. 115 iHustrates another form of second switch arrangement 5460 that may be
employed for example in a handle assembly 5000 described above in place of the second switch
arrangement 5060, As can be scen in that Figure, the left and right switch buttons 5566, 5562

are configured to be pivotally coupled to a switch frame 5450 that is centrally disposed between
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the switch buttons 5566, 5562 and which defines a single switch axis SA. When emploved in a
handle assembly that includes a first switch arrangement 5030, the switch axis SA may be
substantially transverse to the first switch axis FS-FS of that first switch arrangement. The
switch frame 5450 may be rigidly supported within the handle housing assembly and extend
between the respective right and left handle housing segments (not shown).

{0531} In at least one form, the right switch button 5462 has a right link 5480 extending
thercfrom which is pivotally coupled to the switch frame 5450, Likewise, the left switch button
has a left link 5470 extending thercfrom to be pivotally coupled to the switch frame 5460, The
right and left inks 5480, 5470 may be pivoted to the switch frame 5450 by a common pin {(not
shown) to define the switch axis SA about which the buttons 5462 and 5466 may pivot. A right
actuation pin or lug 5482 extends jowardly from the right switch link 5480 such that when
clinician rocks or pivots the right swiich button 5462 1o a manner described above, the right
actuation pin 3482 is brought into actuation contact with the corresponding right contact pad
5458 supported on the switch frame 5450, Likewise, a left actuation pin or lug 5472 exiends
iwardly from the left switch link 5470 such that wheu the clinician rocks or pivots the left
switch button 5466 in a manner described above, the left actuation pin 5472 is brought into
actuation contact with the corresponding left contact pad 5459 on the switch frame 5450, Each
of the switch arms 5470 and 5480 may be biased into unactoated positions by corresponding
springs or biasing arrangements {not shown} positioned, for example, between switch link 5470,
5480 and the frame 5450,

{65321 FIG. 116 illostrates another form of second switch arrangement 5560 that may be
employed for example in a handle assembly 5000 described above in place of the second switch
arrangement 5060. As can be seen in that Figure, the second switch arrangement 5560 employs
a single second switch actuator 5561 that extends between the right handle housing portion 5006
and the lett handle housing portion 5004 such that a right end thereof forms the right switch
button 5562 and the left end thereot forms the left switch button 5566. The second switch
actuator 5561 slidably extends through corresponding openings 5005 and 50607 in the left and
right handle housing segments 5004, 5006 such that the second actuator 5561 may be selectively
axially displaceable along a switch axis SA-SA. When emploved in a handle assembly 5000
that includes a first switch arrangement 5030, the switch axis SA-SA may be substantially

paralicl to the first switch FS-FS axis of that first switch arrangement.
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{1533} A right biasing member 5590 and a left biasing member 5592 may be positioned within
the second switch actuator 5561 and configured to cooperate with a centrally disposed portion of
the switch frame 5550 to keep the second switch actuator 5561 centrally disposed in an
unactuated position as shown in FIG. 116. A switch contact assernbly 5557 may be centrally
iocated between a right actuator member or protrusion 5563 attached to or formed on the second
actuator 5561 and a left actuator member or protrusion 5565 formed on the sccond actuator 5561,
The switch contact assembly 5557 may, for example, have a right portion 5557R that
corresponds to the right actuator 5563 and a left portion S557L that corresponds to the left

actuator member 5565, Thus, by depressing the right switch button 5562 mwardly, the sccond

will move laterally m the right divection “RI” to bring the left actuator 5565 into actuation
contact with the left portion S557L of the switch contact assembly 5557,

[0534] FIGS. 117-120 depict in somewhat diagrammatic form a switch assembly 5620 that
may be employed in connection with the various ulirasonic handle asserablies disclosed herein
In at least one form, the switch assembly 5620 includes a single button assembly 5632 that may
be located, for example, where the first button assembly 5032 is positioned o the handle
assembly 5000 as was described in detail above. For example, the button assembly 5632 may
inchude a button carriage arm 5633 that has an actuator button 5634 formed thereon that may
actuatable by the clinician’s index finger when the clinician is gripping the pistol portion of the
corresponding handle assembly.

{#535] In at least one form, the button carriage arm 5633 may include a pair of pivot pins 5637,
5639 that are movably received within an elongate slot 5671 in a switch housing 5670 that is
operably supported within the handle housing. The button pivot pins 5637, 5639 facilitate axial
movement of the button carriage arm 5633 (FIG. 11¥) as well as rotational or pivotal movement
of the button carriage arm 5633 relative to the switch housing 5670 (FIGS. 119 and 120). As
can be seen in FIGS. 117-120, the clongate slot 5671 opens into a three-way actuator opening
5673 that has a right end 5675 that corresponds to a right switch 5638, a left end 5677 that
corresponds to a left switch 5659 and a central end 5679 that corresponds to a central switch

5654. Ascan be seen in FIG. 117, the button carriage arm 5633 may include a left switch
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actuator portion 5690, a contral switch actuator portion 5692 and a right switch actuator portion
5694. In addition, a right spring 5680 and a left spring 5682 may be provided between the button
carriage arm 5633 and the handle housing 5002 to keep the button carriage arm 5633 in a central
and neutral position (FIG. 117) when 1t 1s unactaated,

{0536] Operation of the switch assembly 5620 may be understood from reference to FIGS.
118-120. FIG. 118 llustrates actuation of the central switch 5654 by depressing the actuator
button: 3634 inwardly as represented by arrow “DY. As the actuator button 5634 is depressed, the
button carriage arm 5633 moves axially along or relative to the elongate slot 5671 in the switch
housing 5670 to bring the central switch actuator portion 5692 into actuation contact with the
central swiich 5634, FIG. 119 dlustrates actuation of the right swiich 5638 by pivoting the
actuator button 3634 in the direction represented by the arrow labeled “MIN” which brings the
right switch actuator portion 5694 mto actuation contact with the right switch 5658, FIG. 120
illustrates actuation of the left switch 5659 by pivoting the actuator button 5634 in the direction
represented by the “MAX” arrow which brings the left switch actuator portion 5690 nito
actuation contact with the left switch 56539, The respective switches 5654, 5658, 5659 may be in
electrical communication with a generator, for example, via a connector module 5057, as
described herein above. The generator may be programmed to perform any suitable action with
respect to the instrument 300 in response to activation of one of the switches 5654, 5658, 5659,
For example, in some forms, switches 5658 and 5639 perform a function similar to that of the
finger buttons 5034, 5036 described above. For example, activating one of the buttons 5658,
5659 may cause the generator to increase the power provided to the end effector while activating
the other button 5658, 5659 may cause the generator to decrease the power provided to the end
effector. Also, responsive to any one or more of the buttons 5654, 5658, 5659, the generator
may be configured to an algorithm, such as, for example, one or more of algorithms 3021, 30217,
302177, 3120, 3170 any of the algorithms described with respect to FIGS, 15A-15C, 20-22, 57-
60, et

{0537} Different clinicians often have different techniques for using ultrasonic surgical
instruments and systems as described herein. For example, some clinicians routinely activate an
ultrasonic surgical instrument without fully closing the clamp arm against the blade. Although

some clinicians belicve that this technigue improves system performance, i practice it often
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does not and has the potential to damage tissue, for example, by requiring longer transection
times and sometimes causing transection and/or coagulation to be compromised.

{0538} In various forms, this and other problems may be addressed by configuring a surgical
mstrument with a closure switch indicating when the clamp arm is fully closed. The generator
may be contfigured to refrain from activating the surgical instrument until or unless the closure
switch indicates that the clamp arm is fully closed. Referring now to FIGS. 95 and 105, some
forms of the closure switch arc positioned in the handle 4122 (FIG. 95). For example, both
FIGS. 95 and 105 ilustrate an optional closure switch 5900 positioned on an mnside, proximal
portion of the handle 4122 (FI(G.95) and onc or more of the handle housing scgments 5004, 5006
(FI1G. 105).

{0539} The switch 5900 may be positioned such that the tngger 4124 contacts the switch 5500
at its proximal-most position. For example, the switch 5900 may be positioned at an end of the
stroke of the trigger 4124 (e.g., in the direction of arrow 41214 n FIG. 93). In this way, the
trigger 4124 may contact the switch 3900 when the tngger 4124 15 pulled proximally to close the
clamp arm against the blade. In various forms, the switch 5900 may be positioned anywhere
were 1t will be activated when the end effector 1s closed (e.g., the clamp arm is pivoted towards
the blade). For example, the switch 5900 may be positioned distal of the yoke 4174 and/or
reciprocating tubular actuating member 4138, so as to be activated when oue or the other of
those components translates distally to close the end effector. The switch 5900 may be i
electrical commumication with the generator, such as generator 30, 56, 1002, for example, via the
connector module 5057 and/or 4200 and hand piece, as described herein. In various forms, the
generator 1S programmed not to activate the surgical instrument unless the switch 3900 is also
activated. For exampie, if the generator receives an activation request from one or more of the
switches described herein, it may respond to the activation request only if the switch 5900 is
activated to indicate that the clamp arm is closed.

{31548] FIG. 121 illustrates a block diagram of a system 6000 depicting a generator 6002
coupled to a medical instrument 6004 and a circuit 6006, The generator 6002 may be coupled
directly to the instrument 6004 or may be coupled through a cable 6008, The circuit 60306 may
be connected to the generator 6002 to receive an encoded transmission frame of bits from a
signal conditioning circuit 2002 (c.g., from generator 1002 terminals HS and SR (FIG. 19)via a

pair of conductive clements HS/SR), In various forms, the generator 6002 is functionally
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equivalent to the generator 2002 and has been described in connection with FIG. 19. Therefore,
for conciseness and clarity, the description of the generator 2002, 6002 will not be repeated here.
Nevertheless, it will be appreciated that other generators may be employed in the system 6000,
Also, although some aspects of the disclosed serial protocols may be described hereinbelow in
connection with various circuits and systems, it will be appreciated that scope of the present
disclosure is intended to encompass any and all methods for generating signals over a
trapsmission frame in accordance with the protocol timing diagrams disclosed in FIGS. 123-128.
{8541} The encoded transmission frame, which is described in detail hereinbelow in connection
with FIGS. 123-127, is a repetitive, bidirectional communication signal, where an cncoded frame
is repeatedly transtoitted by the generator 6002, The frame comprises a series of bits that
simultaneously encode input/output (I/0) information on a single bit by modulating both the
amplitude of the bit and the pulse width of the bit. The input bits are encoeded such that
information regarding the state of the circuit 6006 1s communicated to the generator 6002
simultancously with output bits encoded with information from the generator 6002 regarding
how to set the outputs of the circuit 6006 and, accordingly, the output states of the instroment
6004. o various forms described herein, the generator 6002 modulates or sets the width of the
pulses (ime) to communicate information from the generator 6002 to the circuit 6006 on how to
set the ontputs of the circuit 6006, In various forms desceribed herein, the circuit 6006 modulates
or sets the height {amplitude) of the pulses to communicate information about the state of the
cirenit to the generator 6002, Furthermore, n one form, the circuit 6006 may be parasitically
powered from the bidirectional communication signal inchides no other power source. In other
forms, the circuit 6006 may be powered from other power sources. I other forms, the circuit
6006 may be both parasitically powered from the bidirectional communication signal and other
POWET SOurces.

{#542] The instrument 6004 comprises a circuit 6006, which may include at least one switch
that, in conjunction with the generator 6002, supports activation switch inputs and instrument
EEPROMSs. The circuit 6006 may be provided within the instrument (as shown above with
respect to data circuits 2006, 2007, In some embodiments, the circuit 6006 may be positioned on
the hand picce, such as hand piece 1014 and may provide the generator with hand picce specific
data such as, for example, a current set point, a gain, efc. The instruments 6004 provides various

VO capabilities and may employ a plurality of switch inputs, analog inputs as well as discrete
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outputs, analog cutputs. In order to implement the functionality of the plurality of switch inputs
and cutputs, the circuit 6006 communicates with the generator 6002 using a novel serial
communication protocol, the timing diagrams of which are illustrated in cormection with FIGS.,
122-127. The circuit 6006 1s configured to short circuit the HS-SR electrical conductive
elements electrically coupling the generator 6002 and the instrument 6004, Short circuiting the
HS-SR lines enables the circuit 6006 to sct the transmission frame start and stop pulses, which
also may be referred to as start/stop bits. In addition to setting the frame length, short circuiting
the HS-SR lincs cnables the generator 6002 to conduct a loop calibration where the generator
6002 measures the loop resistance for each frame being transmitted.

[8543] Forms of the generator 6002 may enable communication with one or more circuits 6006
contained n the mstrument 6004, In certain forms, the civourt 6006 may generally be any cireuit
for transmutting and/or recetving data, In one form, for example, the circuit 6006 may store
information pertatning to the particular surgical instroment 6004 with which 1t is associated.
Such information may mclhude, for example, a model munber, a senial nomber, a number of
operations in which the surgical instrument has been used, and/or any other type of information,
Additionally or alternatively, any type of joformation may be communicated to circuit 6006 for
storage therein. Such information may comprise, for example, an updated mumber of operations
in which the instrament 6004 has been used and/or dates and/or tfimes of its usage. In certain
forms, the circuit 6006 may trapsmit data acquired by one or more sensors (e.g., an nstrument-
based temperature sensor). In certain forms, the circuit 6006 may receive data from the generator
6002 and provide an indication to a user {e.g., an LED, power switch information, and audible
and/or visible indication) based on the received data.

{#544] In certain forms, the circuit 6006 may be configured such that commumication between
nstrument 6004 and the generator 6002 can be effected without the need to provide additional
conductors for this purpose {¢.g., dedicated conductors of a cable connecting a hand piece to the
generator 6002). In one form, for example, information may be communicated to and from the
circuit using a 1-wire bus communication scheme implemented on existing cabling, such as one
of the conductors used to transmit interrogation signals from the signal conditioning circuit to the
circuit 6006 in the instrument. In this way, design changes or modifications to the instrurment
6004 that might otherwise be necessary are minimized or reduced. Moreover, because different

types of communications can be implemented over a common physical channel (either with or
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without frequency-band separation), the presence of the circuit 6004 may be “invisible” to the
generators that do not have the requisite data reading functionality, thus enabling backward
compatibility of the instrument 6004,

{0545] The generator 6002 may exchange information with the circuit 6006 that is specific to a
surgical device integral with, or configured for use with, the cable 6008 and may comprise, for
example, a model number, a serial murmber, a number of operations in which the surgical device
has been used, and/or any other type of information. Information may also be communicated
fromn the generator 6002 to the circuit 6006 for storage therein. In one form, the circuit 6006
need not be located on or in the instrument 6004, but may be disposed in an adaptor for
mterfacing a specific instrument 6004 type or model with the generator 6002,

[8546] FIG. 122 tustrates a block diagram of the circuit 6006 within the mstrument 6004, The
circuit 6006 may be connected to the generator to receive an interrogation signal via a pair
conductive pair of conductive elements 6010, 6012, The circuit 6006 may comprise multiple
branches. A first branch cormprises a controlier 6014, a second branch comprises a data circuit
6016, and additional branches may comprise additional data circuits 6018 or other circuits,
sensors, switches, mdicators {(audible, tactile, visnal), The controller 6014, the data circunits
6018, and/or other circuits may be parasitically powered by the energy in the frame bits. In other
forms, the controller 6014, the data cirenits 6018, and/or other circuits may be powered from
other power sources. In other forms, the controlier 6314, the data circuits 6018, and/or other
cirenits may be both parasitically powered from the bidirectional communication signal and
other power sources.

{85471 The controller 6014 may be an application specific integrated circuit (ASIC), a
microcontrolier comprising a processor and memory, a digital signal processing circuit, a
progranumnable fogic device, field programmable gate array, discrete circuit, and the like. The
controller comprises a plurality of inputs Sq to S, where n is a suitable integer. As illustrated in
FIG. 122, the plurality of inputs 8¢ to S, are coupled to a plurality of switches SWo to SW,,,
where n is any suitable integer. The switches SW to SW, provide inputs to the controller 6014
to control functions associated with the instruments 6004, The controller 6014 communicates
the states of the switches SW to SW,, to the generator 6002 via a serial protocol in accordance

with the present disclosure.
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{8548} The controller 6014 also comprises a plurality of outputs Oy to Oy, where m is any
suitable integer, and may be the same as n. The outputs Og to Oy, are driven by the controller
6014 to control functions associated with the instrument 6004 in accordance with information
communicated by the generator 6002,

{0549} In various forms, the circuit 6006 also may comprise one or more data circuits 6016,
6018 that communicate over a I-wire protocol, In certain forms, the data circuits 6016, 6018
melude storage clements that may be a single-wire bus device (e.g2., a single-wire protocol
EEPROM), or other single-wire protocol or local interconnect network (LIN) protocol device. In
one form, for example, the data storage element 302 may comprise a single wire EEPROM, The
data storage element is one example of a circuit element that may be contained in the data
circuits 6016, 6018, The data circuit may additionally or alternatively comprise one or more
other circuit elernents or components capable of transmitting or receiving data. Such cirout
elements or components may be configured to, for example, transmit data acquired by one or
MoTe sensors {e.g., an instrument-based temperature sensor) and/or receive data from the
generator 6002 and provide an indication to a user {¢.g., an LED indication or other visible
mdication) based on the received data,

{0536] During operation, the generator 6002 and the circuit 6006 comumunicate over a robust,
flexible, highly noise-immune conununications protocol according to the present disclosure. The
protocol is used over the two instrament conductive clements 6010, 6612 (HS, HSR) to allow the
generator 6002 to communicate up to & or more discrete inputs and outputs to the mstrument
6004, while coexisting on the same lines as the 1-Wire EEPROM (e.g., data circuits 6016, 6018}
communications, and maintaining backward compatibility with existing legacy circuits. The
protocol comprises a frame that is repeatedly transmitted. The frame comprises overhead pulses
{bits} such as start/stop and header pulses and simultancously encoded information pulses {bits}
that encode both input and output information into a single pulse (bit} by modulating both the
amplitude and width {pulse duration) of each information pulse.

{8551} One form of such a protocol is illustrated in connection with FIGS. 123 and 124, where
Fi(3. 123 shows a timing diagram 6020 of current pulses in a frame of a serial protocol at the
generator 6002 cutput and FIG. 124 shows a timing diagram 6022 of voltage pulses in a frame of
the serial protocol at the circutt 6014 output. Turning first to FIG. 123 whose description should

be read in conjunction with FIG. 122, the timing diagram 6020 shows an output signal from the
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generator 6002 to the controlier 6014 in the form of current puises. The current Himit {rails) may
be selected in accordance with the specific generator 6002/instrument 6006 combination. In one
form, for cxample, the current rails are +15mA and -15mA. A frame begins and ends on the
rising edges 6023a, 6023b of start/stop pulses 6024a, 6024b generated by the controller 6014 by
applying a short circuit across the rails HS-SR. The frame begins on the rising edge 6023z of the
start pulse 60242 and ends on the rising edge 60236 of the stop pulse 6024b. The current signal
pulses swing from the negative rail -I to the positive rail +I though a zero crossover during the
transmission of the start pulse 6024a from the generator 6002 to the controller 6014, After the
start pulse 6024 is generated, the header pulses 6026, 6028 and encoded /O mformation pulses
6025 are transvitied. After the last encoded information pulse 6025 is transoited the rising
edge 6023b of the stop pulse 6024b signals the end of the current frarne. The next frame is then
mitiated and the process repeats, In one aspect, the frame bits other than the start/stop pulses
6024a, 6024b swing from 0 to the negative rail =1, In other aspects, sorue of the frame bits
following the start pulse 6024a swing between the positive and negative rails +1, -I. The latter
aspect is discussed hereinbelow i connection with FIG. 128,

{0552] The frame mformation pulses are simultancously encoded both in regards to width and
amplitude. The width of the start/stop pulses 6204a, 6024b is t,. The current pulses following
the start pulse 60244 are header pulses represent header pulses 6026, 6028 and also have a pulse
width to. In the context of encoding output pulses carrying information from the generator 6002
to the jnstrument 6004, the information pulses 6025 are encode as a logic 17 output pulse 6030
by increasing the pulse to width to t; whereas a logic “07 output pulse 6032 may have the same
puise width ¢, as the start pulse 6024 the header pulses 6026, 6028, Output logic “17 maps to the
output active state, where the instrument 6004 is drawing power from the generator 6002, As
previously discussed, a frame is initiated with the rising edge 6023a of the start current pulse
6024 by short circuiting the first conductive element 6610 (HS) to the second conductive element
6012 (SR}, which are the power and signal lines connecting the generator 6002 with the
mstrument 6004,

{31553} FIG. 124 shows the timing diagram 6022 of voltage pulses +/-V through a zero
crossover. The timing diagram 6022 shows /O information pulses simultanecusly encoded with
mput information from the controller 6014 to the gencrator 6002 (inputs) and output mformation

from the gencrator 6002 to the controller 6014 (output). Besides the start pulse 6034a the serial

165



WO 2013/154925 PCT/US2013/035370

communication occurs between zero and the negative side of the signal. As shown, a logic *17
mput voltage signal -V, is negative but more positive than a logic “0” input voltage signal -V,
Input logic “1” maps to a switch (SW, — 5W,) closed state,

{9554] With reference now to the timing diagrams 6020, 6022 shown in FIGS. 123, 124 1m
conjunction with the circuit 6006 shown in FIG. 122, a frame is initiated at the rising edge 6023a
of the a start pulse 6034a and ends at the rising edge of the stop pulse 6023b. In between, the
frame comprises two header pulses 6040, 6042 transmitted after the start pulse 6024a and a
plurality of simmltancously encoded VO information pulses 6044, In one form, bits 6048
between the header pulses 6042, 6042 and information pulses 6044 return to zero and have a
pulse width of t. In other forms, as described hereinbelow, in connection with FIG. 128, bits
between the header pulses 6042, 6042 and information pulses 6044 return to either one of the
positive ot negative rails in alternating fashion. It will be appreciated that one benefit of such a
configuration is exploitation of additional parasitic power from the frame signals to power the
cireuit 6066,

[0535] The information pulses 6044 are encoded to carry mformoation about both mput and
output. Accordingly, each information pulse 6044 defines a first logic state associated with an
input from the mnstrument 6004 to the generator 6002 as well as a second logic state associated
with an output from the generator 6002 to the instrument 6002, The sumnltancous encoding of
VO signals is discussed in more detail in connection with FIGS. 125A-D, where the four logic
states of an encoded VO bit are depicted separately for clarity of disclosure.

{0556] With reference back to FIG. 124, the header pulse 6040 represents an input logic “0”
and header pulse 6042 represents an input logic “17. The header pulses 6040, 6042 can be used
by the generator 6002 for presence detection and to identify the circuit 6006 type. The generator
6002 may use specific ADC values read for cither or both of the header pulses 6040, 6042, or
start bit 6084 to calibrate the ADC ranges for the input pulses within the current frame. The
generator 6002 will determine the number of inputs and outputs used by the specific instrument
6004 by reading parameters from the EEPROM 6016, 6018,

{85571  The number of VO pulses per frame may be the greater of the number of used inputs or
outputs for a given instrurmment 6004 or may be a fixed number. Although the maximum nmumber
of both inputs and outputs is a predetermined nummber, for example & (16 total), unused mputs

and outputs for a given instrument 6004 may or may not be implemented or pinned out. Unused
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inputs {if there are more outputs than inputs) can be set by the circuit 6006 to logic “07. Unused
outputs can be set by the gencrator 6002 to logic state “0” or “17 as appropriate, to optimize
either polling speed or energy transfer to the circuit 6006. The circuit 6006 will store energy
from the negative pulses to power both its own circuttry, and any output devices (e.g., LEDs,
switches, power switches including transistors, feedback devices, ¢.g., audio, visual, tactile).
EEPROM 6016, 6018 communications will occur on the positive voltage side of the signal.
[0558] Turning to the legend 6054 below the timing diagram 6022, it can be scen that cach
mformation pulse 6044 has two possible input logic states (input logic “1U7 and input logic “07)
ndicated by two negative voltage levels -V, -V, and two possible output logic states (output
logic “17 and output logic “07) indicated by two pulse width ty, te. Accordingly, if a switch (SW
— 5W,) closure occurs, the next information pulse drops to the input logic “1” state -V, and if'a
switch (SWy — SWy) remains open the next informoation pulse drops to the input logic “07 state -
Vo. Atthe same time interval, if the istrument 6004 1s drawing power from the generator 6002,
the output logic “17 pulse width is t;, and if instrument 6004 is not drawing power from the
generator 6002, the output logic “07 pulse width 15 .

[0559] Asindicated in the timing diagram 6022, the pulse width of the reset pulse 6034, the
header pulses 6040, 6042, the ontput logic “07 pulses, and the return to zevo pulses 6048 cach
have pulse widths of 5. Only the output logic “17 pulses have a pulse width of ty, where &, < t;.
1t will be appreciated that the specific voltage levels and pulse widths illustrated herein may be
selected otherwise such that -V < -V, and §, > t;. Also, the reset pulse 6034, the header puilses
6040, 6042, the output logic “0” pulses, and the return to zero pulses 6048 each may have
different pulse widths.

{0560] Asillustrated in FIGS, 125A-D, an information pulse 6056 may be encoded in two of
four /0 logic states during communication between the generator 6002 and the instrument 6004,
e.g., the circuit 6606, In FIG, 125A, for example, the information pulse 6056A represents an
input logic “0” and an output logic “0” because the logic voltage level is -V and the logic
current pulse width is . In FIG. 1258, for example, the information pulse 60568 represents an
input logic “17 and an output logic “0” because the logic voltage level is -V and the logic
current pulse width is ty. In FIG. 125C, for example, the information pulse 6056C represents an
mput logic 0" and an output logic 17 because the logic voltage level is -V and the logic

current pulse width is t;, In FIG. 125D, for example, the information pulse 6036D represents an
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input logic “17 and an output logic “17 because the logic voltage level is -V and the logic
current pulse width is ;.

10561} FIG. 126 iHustrates one cxample timing diagram 6064 of a serial protocol. As shown in
FIG. 126, and with reference also to FIG. 122, the timing diagram 60064 represents a protocol
communication signal comprising three mputs and no outputs. The inputs, referenced as Sg, Sy,
and S; in FIG. 22, are coupled into controller 6014 portion of the circuit 6006, The three inputs
may be associated with the state of the switches SWy, SWi, SW; coupled to the controller 6014,
of may be associated with other types of inputs. The controller 6014 modulates the amplitude of
a corresponding encoded bit to -V, or —V; based on the state (open or closed) of the switches
SWy, SWi, SWy. The frame in this example comprises a start pulse 6034a, two header pulses
6040, 6042, and three information pulses 6058, 6060, 6062 corresponding with the states of the
switches SWq, SWi, SW, for a total of six pulses. The frame ends on the nising edge 6023b of
the stop pulse 6034,

[0562]  As shown i FIG. 126, the first and second mformation pulses 6058, 6060 are mput
logic “0” indicating that the input switches 3Wy, SW;, SWs are open and the third information
puise is mput logic “17 indicating that the switch SWais closed. Since there are no ountputs, there
are no output pulses being encoded, thus the frame consists of six pulses, three overhead pulses
{(e.g., reset and header pulses 6034, 6044, 6042) and three information pulses 6038, 6060, 6062,
The frame is repeatedly transmitted to inform the generator 6002 of the state of the input
switches SWo, SWi, SW; at the instrument 6004, When a change ocours in the state of a switch
SWy, SWi, SW,, the bit associated with that switch is antomatically encoded and the frame
repeats,

{05631 FIG. 127 illustrates one example timing diagram 0068 of a serial protocol. As shown in
Fi(. 127, and with reference also to FIG. 122, the timing diagram 6068 represents a protocol
communication signal comprising four inputs and two cutputs. The inputs, referenced as Sy, Sy,
S, and S; in FIG. 22, are coupled into controller 6014 portion of the circuit 6006. The outputs
are associated with Og and O; of the controller 6314, The four inputs may be associated with the
state of the switches SWo, SWi, SW,, SW5 coupled to the controlier 6014, or may be associated
with other types of inputs. The outputs Oy and Oy arc used to control various functions of the
mstrument 6004 such as, for example, driving audible, visual, tactile feedback, power control,

among other functions. The controller 6014 modulates the pulse height (amplitude) of
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corresponding encoded bits to —Vy or -V based on the state {open or closed} of the switches
SWo, SWi, SW,, SW;. The generator 6802 modulates the pulse width (time} of the encoded bit
based on the output control information that the generator 6002 wishes to communicate to the
controller 6014, The frame in this example comprises a start pulse 6034a, two header pulses
6040, 6042, and four information pulses 6058, 6060, 6062 corresponding with the states of the
switches SWo, SWy, SW,, SW;, for a total of seven pulses. The frame ends on the rising edge
6023b of the stop pulse 6034b.

{8564] As shown in FIG. 127, the controlier 6014 has encoded the first information bit 6070
with both input and output information. Thus, the voltage and pulsc width of the first
mformation bit 6070 are modulated to encode the output as logic “0” and the input as logic “17.
Likewise, the controlier 6014 has encoded the second information bit 6072 with both mput and
output information. Thus, the voltage and pulse width of the second information bit 6072 are
modulated to encode the output as logic “1” and the mput as logic 07, Since in this example
there are four inputs and only two outputs, the third and fourth bits 6074, 6076 are encoded with
input information only, where the third bit 6074 is encoded as input logic “17 and the fourth bit
is encoded as wput logic “07. The frame is repeatedly transmitied to inform the generator 6002
of the state of the input switches SWy, SWy, SW,, SW; at the mstrument 6004 and the outputs Oy
and Oy are driven by the controlier 6014, When a change ocours in the state of a switch SW,
SWi, SWa, SWa, or the generator 6002 wants to control one of the two outputs Gg and Oy, the
bits associated therewith are automatically encoded and the frame repeats.

[0563] FIG. 128 illustrates example timing diagrams 6080, 6083 of a serial protocol. With
reference now to FIGS. 128 and 122, the top waveform is a current timing diagram 6080 as
output by the generator 6002, The current signal swings from +1 to 1 crossing at zero. This
timing diagram 6080 provides power to the circuit 6014 continucusly except during the start bits
6084, input logic “1” transmuission 6086, and stop bit 6102 “no error” condition. The bottom
waveform 6082 is a voltage timing diagram at the circuit 6014, A header bit 6104 starts the
frame followed by one start bit 6084, The 12 input bits and 12 output bits are simultancously
encoded over a single frame as discussed above, where the input logic bits are encoded by
modulating the pulse amphlitude and output logic bits are encoded by modulating the pulse width,
The 12 information bits are then transmitted to encode 12 inputs and 12 outputs. As shown,

mput #1 6086 is encoded as logic “17 and cutput #1 6090 is encoded as logic "0, Input #2 6088
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is encoded as logic 1" and output #2 6092 is encoded as logic “17. Input #3 6094 is encoded as
iogic “0” and output #3 6092 is encoded as logic “17. The last bit represents input #12 6098 is
encoded as logic “07 and output #12 is encoded as logic “0”. As indicated, every other bit 6106
returns to the positive supply rail, which provides additional parasitic power for the instrument
6004 circuit 6006,

{0566]  Whule various details have been set forth in the foregoing description, it will be
appreciated that the various aspects of the serial communication protocol for medical device may
be practiced without these specific details. For example, for conciseness and clarity selected
aspects have been shown in block diagram form rather than in detail. Some portions of the
detailed descriptions provided herein may be presented in terms of imstructions that operate on
data that 1s stored in a computer memory. Such descriptions and representations are used by
those skilled 1o the art to describe and convey the substance of thetr work to others skalled ju the
art. In general, an algorithyo refers to a self-consistent sequence of steps leading to a desired
result, where a “step” refers to a marmipulation of physical quantitics which ay, though need not
necessarily, take the forro of electrical or maguetic signals capable of bemng stored, fransferred,
combined, compared, and otherwise manipulated. It is conmmon usage to refer to these signals as
bits, values, elements, symbols, characters, terms, numbers, or the like. These and similar terms
may be associated with the appropriate physical guantities and are merely convenient labels
applied to these gnantities,

{3567} Unless specifically stated otherwise as apparent from the foregoing discussion, it is
appreciated that, throughout the foregoing description, discussions using terms such as
“processing” or “computing” or “calculating” or “determining” or “displaying” or the like, refer
to the action and processes of a computer system, or similar electronic computing device, that
manipulates and transforms data represented as physical {clectronic) quantitics within the
computer system's registers and memories into other data similarly represented as physical
guantities within the computer system memories or registers or other such information storage,
transmission or display devices.

2% <6

{156 is worthy to note that any reference to “one aspec an aspect,” “one form,” or “an
3368] It thy to note that any reft o f, 1,7 f ‘

form” means that a particular feature, structure, or characteristic described in connection with the
79 Gk

aspect is included in at least one aspect. Thus, appearances of the phrases “in one aspeet,” “in an

aspect,” “in one form,” or “in an form” in various places throughout the specification are not
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necessarily all referring to the same aspect. Furthermore, the particular features, structures or
characteristics may be combined in any suitable manner in one or Mmore aspects.

[0569] Some aspects may be described using the expression “coupled” and “connected” along
with their derivatives. [t should be understood that these terms are not intended as synonyms for
cach other. For example, some aspects may be described using the term “connected” to indicate
that two or more elements are n direct physical or electrical contact with cach other. In another
example, some aspects may be described using the term “coupled” to indicate that two or more
clements are in direct physical or electrical contact. The term “coupled,” however, also may
mean that two or more clements are not in direct contact with cach other, but yet still co-operate
or interact with each other,

[0578] It worthy to note that any reference to “one aspect,” “an aspect,” “one form,” or “an
forma” means that a particular feature, structure, or characteristic deseribed 1o connection with the
aspect is included in at least one aspect. Thus, appearances of the phrases “inone aspeet,” “in an
aspeet,” “in one form,” ot “m an form” in various places throughout the specification are not
necessarily all referring to the same aspect. Furthermoore, the particalar features, structares or
characteristics ruay be combined 1 any suttable manner in one or more aspects.

{85711 Although various forms have been described herein, many modifications, variations,
substitutions, changes, and equivalents to those forms may be implemented and will oceur to
those skilled in the art.  Also, where materials are disclosed for certain components, other
materials may be used. It 1s therefore to be understood that the foregoing description and the
appended claims are intended to cover all such modifications and variations as falling within the
scope of the disclosed forms. The following claims are intended to cover all such modification
and variations.

{8572} In a general sense, those skilled in the art will recognize that the various aspects
deseribed herein which can be implemented, individually and/or collectively, by a wide range of
hardware, software, firmware, or any combination thereof can be viewed as being composed of
various types of “electrical circuitry.” Consequently, as used herein “clectrical circuitry”
includes, but is not limited to, electrical circuttry having at least one discrete electrical cirenit,
electrical circuitry having at least one integrated circutt, electrical circuitry having at least one
application specific integrated circuit, electrical circuitry forming a general purpose computing

device configured by a computer program {e.g., a general purpose computer configured by a
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computer program which at least partially carrics out processes and/or devices described herein,
or a microprocessor configured by a computer program which at least partially carries out
processes and/or devices described herein), electrical circuitry forming a memory device {(e.g.,
forms of random access memory), and/or electrical circuttry forming a communications device
(¢.g., a modem, conununications switch, or optical-electrical equipment). Those having skill in
the art will recognize that the subject matier described herein may be implemented in an analog
or digital fashion or some combination thereof,

{0573} The foregoing detailed description has set forth various forms of the devices and/or
processes via the use of block diagrams, tlowcharts, and/or examples. Insofar as such block
diagrams, flowcharts, and/or examples contain one or more functions and/or operations, it will be
understood by those within the art that each function and/or operation within such block
diagrams, flowcharts, or examples can be implemented, mdividually and/or collectively, by a
wide range of hardware, software, firmware, or virtually any corabination thereof. In one form,
several portions of the subject matter deseribed herein may be implemented via Application
Specific Integrated Cirenits {ASICs), Field Progranmunable Gate Arrays (FPGAs), digital signal
processors (DSPs), or other integrated formats, However, those skalled in the art will recognize
that some aspects of the forms disclosed herein, in whole or in part, can be equivalently
implemented iu integrated circuits, 4s one O MOre computer programs running on one or more
computers {€.g., 48 One OF IMOYS Programs running on one or more computer systems), as one or
HIOTE Programs running on one of MoTe processors {€.g., 48 One OF MOore Programs running on
ORne OF More microprocessors), as firmware, or as virtually any combination thereof, and that
designing the circuitry and/or writing the code for the software and or firmware would be well
within the skill of one of skill in the art in light of this disclosure. In addition, those skilled in the
art will appreciate that the mechanisms of the subject matter described herein are capable of
being distributed as a program product in a varicty of forms, and that an illustrative form of the
subject matter described herein applies regardless of the particular type of signal bearing medinm
used to actually carry out the distribution. Examples of a signal bearing medium include, but are
not limited to, the following: a recordable type medinm such as a floppy disk, a hard disk drive, a
Compact Disc (CD), a Digital Video Disk (DVD), a digital tape, a computer memory, etc; and a

transmission type medium such as a digital and/or an analog comumunication medium {e.g., a
o & fol >
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fiber optic cable, a waveguide, a wired communications link, a wircless communication link
{c.g., transmitter, receiver, transmission logic, reception logic, eic.), etc.},

{0574} Al of the above-mentioned U.S. patents, U.S. patent application publications, U.S.
patent applications, forcign patents, foreign patent apphications, non-patent publications referred
to 1n this specification and/or listed in any Application Data Sheet, or any other disclosure
material are incorporated herein by reference, to the extent not inconsistent herewith. As such,
and to the extent necessary, the disclosure as explicitly set forth herein supersedes any
conflicting material incorporated herein by reference. Any material, or portion thercof, that is
said to be incorporated by reference hercin, but which conflicts with existing definitions,
staternents, or other disclosure material set forth herein will ondy be incorporated to the extent
that no conflict arises between that incorporated material aud the existing disclosure material.
{0575] One skilled in the art will recognize that the heren described components {e.g.,
operations), devices, objeets, and the discussion accompanying them are used as examples for
the sake of conceptual clarity and that various configuration modifications are contemplated.
Consequently, as used herein, the specific exemplars set forth and the accompanying discussion
are intended to be representative of their more general classes. In general, use of any specific
exemplar is intended to be representative of its class, and the non-inclusion of specific
components {e.g., operations), devices, and objects should not be taken limiting.

{8576] With respect to the use of substantially any plural and/or singular terms herein, those
having skill 1o the art can translate from the plural to the singular and/or from the singular to the
plural as is appropriate to the context and/or apphication. The various singular/phiral

permutations are not expressly

sct forth herein for sake of clarity,

{85771 The hercin described subject matter sometimes Hlustrates different components
contained within, or connected with, different other components. It is to be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures may be
implemented which achicve the same functionality. In a conceptual sense, any arrangement of
components to achieve the same functionality is effectively “associated” such that the desired
fumctionality is achieved. Hence, any two components herein combined to achieve a particular
functionality can be secn as “associated with” cach other such that the desired functionality s
achieved, irrespective of architectures or intermedial components. Likewise, any two

components so assoctated can also be viewed as being “operably connected,” or “operably
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coupled,” to each other to achieve the desired functionality, and any two components capable of
being so associated can also be viewed as being “operably couplable,” to each other to achieve
the desired functionality. Specific examples of operably couplable include but are not limited to
physically mateable and/or physically interacting components, and/or wirelessly interactable,
and/or wirelessly imteracting components, and/or logically interacting, and/or logically
mteractable components.

{0578] In some instances, one or more components may be referred to herein as “configured
to.” “configurablc to,” “operable/operative to,” “adapted/adaptable,” “able t0,”
“conformable/conformed to,” cte. Those skilled in the art will recognize that “configured to” can
generally encompass active-state coraponents and/or mactive-~state components and/or standby-
state components, unless context reguires otherwise.

{05797 Whle particular aspects of the present subject matter deseribed herein have been shown
and described, it will be apparent to those skilled in the art that, based upon the teachings herein,
changes and modifications may be made without departing from the subject matter describe
herein and its broader aspects and, therefore, the appended claims are to encompass within their
scope all such changes and modifications as are within the true spirit and scope of the subject
matter deseribed heretn. It will be understood by those within the art that, in general, terms used
herein, and especially in the appended claims (e.g., bodies of the appended claims) are gencrally
intended as “open” terms {e.g., the term “imcluding” should be interpreted as “including but not
limited to,” the term “having” should be juterpreted as “having at least,” the term “includes”
should be mnterpreted as “includes but is not limited to,” ete.}. It will be further understood by
those within the art that if a specific number of an introduced claim recitation is intended, such
an intent will be explicitly recited in the claim, and in the absence of such recitation no such
intent is present. For example, as an aid to understanding, the following appended claims may
contain usage of the introductory phrases “at least one” and “one or more” to introduce claim
recitations, However, the use of such phrases should not be construed to imply that the
mtroduction of a claim recitation by the indefinite articles “a” or “an” limits any particular claim
containing such introduced claim recitation to claims containing only one such recitation, even
when the same claim includes the introductory phrases “one or more” or “at least one” and

indefintte articles such as “a” or “an” {e.g., “a” and/or “an” should typically be interpreted to
5 -
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mean “at least one” or “one or more”); the same holds true for the use of definite articles used to
mtroduce claim recitations,

{0580} In addition, even if a specific nmumber of an mtroduced claim recitation 1s explicitly
recited, those skilled in the art will recognize that such recitation should typically be interpreted
to mean at least the recited number {(¢.g., the bare recitation of “two recitations,” without other
modificrs, typically means at least two recitations, or two or more recitations), Furthermore, in
those nstances where a convention analogous to “at least one of A, B, and C, ctc¢.” is used, in
general such a construction is infended in the sense one having skill in the art would understand
the convention {(¢.g., “a system having at least one of A, B, and C” would include but not be
funited to systerns that have A alone, B alone, C alone, A and B together, A and C together, B
and C together, and/or A, B, and C together, etc.). In those mstances where a convention
analogous to “at least one of A, B, or C, etc.” is used, in general such a construction is mtended
in the sense one having skill in the art would snderstand the convention {e.g., “a systern having
at teast one of A, B, or C” would include but not be timited to systems that have A alone, B
alone, C alone, A and B together, A and C together, B and C together, and/or A, B, and C
together, ete.). It will be further understood by those within the art that typically a disjunctive
word and/or phrase presenting two or more alternative terms, whether in the description, claims,
or drawings, should be understood to contemplate the possibilities of including one of the terms,
either of the terms, or both terms unless context dictates otherwise. For example, the phrase “A
or B” will be typically understood to include the possibilities of “A” or “B” or A and B.”
(00281 With respect to the appended claims, those skilled in the art will appreciate that recited
operations therein may generally be performed in any order. Also, although various operational
flows are presented in a sequence(s), it should be understood that the various operations may be
performed in other orders than those which are ilustrated, or may be performed concurrently.
Examples of such alternate orderings may include overlapping, interleaved, interrupted,
reordered, incremental, preparatory, supplemental, simultancous, reverse, or other variant
orderings, unicss context dictates otherwise. Furthermore, terms like “responsive to,” “related
te,” or other past-tense adjectives are generally not intended to exclude such variants, unless
context dictates otherwise.

{0581} In certain cases, use of a system or method may occur in a territory even if components

are located outside the territory. For example, in a distributed computing context, use of a
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distributed computing system may occur in a territory even though parts of the system may be
located outside of the territory {e.g., relay, server, processor, signal-bearing medium, transmitting
computer, receiving computer, ctc, located outside the territory),

{05821 A sale of a system or method may likewise occur in a territory even if components of
the system or method are located and/or used outside the territory. Further, imnplementation of at
ieast part of a system for performing a method in one territory does not preclude use of the
system in another territory,

{0583] Although various forms have been described herein, many modifications, variations,
substitutions, changes, and equivalents to those forms may be implemented and will occur to
those skilled 1o the art. Also, where matenals are disclosed for certain components, other
materials roay be psed. It is therefore to be understood that the foregoing description and the
appended claims are intended to cover all such modifications and variations as falling within the
scope of the disclosed forms. The following claires are intended to cover all such modification
and variations.

[0584] o summuary, murnerons benefits have been described which resalt from employing the
coneepts described herein, The foregoing description of the one or more forms has been
presented for purposes of Hustration and description. It is not intended to be exhaustive or
limiting to the precise form disclosed. Modifications or variations are possible in light of the
above teachings. The one or more forms were chosen and deseribed in order to iHustrate
principles and practical application to thereby enable one of ordinary skill in the art to utilize the
various forms and with various modifications as are suited to the particular use contemplated. It
is intended that the claims submitted herewith define the overali scope.

{0585] Examples

{31586] In one general aspect, a surgical instrument assembly embodying the principles of the
deseribed forms is configured to permit selective dissection, cutting, coagulation, and clamping
of tissue during surgical procedures. A generator may generate at least one electrical signal,
which may be monitored against a first set of logic conditions. When the first set of logic
conditions is met, a first response of the generator may be triggered.

{0587] In certain forms, ultrasonic impedance of the surgical instrament is monitored. When
the ultrasonic impedance of the surgical instrument exceeds a threshold impedance, a resonant

frequency of the at least one clectrical signal may be stored as a baseline frequency. Also, the
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first response of the generator may be triggered when cither the first set of logic conditions is
met or the resonant frequency of the at least one electrical signal differs from the baseline
frequency by a baseline deviation threshold.

{0588] In certain forms, load events at an end effector of the surgical instruraent may be
monitored. The first response of the generator may be triggered when the first set of logic
conditions is met and a load cvent is detected.

{0589} In accordance with one general form, there is provided a switch assembly for an
ultrasonic surgical instrument that includes a handle housing that is configured to be supported in
one hand. In at least one form, the switch assembly comprises a first switch arrangement that is
operably supported on a forward portion of the handle housing and is selectively movable
relative o at least one first switch covtact. The switch assembly further comprises a second
switch arrangement that may comprise at least one of a right switch button and a left switch
button. The right switch button may be movably supported on a right side of the handie housing
and be selectively movable relative to at least one right switch contact supported by the handle
housing., The left switch button may be movably supported ou a left side of the handle bousing
and be selectively movable relative to at least one left switch contact supported by the handle
housing. The first and second switch arrangements may be configured to be selectively operated
by a single hand supporting the handle housing.

{0580] In accordance with at least one other general form, there is provided an nltrasonic
surgical instrument. In at least one form, the ultrasonic surgical instrument comprises a
generator for generating ultrasonic signals and a handle assembly that inchudes a handle housing
that is configured to be operably supported in one hand. The instrument may further comprise a
switch assembly that includes a first switch arrangement that is operably supported on a forward
portion of the handle housing and is selectively movable relative to at least one first switch
contact that communicates with the generator. The switch assembly may further include a
second switch arrangement that comprises at least one of a right switch button and a left switch
button. The right switch button may be movably supported on a right side of the handle housing
and be selectively movable relative to at least one right switch contact that 1s supported by the
handle housing. The at least one right switch contact may conununicate with the generator. The
icft switch button may be movably supported on a left side of the handle housing and be

selectively movable relative to at least one left switch contact that is supported by the handle
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housing and may operably commumicate with the generator. The first and second switch
arrangements may be configured to be selectively operated by a single hand supporting the
handle housing.

{0591} In accordance with still another general form, there is provided a switch assembly for
an ultrasonic surgical instrument that includes a handle housing that is configured to be
supported in one hand. In at least one form, the switch assernbly comprises a button assembly
that is movably supported by the handle housing for selective axial and pivotal travel relative to a
right switch contact, a central switch contact and a left switch contact such that axial movement
of the button asserbly in a first direction causes the button assembly to actuate the central switch
contact and pivotal movement of the batton assembly in a first pivotal direction causes the button
assembly to actuate the left switch contact and pivotal movement of the button asserobly ina
second pivotal direction causes the button assembly to actuate the right switch contact.

[0592] According to various forms, the connector module may be a modular component that
may be provided as an accessory with the ultrasonic surgical instrument or components thereof
but not attached thereto or may be used to repair, replace, or retrofit ultrasonic surgical
mstruments. In certain forms, however, the connector module may be associated with the handle
assembly or the ultrasonic transducer. In one form, the connector module may comprise an
asserably that may be easily removed and/or replaced by a user. The connector module may also
comprise removable features allowing the user to, for example, remove and/or replace rotation
couplings, switch conductors, or Hinks. Accordingly, in certain forms, one or more connector
modules may be mcluded in a kit. The kit may comprise various rotation couplings configured
for adaptable use with onc or more ultrasenic transducers or hand pieces. The kit may include
connector modules, rotation couplings, or housings comprising various configurations of user
interfaces that may require one, two, or more conductive paths.

{8593]  In onc aspect, the present disclosure is directed to an ultrasenic surgical imstrument.

The uitrasonic instrument may comprise an end effector, a waveguide extending proximally from
the end effector along a longitudinal axis, and a connector module for receiving an ultrasonic
hand picce. The connector module may comprise a housing defining a spindle extending along
the longitudinal axis, a coupling positioned on the spindle and rotatable relative to the housing, a
tirst conductor mechanically coupled to the housing and extending at least partially around the

iongitudinal axis, and a first link rotatable about the longitudinal axis relative to the first
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conductor between a first position and a second position. The first link may comprise a first
contact positioned to electrically contact the first conductor when the first link is in the first
posttion and the second position and a second contact electrically coupled to the first contact and
positioned to clectrically contact the ultrasonic hand piece when the first link s in the first
posttion and the second position,

{8594] In onc aspect, the first and second conductors cach comprise a conductive lead
configured to electrically couple to a user interface configured for receiving power control
signals from a user. The ultrasonic hand picce may be adapted to clectrically coupic to a
generator and rotationally couple to the first and second links when recetved by the connector
module. The connector module may be configured to electrically couple the user 1nterface
civcutt and the generator via the ultrasonic hand piece when the first and second links are o
respective first and second positions. In one aspect, the user interface comprises a toggle swilch
operatively coupled to a handle assembly and the connector module 1s secured to the handie
asserably. The ultrasonic hand piece may be rotatable relative to the handle assembly when
recetved by the connector moduole, In one aspect, the housing electrically tsolates the first and
second conductors with respect o each other,

{#595] Vartous aspects of the subject matter described herein are divected to an apparatus,
comprising a circuit configured to transmit a signal as a serial protocol over a pair of electrical
conduactors. The serial protocol may be defined as a series of pulses distributed over at least one
transmission frame. At least one pulse in the transmission frame 1s stimultaneously encoded by
moduolating an amplitude of the pulse to represent ove of two fivst logic states and modulating a
width of the pulse to represent one of two second logic states.

{0596] Various aspects of the subject matter described herein are directed to an instrument,
comprising a circuit configured to transmit a signal as a serial protocol over a pair of electrical
conductors. The serial protocol may be defined as a series of pulses distributed over at least one
transmission frame, At least one pulse in the transnussion frame may be simultancously encoded
by modulating an amplitude of the pulse to represent one of two first logic states and modulating
a width of the pulsc to represent one of two sccond logic states. The instrument may also
comprise an output device coupled to an output of the circuit; and an input device coupled to an

mput of the circuit,
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{3597}  Various aspects of the subject matter described herein are directed to a generator,
comprising a conditioning circuit configured to communicate to an instrument over a two wire
mterface. The generator may comprises a control circuit configured to transmit g signal as a
serial protocol over a pair of electrical conductors. The serial protocol may be defined as a series
of pulses distributed over at least one transnussion frame, At least one pulse in the transmission
frame 15 simultancously encoded by modulating an armoplitude of the pulse to represent one of
two first logic states and modulating a width of the pulse to represent one of two second logic
states. The generator may also comprise an energy circuit configured to drive the mstrument.
[0598] Various aspects are directed to methods of driving an end effector coupled to an
ultrasonic drive system of an ultrasonic surgical mstrument. A trigger signal may be received.
In response to the trigger signal, a first drive signal may be provided to the vltrasonic drive
systern to drive the end effector at a first power level. The first drive signal roay be mamntaied
for a first period. At the end of the first period a second drive signal may be provided to the
wltrasonic drive system to drive the end effector at a second power level less than the first power
level,

{3599} In another aspect, after recetving a trigger signal, a surgical system generates feedback
indicating that the ultrasonic surgical instrument is activated while maintaining the ultrasonic
mstrument in a deactivated state. At an end of the threshold time period, the ultvasonic surgical
instrument is activated by providing a drive signal to the ultrasonic drive system to drive the end
etfector.

{0608]  In another aspect, the ultrasonic surgical instrament is activated by generating a drive
signal provided to the ultrasonic drive system to drive the end effector. A plurality of input
variables may be applied to a multi-variable model to generate a multi-variable model output,
where the multi-variable model output corresponds to an effect of the ultrasonic instrument on
tissue. The plurality of input variables may comprise at least one variable describing the drive
signal and at least one variable describing a property of the uitrasonic surgical instrument. When
the multi-variable model output reaches a threshold value, feedback may be generated indicating
a corresponding state of at least one of the ultrasonic surgical instrument and tissue acted upon
by the ultrasonic surgical instrument,

{06081} In another aspect, in response to a trigger signal, a first drive signal at a first power

ievel is provided to the ultrasonic drive system to drive the end effector. The first drive signal is
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maintained at the first level for a first period. A second drive signal is provided to the ultrasonic
drive system to drive the end effector at a second power level less than the first power level. A
plurality of input variables may be applied to a multi-variable model to generate a multi-variabic
model output. The mmilti-variable model output may correspond to an effect of the ultrasonic
mstrument on tissue, and the plurality of variables may comprise at least one variable describing
the drive signal and at least onc variable describing a property of the ultrasonic surgical
mstrument.  After the multi-variable model output exceeds a threshold value for a threshold time
period, a first response may be triggered.

18662} While several forms have been illustrated and described, it 1s not the intention of the
applicant to restrict or lunit the scope of the appended clavms to such detail. Nomerous
variations, changes, and substitutions will occur to those skilled m the art without departing from
the scope of the mvention. Moreover, the stracture of each element associated with the
deseribed forms can be aliernatively described as a means for providing the function performed
by the element. Accordingly, it is jntended that the described forms be limited only by the scope
of the appended claims.

[0603] Reference throughout the specification to “various forms,” “some forms,” “one form,”
or “an form” means that a particular feature, structure, or characteristic described in connection

with the form is included in at least one form. Thus, appearances of the phrases “in various

v
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forms,” “in some forms,” “in one form,” or “in an form” in places throughout the specification
are not necessarily all referring to the same form. Furthermore, the particular features,
structures, or characteristics may be combined in any suitable manner in one or more forms.
Thus, the particuiar features, structures, or characteristics iHlustrated or described in connection
with one form may be combined, in whole or in part, with the features structures, or

characteristics of one or more other forms without Limitation.
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CLAIMS
We claim:
1. A method of driving an end effector coupled to an ultrasonic drive system of an

ultrasonic surgical instrument, the method comprising:

receiving a trigger signal;

in response to the trigger signal, providing a first drive signal to the ultrasonic drive
system to drive the end effector at a first power level;

maintaining the first drive signal for a first period;

at an end of the first period, providing a second drive signal to the ultrasonic drive system
to drive the end effector at a second power level less than the first power level;

after modifying the drive signal to the second power level, deactivating the ultrasonic
surgical instrument;

after deactivating the ultrasonic surgical instrument, receiving a second trigger signal;

determining whether a rest time has passed since the deactivating of the ultrasonic
surgical instrument; and

if the rest time has not passed, re-activating the ultrasonic surgical instrument by

generating a third drive signal at a power level less than the first power level.

2. The method of claim 1, wherein the power level less than the first power level is

the second power level.
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