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DESCRI PTI ON OF RELATED ART

Relation To Previously Filed Applications:

The present application is a continuation-in-part
Application of U.S. Patent Application entitled *“A
Method and Apparatus For Performing Minimally
Invasive Cardiac Procedures”, which received serial
"number 08/603,543 and which was filed on February 20,
1996, and which is presently pending and is incorporated
herein by reference.

1. FIELD OF THE INVENTION

The present invention relates to a system and
method for performlng mlnlmally invasive cardiac
procedures. More particularly, the present invention
relates to a robotic system and surgical instruments
that may be removably attached thereto, wherein said
system aids in performing minimally invasive surgical
procedures.

2. DESCRIPTION OF RELATED ART

Blockage of a coronary artery may deprive the heart
of the blood and oxygen required to sustain life. The
blockage may be removed with medication or by an
angioplasty. For severe blockage a coronary artery
bypass gfaft (CABG) is performed to bypass the blocked
area of the artery. CABG procedures are typically
performed by splitting the sternum and pulling open the
chest cavity to provide access to the heart. An '
incision is made in the artery adjacent to the blocked
area. The internal mammary artery (IMA) is then severed
and attached to the artery at the point of incision.



Bl ockage of a coronary artery may deprive the heart of the bl ood and
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sternum and pul I'ing open the chest cavity to provide access to the
heart. An incision is made in the artery adjacent to the bl ocked
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Additionally, hheeskiand¥ twe pakth¥nBaveManipulating such instruments
can be awkward, particularly when suturing a graft to a
artery. It has been found that a high level of
dexterity is required to accurately control the
instruments. Additionally, human hands typically have
at least a minimal amount of tremor. The tremor further
increases the difficulty of performing mlnlmally
invasive cardiac procedures. _

To perform MIS, the surgeon uses special
instruments. These instruments allow the surgeon to
maneuver inside the patient. One type of instrument
that is used in minimally invasive éurgery is forceps,
an instrument having a tip specifically configured to
grasp objects, such as needles. Because forceps and
other instruments designed for minimally invasive
surgery are generally long and rigid, they fail to
provide a surgeon the dexterity and precision necessary
to éfféc;ively carry-out many procedures in a minimally
invasive fashion. For example, conventional MIS forceps
are not well suited for manipulating a needle during a
minimally invasiwve procedure, such as during endoscopy.
Therefore, many MIS procedures that might be performed,
have, as of yet, not been accomplished.

In eséence, during open surgeries, the tips of the
various instruments may be positioned with six degrees
of freedom. However, by inserting an instrument through
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To performMS, the surgeon uses speci al i nstrunments. These instrunents
al l ow the surgeon to maneuver inside the patient. One type of

I nstrument that .is used in mninmally invasive surgery is forceps,
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lacking in MS Hhasaramenite afet inmeetrtain positions. As a result,
surgeries that require a great deal of suturing within
the surgical site are almost impossible to perform
because the surgical instruments to enable much of this
work are not available.

Another problem associated with MIS is the lack of
precision within the surgical site. For procedures such
as the MICABG (Minimally Invasive Coronary Artery Bypass
Graft), extremely small sutures must be emplaced in
various locations proximate the heart. As such, precise
motion of the tool at the tip of a surgical instrument
is necessary. Currently, with hand positioned
ins;ruments, the precision necessary for such suturing
is lacking.

As such, what is needed in the art is a tool and
class of surgical instruments that may be articulated
within the patient such that a surgeon has additional
degrees of freedom available to more dexterously and
precisely position the tool at the t1p of the
instrument, as is needed.

Additionally, what is needed in the art is a method
and mechanism that provides simple instrument and tool

~ changing capabilities so that various tools may be
easily and readily replaced to enable faster procedures
to thus minimize operating room costs to the patient and
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robotic arm as well and as is hereinbelow disclosed.

The instruments have end effectors that can be

manipulated to sever, hold, cauterize and suture tissue.
| The robotic arms are coupled to a pair of master handles
by a controller. The handles can be moved by the
sﬁrgeon to produce a corresponding movement of the end
effectors. The movement of the handles is scaled so
that the end effectors have a corresponding movement
that is different, typically smaller, than the movement
performed by the hands of the surgeon. This helps in
removing any tremor the surgeon migﬁt have in their
hands. The scale factor is adjustable so that the
surgeon can control the resolution of the end effector
movement. The movement of the end effector can be
controlled by an input button, so that the end effector
only moves when the button is depressed or toggled by
the surgeon. The input button allows the surgeon to
adjust .the position of the handles without moving the
end effector, so that the handles can be moved to a more
comfortable position. The system may also have a |
robotically controlled endoscope which allows the
surgeon to remotely view the surgical site. A cardiac
proéedure can be performed by making small incisions in
the patient's skin and inserting the instruments and
endoscope into the patient. The surgeon manipulates the
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The present invention is a systemfor perfo n1ng m nimal ly invasive
cardi ac procedures. The system includes a pair or nore of surgical
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view the surgical site. dbedure can be perfornmed by meking
small incisions in a coupler that attached to the arm;

a surgical instrument that is held by the
coupler; '

a controller; and

wherein movement at the controller produces a
proportional movement of the robotic arm and suréical
instrument.

The present invention may include a surgical
instrument that has an elongated rod. The elongated rod
has a longitudinal axis and generally serves as .the arm
of the endoscopic instrument. An articulate portion is

mounted to and extends beyond the elongated rod.
Alternatively, the articulate portion may be integrally
formed with the elongated rod. The articulate portion
has a proximal portion, a pivot linkage and a distal
portion. The proximal portion may include a pair of
fingers. The fingers may be orthogonal to each other
and oriented radially to the longitudinal axis of the

- elongated rod. For use in surgical procedures, it is
generally preferable that the instrument and the
majority of the components therein are formed of
stainless steel, plastic, or some other easily
steralizable material. Each of the fingers may have at
least one aperture formed therein to allow the passage



the patient's skin and inserting the instruments and endoscope into the
nt. Theoswesyon mani pul ates the WO 97/ 29690 PCTIUSY7/02628
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An instrument such as that disclosed hereinbelow,
when used in conjunction with the present surgical
system, provides the surgeon additional dexterity,
precision, and flexibility not yet achieved in minimally
invasive surgical procedures. As such, operation times
may be shortened and patient trauma greatly reduced.

To provide increased precision in positioning the
articulated tip as disclosed hereinbelow, there is
provided two additional degrees of freedom to the master
controller. Each of the two additional degrees of
freedom are mapped to each of the degrees of freedom at
the instrument tip. This is accomplished through the
addition of two joints on the master and automatic means
for articulating the instrument tip in response to
movements made at the master.

The objects and advantages of the present invention
will become more readily apparent to those ordinarily
skilled in the art after reviewing the following
detailed description and drawings wherein:

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a pe;épective view of a minimally
invasive surgicél'system in accordance with the present -
invention;
Figure 2 is a schematic of a master of the system;
Figure 3 is a schematic of a slave of the system;
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Alternatively, the articulate portion may be integrally formed with the
el ongat ed | awip 9/es9ar ti cul ate portion has a proxi mal portisrnssiners

| i nkage and a di st al portion. The proxinmal portion may include a pair
of fingers. The fingers may be orthogdﬁ&l to each ot her and
oriented radially to the I ongitudinal axis of the el ongated rod. For
use in surgical procedures, it is generally preferable that the
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al | ow t he passag@Stem: WD 97/ 29690

PCT/ US97/ 02628 Figure 5 is a schematic shewing the imdtxumemt wnché
aids in the attachnent of t | vot | i nkage to the proxinmal portion of
the articulate °°é%§#?$§ﬁlaﬁﬁ£%hich al l ows the pivot |inkage to be
pivotal |y mounted to Fhaupeoki halapehematiqghef theginstxyment peeving

provides articul gidon Atpidvee tppi;  an instrument that includes the
articulate portion. RMre particularLgag hi s provi des additional degrees

of freedom for thELgBEE At 1%haN{EFP YHEY QfeRt endteffector| Haes
an articul ate pdderdance with tite $sdtemedt sShiehppésématimiretd Qsed
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flexibility not ymtacedrdandeiwitph ithelpyesent | ipvenvionur gi cal procedures.
As such, operation tigRgyre 8a is a side view of the master handle of
the system in accordance with the present invention;
Figures 9-10A-J are illustrations showing an
internal mammary artery being grafted to a coronary
artery; |
Figure 11 is a side view of a rear-loading tool
driver in accordance with the system of the present
invention; :
Figure 12 is a plan view of the motor assembly of
the back loading tool driver of Fig. 11;
Figure 13 is a side plan view of an articulable
instrument in accordance with the present invention;
Figure 14 is a side plan view of an articulable
instrument, where the instrument tip is articulated;
 Figure 15 is an exploded view of the articulable
portion of the articulable instrument in accordance with
the present invention;
' Figure 16 is a plan view of a pivot linkage in’
accordance with the articulate portion of the
articulable surgical instrument of the present
invention;
Figure 17 is a perspective view of an articulating
tool driving assembly in accordance with the present
-invention;
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is a schemati erghelatdrt bE ithet present Anwentiongoordi nate frane;

Figure 21 is a close-up cross section view of the
articulate-translator in accordance with the present
invention;

Figﬁre 22 is an end view of the articulate
translator in accordance with the present invention;

Figure 23 is a cross-sectional view of the sterile
section of the'articulating tool driving assembly in
accordance with the system of the present invention;

- Figure 24 is a cross sectional view of the tool
driver of the articulating tool driving assemblyfin
accordance with the system of the present invention;

Figure 25 is an schematic of a master of a system
'in accordance with the present invention that includes
the articulating tool driving assembiy;

Figure 26 is a plan view of a drape for use with
the robotic arm in accordance with the present
invention; '

Figure 27 is a plan view of a surgical instrument
having a stapling tool disposed at the end thereof and
wherein the surgical instrument is attached to the
robotic arm in accordance with the present invention;

Figuré 28 is a plan view of a surgical instrument
having a cutting blade disposed at the end thereof
wherein the instrument is attached to the robotic arm in
accordance with.the present invention;

Figure 29 is a plan view of a surgical instrument
having a coagulating/cutting device disposed at the end




Figure 6 is a schematic of the instrument noving about a pivot point;
Figute 7 i WVRATRIIoded view of an end effector in accor PEIES9IM2628 t he
system of the present invention; _oFigure 8 is a view of a naster
handl e of the system i n accordance mﬁt% t he present invention

Figure 8a is a side view of the nmaster handl e of the systemin
accordance with the present invention; Figures 9-10A-J are
illustrations show ng an ‘internal manmary artery being grafted to a
coronary theregf, the instrumémtratydchedateiaerobhemiofaxm in
rear-1loading t rd ' C L Lhs Lhe tem of the present
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i's an expl oded xokordé ahm intacodbudimce withpthéi presént hinvent tothabl e
instrunment in accordance with t he present invention;

Figure 16 is a plan view of -a pivot linkage in
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méra parepeqih¥eyvhgw of an

= b bt R

theFagEwends

pr esent i nventR@Berring to
articulating tool driving assenbl n_accordance with the present
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PCT/ US97/ 02623 be used to perform minimally inv@sive surgery. 1In a
preferred embodiment, the system 10 may be used to
perform a minimally invasive coronary artery bypass
graft, or Endoscopic coronary artery bypass graft (E-
CABG) and other anastomostic procedures. Although a MI-
CABG procedure is shown and described, it is to be
understood that the system may be used for other
surgical procedures. . For example, the system can be
used to suture any pair of vessels.

The system 10 is used to perform a procedure on a
patient 12 that is typically lying on an operating table
14. Mounted to the operating table 14 is a first
articulate arm 16, a second articulate arm 18 and a
third articulate arm 20. The articulate arms 16;20 are
preferably mounted to the table so that the-arms are at
a same reference plane as the patient. It is to be

_appreciated that the arms may be mounted to a cart or
some other device that places the arms proximate the
plane of the patient as well. Although three articulate
arms are shown and described, it is to be understood
that the system may have any number of arms, such as one
Or more arms.

The first and second articulate arms 16 and 18 each
have a base housing 25 and a robotic arm assembly 26
extending from the base housing 25. Surgical instruments
22 and 24 are preferably removably coupled at the end of
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a tjool-tip receptacle in accordance with the present invention;

Figure 20 is a cross-sectional view of amt®= articul abl e instrument
atfached to the articul ate- transl ator of the present invention;

Fifgure 21 is a close-up cross section view of the articul ate-transl ator
i p accordance with the present i nventi on; Figure 22 is an end
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Figure 28 is aazpn assnr@w:@s 26 1afieagh |Ql%tfr11mmthUI&m/|a@sa Lfut tlighg

bl ade di sposeqy é&%ﬁ@%&ﬁ@aﬂmny vmiﬂ&t h%ﬁé}éfm%ré isS o ehed to

the robotic armin accqrdance W th resent_ | nvention:
Figure 29 i s SHRRAFIARR Jihat &hgicent 3r9ﬁ§f LiRmtof the third

articulate arm 20, may be different as the purpose of
the third articulate arm is to hold and position the
endoscope 28 as opposed to hold and position a surgical
instrument.

The instruments 22 and 24, and endoscopé 28 are
inserted through incisions cut into the skin of the
patient 12. The endoscope 28 has a camera 30 that is
coupled to a monitor 32 which displays.images of the
internal organs of the patient 12.

Each robotic arm assembly 26 hés a base motor 34
which moves the arm aséembly 26 in a linear fashion,
relative to the base housing 25, as indicated by arrows
Q. Each robotic arm assembly 26 also includes a first
rotary motor 36 and a second rotary motor 38. Each of
‘the robotic arm assemblies 26 also have a pair of
passive joints 40 and 42. The passive joints 40, 42 are
preferably disposed orthogonal to each other to provide
pivotél movement of the instrument 22, 24 or endoscope
28 that is attached to a corresponding robotic arm
assembly 26. The passive joints may be spring biased in
any specific direction, however, they are not motor
driven. The robotic arm assemblies 26 also have a
coupling mechanism 45 to couple the instruments 22 and
24, or endoscope 28 thereto. Additionally, each of the




havi ng a coagul ati ng/cutting device disposed at the end WO 97/ 29690
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i nstrunment attached to-a robotic armin accordance with the present

i nvention; and Figure 30 is a pl 2 Vview of a sur gi cal instrunent
having a stapling tool disposed at the end thereof and wherei n'the
surgical instrunent is attached to the. ~ robotic armin accordance with
the present invention. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

Referring to theghotidgamssaadliar!| 28 [Hadia motor hrErRNC oThTiR:

Figure 1 shows ystemlOth can ﬁ e erformmni IIy '
I nvasi ve surger 45 p}'&iﬁ #@ %itoﬁpeﬂ?gorg ny be used

to performaa:traaheﬂal&l;enemasahcam:armdrqngmrmm:;ndlymes Morwgr aft, or

Egggfg(r)rgistcl goi)?gﬂrﬁ:ur dﬂ%‘? g‘%in%ﬁli dﬁveh@é%gaced{}%e 'S g‘nown and

descri bed, it isinsFpaments %(ﬁ?‘l‘?ﬁﬁﬂ?%-hat the system may be used for

ot[ler surgi cal pmseﬁwgﬁ, f@foxﬁ,af’&h& tﬁfﬁi%ﬁﬁfﬂl&ﬁé lt:&.'rns 1f6 used to
suture any pair of Vv m S,us 0 per
procedure on a A, %@t?@%tcﬂ"?]t%tt?sat?&ﬂ%ﬁ‘?ﬁfﬁ' y4iéh ’?igi

t abl e 14. Mhatmovémenthcobpehatams & dhlec alhs are t:loluptled to ahbl cul ate

articulate arns ; ] X
transmitter/receiver system such that control signals

may be passed form the controller 46 to each of the
articulate arms 16, 18, and 20. It is preferable, to

arm 16, a Seco“%@%&%gﬁ%é‘rﬂé%ﬂ%& cablﬂB,r dotar\;iiaug ate arm 20. The

ensure error free communication between each of the
articulate arms 16, 18 and 20 and the controller 46 that
each arm 16, 18, 20 be electrically connected to the
controller, and for the pufposes of example, each arm
16, 18, 20 is electrically connected to the controller
46 via electrical cabling 47. However, it is possible
to control each of the arm 16, 18, 20 remotely utilizing
well-known remote control systems as opposed to direct
electrical connections. As such remote control systems
are well-known in the art, they will not be further
discussed herein.

The controller 46 is connected to an input device
48 such as a foot pedal, hand conﬁroller. or voice
recognition unit. For purposes of example, a foot
controller is disclosed herein. The input device 48 can
be operated by a surgeon to move the location of the
endoscope 28 and view a different portion of the patient
by depressing a.corresponding button(s) disposed on the
input device 48. The controller 46 receives the input
signals from the input device 48 and moves the endoscope
28 and robotic arm assembly 26 of the third articulate
arm 20 in accordance with the input commands of the
surgeon. Each of the robotic arm assemblies 26 may be
devices that are sold by the assignee of the present



prefferably nounted to the table so that the arns are at a sane

rence pbomeeess the patient. It is to be appr eci at ede¢tresonoaezsar ns.-
mayl be nounted to a cart or " sone other device that places the arns

pr ¢xi mate the pl ane of the patient ad2nel | . Although three articul ate
are shown and described, it is to be understood that the system
y have any nunber of arnms, such as one or nore arns. The
frst and second articulate arns 16 and 18 each have a base housing 25

d a rlobotlc ﬁ%m'doﬁ&ater M@&&@dln?cfr%fné&@@m:ml%aﬁ Ch
ur gi cal InStIUNENLS o ¢ rddentik eSS, P RIS 8L Ve YD RELY gg;qp tLhe
-10- eacin rtmm)t | Patent ahsndat VS 251 9f 4182 which indchasston

farticul ate ar o] tru e, coupled to
"a correspondin % %&%tgscggsgseen%feﬁgg %u%ir?e oorbfp?%ﬁ %% I ch
wi || be di scusshewn mand de$¢tmbe@eta¢Ilﬁetelhmemnderstood thathethéni r d

articul ate ar ng20r &l dhdyr 0NN YorREP! 11958t medndasCANUS | NGy and a robotic
arm assenbl y 2 an refer%bl hé?sgn %%do scope 28 tkwugﬁg attached to

t he r obot i CHRYF |9r2%.s R LRCRGRLT HYR 25 LRIE RS0t i ¢ arm
assenblies 26 of eaTheohotémentt andl pbeivlioRing, of8instraméntd 22? 24

cont1 gurat1 on SrEIeRee 1 BNE" sttt FadCediaps APRESHA € e A e e
pur pose of 18eis htontnolledl by ea asurgeon oatioa dpaind epbsnaster t he
endoscope 28 a35,08POSeEot nd %S . aNEaPRSLE! PHe mIYESE Gindles 50, 52
which can be manipulated by the surgeon, has a master-
slave relationship with a corresponding one of the
articulate arms 16, 18 so that movement of a handle 50
or 52 produces a corresponding movement of the surgical
instrument 22, 24 attached to the articulate arm 16, 18.
The handles 50 -and 52 may be mounted to a portable
cabinet 54. A second television monitor 56 may be
_placed onto the cabinet 54 and coupled to the endoscope
28 via well-known means so that the surgeon can readily
view the internal organs of the patient 12. The handles
50 and 52 are also coupled to the controller 46. The
controller 46 receives input signals from the handles 50
and 52, computes a corresponding movement of the
‘'surgical instruments, and provides output signals to
move the robotic arm assemblies 26 and instruments 22,
24. Because the surgeon may control the movement and
orientation of the instruments 22, 24 without actually
holding the ends of the instruments, the surgeon may use
the system 10 of the present invention both seated or
standing. One advantage of the present system is that a
surgeon may perform endoscopic surgeries in a sitting
position. This helps reduce surgeon fatigue and may
improve performance and outcomes in the operating room,
espec1ally during those procedures that are many hours
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I nstrument . The ‘instrunents 22 and 24, and endoscope 28 are

~inserted {IwWoagRedmci si ons cut into the skin of the pat i ereci/Rsy7idz628

endoscope 28 has a camera 30 that is coupled to a nonitor 32 which

di spl ays i mages of the internal organs ol the patient 12. Each

robotic armassenbly 26 has a base notor 34 whi ch noves the arm

assenbly 26 in a |inear fashion, relative to the base housing 25, as

i ndi cated by arrows Q Each robotic armassenbly 26 al so includes a.

first r ot ariya rn}ztnytIBG fmsiamﬁhﬁ@t&raeaﬁﬁ@rpoﬁti&gh_aokhajg tﬂ'vs ”

robotic arm assenbl.i es 26 air passive joints an :

The passive Jofrfﬁsbzﬁ) &vzacieeé)wﬂ:\f'b tz}eorsé’tﬁtggrﬁl sposed orthogonal to each

other to provide Extlvdiadhe e muldfiple degrieesfi 2%eeddin or end(ﬁscope

28 that is att rJ 6 The
ééh A g:&».{hg FAMd T B , AR e% ot

passi ve joi nts nay r|ng |ase any specif however,

they are not mﬁn(gure 2 dr i TRt sTHENY GRS 02 3 1es dhis inandle Alosgarale a

coupl i ng mechanipsdatda i v Peidthein gl l&&mrﬁet%@nd Joint2hm3PlalarARscope
28 thereto. Additional Ié/dn each of WO 97/

PCT/ US97/ 02628 he surg to move tq'le handle ll’ﬁ_t:f) and0 out l‘bfb&mec arm
assenblies 26 haﬁamemtiﬂ ih i v e nesErmngemer . mnwmaﬂadm;a Uhaastrument

22, 24 or endo L8 Bhdite | 0
Mbr e parti cul ar y t eré;)réoét%&r 3 riven t%olrom gear aIp]:f%r‘#t Q% lﬁ(yﬁzﬂd]’[ Minent s
or endoscope. axis of handke. scthad ogid Jmfi ral kaws culsingeamtals,

open and close a gripper.

Each joint Jml-Jm5 has_one or more position sensors
which provides feedback signals that correspond to the
relative position of the handle. The position sensors
may be potentiometers, or any 6thér feedback device such
as rotary optical encoders that provides an electrical
signal which corresponds to a change of position.
Additionally, a plurality of position sensors mai be
emplaced at each joint to provide redundancy in the
~system which can be used to alert a surgeon of °
malfunctions or improper positioning of a corresponding
robotic arm assembly 26. )

In addition to position sensors, each joint may
include tachometers, accelerometérs, and force -sensing
load cells, each of which may provide electrical signals
relating to velocity, acceleration and force being
applied at a respective joint. Additionally, actuators
may be included at each joint to reflect force feed back
received at a robotic arm assembly 26. This may be
especially helpful at joint jm5 to indicate the force
encountered inside a patient by the gripper disposed at
the end of one of the tools 22, or 24. Aas such, a force
reflective element must be included at the gripper of
the instrument 22, 24 to effectuate such a force
reflective feedback loop. Force reflective elements,
such as a piezoelectric element in combination with a



O are coupled to a controller 46 which can control t he novenent of

18,

thefarns. Gweymese are coupled to the controll er 46 vi apgiriiso®02623
cabfing, or via a transmtter/receiver systemsuch that control signals
nmay be passed formthe controller 46 to ddch of the articulate arns 16,
18f and 20. It is preferable, to - ensure error free comuni cation

bgt ween each of the articulate arns 16, 18 and 20 and the controller 46

each arm 16, 18, 20 be electrically connected to the

ntroller, agfdhan 6&3&%@%&%&&&%% S3CRHY e, HBweblr,29ti S

Iectrlcally connected to the controller ._ . 46 via electrical cabI|ng 47.
wever, it i 4+5poey fleretofaqre ke (’J'-I° é‘&éﬁ-lt?ﬁ e iRree reglegtirBnot el v
utilizing with sSutdiva rL8tletn @ONtrol systens as opposed to direct

el ectri cal connect| NS ch.r te_cantrol st ens are well - known
TR the art. Cohey it ibng 3 ik T ViR aetipai s fretddn'Sr T Thy
control | er 46 eashc @utdcheldte aa:rm ilifp@nddé\si.ce The jofi&tsudlslasJaZf anfl pedal ,
nand control| §e3 Qo2iidind to WEROUNEY OF HivemeHt JBUERESERSE! nBYREP! 0
In ut e

f oot controll |s I scl ose erein. vi ce
operated by a’éjrag%rfctt@%\?@tt‘?’{@ I3c§oat3|30r9foﬁ'-h9n€°b°tlceﬁé'§*scope 28 and

view a differ erisdndlice 28, tri“e%pm:tmexatly THYY ﬂﬂﬁft%ssemgaadcgelsesmndl ng

Plﬁtton(s% di sposed on t‘?%ﬁnc{l}% dg\éi?ciggﬁig Thedﬁrg\% %lt:rr [a %g_g\éecel ves
e inpu e cope

28 and roboti éZGar m’.l%l'mse'rd:ﬂr;t 6 ofmayhdoet la mebtaot IWhJJGiI gotatesathe20 in

accordance w qﬁ?éqm%{gg
robotic arm agshr%l I es eS/’"ll‘lceeslo a are so:;g&% 8%he assi gnee

of the pr esentinstrungptoy/ mGjouxt Js7 may be a pair of flngers that
PCT/ US97/ 0262%an open and close. The instrumehts 22 and 24 move

about a pivot point P located at the incision of the
patient.

Figure 4 shows a schematic of a control system that
translates a movement of a master handle into a
corresponding movement of a surgical instrument,_ In
accordance with the control system shown in Fig. 4, the
controller 46 computes output signale for the articulate
arms so that the surgical instrument moves in
conjunction with the movement of the handle. Each
handle may have an input button 58 which enables the
instrument to move with the handle. When the input
button 58 is depressed the surgical instrument follows
the movement of the handle. When the button 58 is
released the instrument does not track the movement of
the handle. 1In thls manner the surgeon can adjust or
*ratchet” the position of the handle without creating a
corresponding undesirable movement of the instrument.
The *“ratchet® feature allows the surgeon to continuously
move the handles to more desirable positions without ‘
altering the positions of the arms. Additionally,
because the handles are constrained by a pivot point the
ratchet feature allows the surgeon to move the
instruments beyond the dimensional limitations of the




I nvention, Conputer Mtion, Inc. of Goleta, California, under the
trademar k Axefdlnoddte systemis al so described in US. Pateppr

5,515, 478,” which is hereby incorporated by reference. Although a foot
pedal 49 is shown and described, it is-18-be understood that the

system may have ot her input neans such as a hand controller, or a speech
recognition interface. The novenent and positioning of instrunents
22, 24 attached to the first and second articulate arns 16 and 18

Is controlled bﬂa@?ﬁ&égeoﬂl@ﬁo@gﬂaéﬁ fﬁp@@seeﬁcon 5@39Q|§ﬁm59aﬁﬂﬂ 52. Each

of the master , & n& ul at ed t he surgeon,
has a naster- deSEFbPSdreF5t+%n§ﬂrBewﬁ? 95558? ekhahdrg %Hﬁgsﬁa%he

articul ate arnsigétrdfefi® hAft bavaevtvated hyhaﬁﬁée ﬁ@ans s@th 5&¥s proilsees a

correspondi ng novenent . of theTﬁurgﬁﬁq% b |nstru 22 24 tt.ached to
the articul at e BFRPIRIEEEN € HSBaPe@a%o ?f Frounted to
a portable tatchedl §4. thatemovenent eof sthe qonresmoﬁdnmgylmﬁtrumemtaced

onto the cabine oéélégdb&EHBEﬁdaégl%Qeaﬁ&dQESQEEKg ?%ggr%%ﬁeorga:5@9

means so that t irgeon can rea Vi ew i ns of the
patient 12. ThelﬁaﬁGP§§Ssed by the §2r§?€nalso coupled to the controller

46d gge C?ntr0||Wheﬁﬁth%CQU¥géohnﬁdb$§|?nhhﬁdﬁéoﬁthéepBQPthﬁt50 t

an CcO utes a corres n 0 ca Il NStru nts,
and provrdgg ouBplEe §Fgﬁ§ 88 geggﬁﬁgg ?ﬁ%nPEBoprEMarﬁ$%és%ﬁﬁf?%§°a and

i nstrunments 22, to th24moemant eof htheuj génhsndml edmb orespectivelent and
orientation. of ps bgﬁ&&&ﬁﬁe&5482coﬁ§uweéheﬂé éﬁkfékéxci bega%gﬁ Lhe ends

of the instrunen e sur resent
i nvention both Bewt bangie POSéFAQﬁr Agd the aawaheaéehendlﬁepe$e§een i9stem

is that a subﬂpaaa&awnpbnbeknsendesgeﬁeea&urgﬁ&reﬁenﬂaa posit i6n
position. This he &g urgeon fatigue and may | nprove performance
and outcones in ? 8pe S room

The incremental position values _Ml- _MS are
multiplied by scale factors S1-85, respectlvely in block
62. The scale factors are typically set at less than
one so that the movement of the instrument is less than
the movement of the handle. In this manner the surgeon
can produce very fine movements of the instruments with
relatively coarse movements of the handles. The scale
factors S1-S5 are variable so that the surgeon can vary
the resolution of instrument movement. Each scale
factor is preferably individually variable so that the
surgeon can more finely control the instrument in
certain directions. By way of example, by setting one
of the scale factors at zero the surgeon can prevent the
instrument from moving in one direction. This may be
advantageous if the surgeon does not want the surgical
instrument to contact an organ or certain tissue located
in a certain direction relative to the paﬁient.

Although scale factors smaller than a unit one are
described, it is to be understood that a scale factor
may be greater than one. For example, it may be
desirable to spin the instrument at a greater rate than
a corresponding spin of the handle.



espegially during those pfocedures that are many hours WO 97/ 29690
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accgmodat e a seated position, a chair 57 may be provided with the

sysf em Each handl € has nul ti p‘r’e5‘degr ees of freedom provi ded
by yt he various joints Jm -Jnb depicted in Figure 2. Joints Jml and

J allow the handle to rotate about a pivot point in the cabinet 54.
Jgint JnB all ows t he surgeon to nove the handle into and out of the
cgbinet 54 in a |linffd JBHEYRIL1ler Y6 ladiE tHd %ﬁéi&ntal vel@on Mo rotate
t he master handle abo a Ion t udi ,nal axi s of the handl e. _.The 10|nt

mb al |l ows a init AR Angles: Ml piér 1n adder element | oi nt
ml-Jnb has or&n Q:ro Iprroenmasntallmresms Twlddmtmb(mjedeﬂsf eddimack

i gnal s that n(pq&%@%ésqbzte[ae silavte 4] f’%a&%ﬂféﬂ%{h he handl e. The

position sensors | oneters, or eedback devi ce
{such as mnmgta;ptqrt:hlqm@cﬁﬁer@ t&ﬂﬂomﬂ%e@téh téuee@prlﬂ@mmg

“signal which Quifisikgpds to a change of position. Additionally, a
plurality of position sensors may be - enplaced at each joint to provide
redundancy in the system whi ch can be used to alert a surgeon of

mal f uncti ons @®dst rmmmaarsgpoﬂaxtm)orudag(mz)amorrespondl ng robotic arm
assenbly 26. si.tjon sensors, each joint may

i ncl ude tachorre ers, accé\ﬁlr?\&&l t'ers, &Ip% Egrce sensi ng | oad cel |s,
each of whi ch Rdg =pr1@ﬂ oM RR si gnal s

Sdr = Mr4
Sdg = Mr5
where;

Rdx,y.z = the new desired position of the end effector
of the instrument.

Sdr = the angular rotation of the instrument about the
instrument longitudinal axis.

Sdg = the amount of movement of the instrument fingers.
Px,v,z2 = the position of the pivot point P.

The controller 46 then computes the movement of the
robotic arm 26 in computational block 68 in accordance
with the following equations.

Jsdl Rdz

_1[Rdx2 + Rdy? - L1? - Lzz]
n — COoSs

Jsd3

2L1 - L2
Jsd2 = tan"'(Rdy / Rdx)+ A for Jsd3 £ 0

Jsd2 = tan '(Rdy / Rdx) - A for Jsd3 > 0
A -erdxz + Rdy’® - 1% - Lzz.l
= CO0S8 > >
l_ 2 - Ll4fRdx’ + Rdy®- _|
Jsd6 = Mr4

Jsd7 = Mrs

AR T T R S AYMRT e S T e o s -~ - . e e am e eme



relating to velocity, acceleration and force being appl i ed ag a

respect i ve Wwoigm2969ddi ti onal |y, actuators may be i ncl udeRCHUSYARA28
joint"to reflect force feed back recgi ed at a robotic arm assenbly
26. This may be especially helpful at~joint jnb to indicate the force
encountered inside a patient by the gripper disposed at the end of one
of the tools 22, or 24. As such, a force - reflective el enent nust be

i ncluded at the gripper of the instrunent 22, 24 to effectuate such a
force reflective feedback | oop. Force reflective el enents, such
as a piezoelect&kgrgLenent In conbination with a WO 97/ 29690

PCT/ US97/ 02628 o - 14- whet stone bridge are
wel | -known in the art. However, it is not heretofore know to utilize

such force refl gglghon theWmbRemefid afsyhteliAlar motor. Figure 3 shows the

vari ous degrees of freedom of ac ticulare 6 18. The joints

Jsl, Js2 and 95K Gof sHBW&mFBEtﬁg gg sgﬁth05§%§%§ B & base notor

34 and rotary nukdss=3ghe3fhovkmeht ofbohecsecond rataeviheeer26,

respecti vel y.  The eolnt el gitn@ilalsos cnEOLbERREBHal ImbBSypasSI ve 0 nt s 40
3 e S6_may b

and 42 of the a ] ol nt 0e a notor which rotates the
surgi cal i nstrudsdds =atthe moyemestgrfudngaBraRP8Yof t he i nstrunment. The

joint Js7 may be,ja DaiHe AlerfdtMIES theall inkagenaepebetndenil the. f1bst

i nstrunents 22 and 24 nove out %ﬁplv%t Egint Pokgcated at the incision
of the pat i efotary motorrahg &Nf SAGREaTECRENRIPC B! a control system

t hat , L2 = the length of the linkage arm between the second
rotary motor and the passive joints. '

The controller provides output signals to the motors to
move the arm and instrument in the desired location in
block 70. This process is repeated for each movement of
the handle. _ _ '

The master handle will have a different spatial
position relative to the surgical instrument if the
surgeon releases, or toggles, the input button and moves
the handle. When the input button 58 is initially
depressed, the controller 46 computes initial joint
angles Mjl1-Mj5 in computational block 72 with the
following equations.

M7l = tan™(ty / tx)
Mj2 = tan™(d / tz)

Mj3 =D
Mj4 = Jsé6
MjS = Js7
d = th2+-:y2 _
- Rsy - Rsz — Pz
. D D D

D= )(Rsx - Px) + (Rsy — Py) + (Rsz — Pz}



trfansl ates a novenment of a master handle into a correspondi ng novenent
a surgiwel9zi2zes®or unent. I n accordance with the control mEymUssmo3bssWn in

ig. 4, the controller 46 conputes outgut signals for the articul ate

/arms so that the surgical instrunment nmoves8rn conjunction with the

. movenent of the handle. Each handl e may have an i nput button 58 which

" enabl es the i nstrunent to nove with the handle. Wen the input button
58 is depressed the surgical instrunment follows t he novenent of the

- handl e. When thRebebiR8radkifemat i€l asesk tife | AShptENt i flagrodt74 rack the
novenent of thﬁ andle1 In,this manper the surgeon can adjust or
"ratchet” the Bo&ft FBR SPLIPWiRG e@RabPRdut creating a cor r espondi ng
undesi rabl e novenent of the instrunent. The "ratchet" feature allows the

surgeon to conti nuog%{y - L{rqyceoé(t}%@fq_dhas_ Egsggragt?g%é’a%?bl e positions

wi t hout altering e posTtions o he™ar ns. Y, because the
handl es are constraiRsd $H\L B -prostTsd) #t L2hesin(gakchalsBat ure all ows the

surgeon to nove the sz igsj;iur'rents beyond t he dinmensional limtations of

t he WD-97/ 2969&’ ' PCT/ US97/ 02628
-15- handl es. Al though an input button 58 is shown and descri bed,
it is to be unggesygedtt Bag1bBemsUaBE CBloviabdStd UaEAdy NBY. bemactpMaled by
ot her nmeans such,as vqice recogni tion. The [nput button pay

al ternativel y Beints| Bx.nBY 2 tﬁgtaﬁﬁv‘é‘%ﬂ‘t‘t‘é R eCARIARL R hProck

i nst runent 76ggkesohdébween @hei pEvandpoinct isecabohlite® e button

I's depressed bxn]ipfaiﬂ(gaggeimining the original position of the
intersection of the end effector and the instrument PO,
and the unit vector Uo which has the same orientation as
the instrument. The position P(x, y, 2z) values can be
derived from wvarious position sensors of the robotic

arm. Referring to Figure 5 the instrument is within a
first coordinate frame (x, y, z) which has the angles 64

and 5. The unit vector Uo is computed by the

transformation matrix:

cos©Os 0 - sin®s 0

Uo=)-sin©45inOs cosOs ~sin@scosOs || O
c0sO4sin®s  sinOs cosOs -1

After each movement of the end effector an angular
movement of the instrument A® is computed by taking the

arcsin of the cross-product of the first and second unit
vectors Uo and Ul of the instrument in accordance with
the following line equations Lo and Ll.

where;
T = a vector which is a cross-product of unit vectors
Uo and Ul. '

B R e 1 et et -




When the surgeon noves a handle, the position sensors provide feedback
si gnal s M -ywb g7Reésecor r espond to the novenent of the joi NPCTASYTG26E8
respectively. The controller 46 conputes the difference between the
new handl e position and the original handrégﬁosition in conmput ati on

bl ock 60 to generate increnmental position val ues M - Mb. The

i ncrenental position values M- M are ‘multiplied by scale factors
S1-S5, respectively in block 62. The scale factors are typically set at

l'ess than OB eSAnkbal,ebb8rMBYeRBt naly LhstirinbhtNPosit Sohews iban
t he nmovenent of the handle. ,In_this t

h mapper he,_surgeaon caﬁngé%guce very
fine movenents 8PaiRedehSTRIRER: USFPEnthe PPEELIPHFFRERHF A nts of
t he handl es. Theragsfermatibachatsifldescaibedanbaivke sbftthe ahgleur gson
can vary t he_resaol uti f . n e SG! :factor
Is preferably iﬁﬁ?&?gﬁakbggvgrFggﬁghggat%ggg¥hggﬂgn.gﬁgggoﬁétgﬁ ﬁgﬁgefinely
control the instisucadculated apdr Ugi AsdseEctPoHd.- #F GRYWBf 1tBxEAEHEE by

setting one  gOf thhe feale shackecond! iABteuhBALSUEdeARataBnB" e¥aANbet he

I nstrunment ffon1nny|2%bln one direction. .This_may he 1. advant ageous i f
the surgeon doeSlefdnegaky the ddng eguations &P, ghgntlfo contact an organ
or certain tissue |ocated in a certain direction relative to the
patient. Al t houghh scale factors smaller than a unit one are
described, it is to ‘understood that a scal e factor may be greater
than one. For exanple, it ¥y %0 - Zfesi G e to spin the instrument at a
greater rate. than a ccyée._sqwmgzosnj cy?f the handle. WO 97/ 29690
PCT/ US97/ 02623 : -16- -
Ll: .
x1l = Mxl - Z1 + Cx1
vyl = Myl - 21 + Cyl
where;
Zo = a 2Z coordinate along the line Lo relative to the z
axis of the first coordinate system.
21 = a Z coordinate along the line L1 relative to the z-

axis of the first coordinate system.

Mxo = a slope of the line Lo as a function of Zo.
Myo = a slope of the line Lo as a function of Zo.
Mxl = a slope of the line L1 as a function of Z1.
Myl = a slope of the line L1 as a function of Z1.

Cxo = a constant which represents the intersection of
the line Lo and the x axis of the first coordinate
system.

Cyo = a constant which represents the intersection of
the line Lo and the y axis of the first coordinate
system.

Cxl = a constant which represents the intersection of
the L1 and the x axis of the first coordinate system.



The cpntroller 46 adds the increnental values M - _Mb to the initial

j oi ntf angl egod7hoddpS | N adder el enent 64 to provide val uesy Amﬂ%ﬁ%nﬁThe-
contrfol l er 46 then conput es desired slave vector calculatlons I'n

conpfit ati on bl ock 66 in accordance with t¥f&0followi ng  equations.

= M3.sin(M1).cos(M2)+Px Rdy = M3.sin(M1).sin(M2)+Py Rdz =
M 3jcos(MI) +Pz Sdr = M4 Sdg = M5 wher e; Rdx,y,z = the
desired position of the end effector of the instrunent. Sdr = the

I otati f_t S Tl | tudi nal
oo g LR S e R AP Bloridenc s oI iTRReac BB WE T
t e posit | on oftlﬁlehgﬂ%dtl [:ﬂﬂd]ttlTe y axisTief ¢de fdiser coerdimateonput es t he

venment of thegystdmpbotic arm 26 in conputational block 68 in accordance
th the follomnng equations. - Jsdl = Rdz

The slopes are computed using the following algorithms:

Mxo = Uxo/Uzo
Myo = Uyo/Uzo
Mx1l = Ux1l/Uzl
Myl = Uyl/Uzl

Cx0 = Pox Mx1.Poz
Cy0 = Poy - Myl-Poz

Cxl = Plx - Mxl-Plz
Cyl = Ply - Myl.Plz
where;

Uo(x, ¥ and z) = the unit vectors of the instrument in
the first position within the first coordinate system.
Ul(x, y and z) = the unit vectors of the instrument in
the second position within the first coordinate system.
Po(x, y and z) = the coordinates of the intersection of
the end effector and the instrument in the first
position within the first coordinate system.

Pl(x, v and z) = the coordinates of the intersection of
the end effector and the instrument in the second
position within the first coordinate system.

" To find an approximate pivot point location, the
pivot points of the instrument in the first orientation
Lo (pivot point Ro) and in the second orientation L1
(pivot point R1) are determined, and the distance half
way between the two points Ro and Rl is computed and
stored as the pivot point Rave of the instrument. The
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-17- . WO 9986596 ; Jsdl = the novenent of the |inearpdf847/02628
Jsd2 = the noverment of the first rotary notor. Jsd3 = the novenent of
t he second rotary notor. Jsd6 = the no¥dment of the rotational notor.
Jsd7 = the novenent of the gripper. LI = the length of the |linkage arm
between the first rotary notor and the second rotary notor. L2 =
the length of the |inkage arm between the second rotary notor and the

to

passi ve joints. pivot pJﬂ‘i’t o&g\treroié EetPd i K6 wjt‘péjinéi&li@|§r6§sl he notors
product vector T. '

To. find the points Ro and Rl the following
equalities are set to define a line with the same
orientation as the vector T that passes through both Lo
and Ll1. '

Tx/Tz
Ty/Tz

tx
ty

where;

tx = the slope of a line defined by vector T relative to
the Z-x plane of the first coordinate system.
ty = the slope of a line defined by vector T relative to
the Z-y plane of the first coordinate system.

Tx = the x component of the vector T.
Ty = the y component of the vector T.
Tz = the z component of the vector T.

Picking two points to determine the slopes Tx, Ty and Tz
{eg. Tx = x1-%o0, Ty = yl-yo and Tz = 2z1-2z0) and
substituting the line equations Lo and L1, provi_des a
solution for the point coordinates for Ro (xo, yo, zo)
and Rl (x1, yvl, zl) as follows.

zo = ((Mx1 - tx)z1l + Cx1 — Cx0) / (Mxo — tx)

zl = ((Cyl - Cyo)(Mxo — tx) — (Cx1 ~ cxo)(Myo — ty)) /
((Myo = ty)(Mx1 - tx) — (Myl — ty )(Mxo ~ tx))

yo = Myo - zo + Cyo

yl Myl -zl +Cyl

xo Mxo - zo + Cxo

x1l = Mx1:-2z1 + Cx1



he armand instrunment in the desired |location in bl ock 70. This

procgss is rapgpgggad for each novenent of the handle.  perusemdie -
mast handle wll have a different spati al position relative to the
surdgical instrunent if the . surgeon r+2Beases, or toggles, the input

but fon and noves t he handl e. When the input button 58 is initially

depressed, the controller 46 conputes initial joint angles MI-M5 in
utational block 72 with the fol |l ow ng equati ons. MI =

(ty / tx) i . 3 =
A The aveﬁ'{gM:ajgséﬁt% eﬁéi‘{ééejer!f {Ke p%otéﬁ%g%vb%/lﬁo ad R1
/1 US97/ 026281is computed with the following ecgation and sfor¥ed &8 d

I nemati c val UgpeapeveNBUifil bf Bhe&Ckndtrument th the fol |l owi ng equati ons.

Rave = ((x1 + x0) 7 2,(¥1 + yo) / 2.(21 + zo) / 2)

The pivot point can be continually updated with the
above described algorithm routine. Any movement of the
pivot point can be compared to a threshold value and a
warning signal can be issued or the robotic system can.
become disengaged if the pivot point moves beyond a set
limit. The comparison with a set limit may be useful in
determining whether the patient is being moved, or the
instrument is being manipulated outside of the patient,
situations which may result in injury to the patient or
the occupants of the operating room.

. To provide feedback to the surgeon the fingers of
the instruments may have pressure sensors that sense the
reacting force provided by the object being grasped by
the end effector. Referring to Fig. 4, the controller
46 receives the pressure sensor signals Fs and generates
corresponding signals Cm in block 78 that are provided
~to an actuator located within the handle. The actuator
provides a corresponding pressure on the handle which is
transmitted to the surgeon's hand. The pressure
feedback allows the surgeon to sense the pressure being
applied by the instrument. As an alternate embodiment,
the handle may be coupled to the end effector fingers by
a mechanical cable that directly.transfers the grasping
force of the fingers to the hands of the surgeon.

Figure 7 shows a preferred embodiment of an end

effector 80 that may be used in the present invention.
The end effector 80 includes a surgicalhinstrument 82,
such as those disclosed hereinabove 22, 24, that is
qoupled to a front loading tool driver 84. The end

-



Rsx = L1 cos(Js2) + L2 <cos(Js2 + Js3) Rsy = L1 cos(Js2) + L2

'S|n(J52 + A58 97129690 Rsz = J1 : The joint angles M arpcﬁﬂﬁymﬁﬁﬂsto
adder” 64. ‘The pi vot points Px, Py and Pz are conputed in conputational
bl ock 76 as follows. The pivot point i~23cal cul ated by initially
determ ning the original position of the I ntersection of the end
effector and the instrunment PO, and the unit vector Uo which has the
same orientation as the instrunent. The position P(x, y, z) values can

be  derived ék?&g&{r' 8H°18%bLO0aSEBSBAS BE the KBRBLEE amm arm

Referring to Figuré rument Irst coordinate frane
(x, vy, 2) mhlchaﬁagmbhéeénéﬁeEY[EQPPhlng m&ﬁﬂaﬂﬁsmTﬁé untheyEPUBA1Ng i s

conput ed b]}’ tEemecgaﬁ?.féﬁsflgrﬂﬁ&l@&ega&rb6llar 85[ e@a}: removably After each
rovenent Of e SPAcELEoELOL AR AMUhEL | muelBEAIRN gl shAS,H0RL BB 15
second un|t geaet 8a7sthatand &diivént by hnmbtnmeﬁh theacobotigcarwi t h
Lol L 19| LECRN oB0Ec! RoRaeline cor1gs'8 g n Lurf 20LRET
the instrument 82 about its longitudinal axis. The
holder 86 includes a shaft 88 that seats into a slot in
the robotic arm assembly 26. The shaft 88 may be turned
by the motor in the arm assembly, which then rotates the
worm gear 87 thus rotating the collar 86 and the
instrument 82. A tightening tool 89 may be employed to
tighten and loosen the collar about the instrument 82.
Such a tool operates like a chuck key, to tighten and
loosen the collar 86.

The surgical instrument 82 has a first finger 90
that is pivotally connected to a second finger 91. The
fingers 90, 91 can be manipulated to hold objecté such
as tissue or a suturing needle. The inner surface of
the fingers may have a texture to increase the friction
and grasping ability of the instrument 82. The first
finger 90 is coupled to a rod 92 that extends through a
center channel 94 of the instrument 82. The instrument
82 may have an outer sleeve 96 which cooperates with a
spring biased ball quick disconnect fastener 98.. The
quick discomnect 98 allows instruments other than the
finger grasper to be coupled to front loading tool
driver 84. For example, the instrument 82 may be
decoupled from the quick disconnect 98 and replaced by a
cutting tool, a suturing tool, a stapling tool adapted
for use in this system, such as the stapling apparatus
disclosed in U.S. Patent No. 5,499,990 or 5,389,103
assigned to Karlsruhe, a cutting blade, or other
surgibal tools used in minimally invasive surgery. The
quick disconnect 98 allows the surgical instruments to
be intefchanged without having to re-sterilize the front
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-19- o9n9eGo Unit vector of the new instrument positiopcyghydedzezs
agaifn determ ned using the position sensors and the transfornmation
mat fi x descri bed above. |If the angle is-24- -greater than a threshold
valfue, then a new pivot point Is calculated and Uo is set to U. As
shéwn in Figure 6, the first and second instrunent orientations can be
defined by the line equations Lo and L1: LO [ eer]

ere; .= A o] |,patg,a l Lpe. Lve.to the z
aKi s of the f%égglggoFéPnagéggggtgﬁ1Eggﬂ Egﬁe éﬂal§g%%§$§$%a?% al ong the

Ifi ne L1 rel at pkugged: hste the taglsdsiveke8fir sTheooperatiensgst the
front loading tool driver 84 shall be discussed in

further detail hereinbelow.

The qguick disconnect 98 has a slot 100 that
receives a pin 102 of the front loading tool driver 84.
The pin 102 locks the quick disconnect 98 to the front
loading tool driver 100. The pin 102 can be released by
depressing a spring biased lever 104. The quick
disconnect 98 has a piston 106 that is attached to the
tool rod 92 and in abutment with an output piston 108 of
a load cell 110 located within the front loading tool
driver 84. _ _

The load cell 110 is mounted to a lead screw nut
112. The lead screw nut 112 is coupled to a lead screw
114 that extends from a geaf box 116. The gear box 116
is driven by a reversible motor 118 that is coupled to
aifi’ encoder 120. The entire end effector 80 is rotated
by the motor driven worm gear 87.

In operation, the motor 118 of the front loading
tool driver 84 receives input commands from the
controller 46 via electrical wiring,‘or a
transmitter/receiver system and activates, accordingly.
The motor 118 rotates the lead screw 114 which ﬁoves the
lead screw hut 112 and load cell 110 in a linear manner.
Movement of the load cell 110 drives the coupler piston
106 and tool rod 92, which rotate the first finger 88.
The load cell 110 senses the counteractive force being
applied to the fingers and provides a corresponding
feedback signal to the controller 46.

The front loading tool driver 84 may be covered
with a sterile drape 124 so that the tool driver 84 does
not have to be sterilized after each surgical procedure.
Additionally; the robotic arm'assembly 26 is preferably
covered with a sterile drape 125 so that it does not
have to be sterilized either. The drapes 124, 125 serve




Mko = a slope of the line Lo as a function of Zo. Mo = a sl ope.of the

line Lo aswo 929690 on of Zo. Mkl = a slope of the |ine LECHOS/02628
function of Z1. Myl = a slope of the line L1 as a function of Z1.

Cxo = a constant which represents the int®3ection of the line Lo and
the x axis of the first coordinate system Cyo = a constant which
represents the intersection of the line Lo and the y axis of the first
coordi nate system 'Cx1 = a constant which represents the

{/\g[ S;/sggglggn Ofubstanthgibi ardat BRansfoy @‘ndllﬂj%lf Q:hég;f/fﬁdﬂé:ggkﬁ@@ em

- 20- oyl teod GEii¥exn84nRrth TPhRS AT ﬁ?eg":ﬂﬂ ct i emdrapq he

line L1 and tha2g ased tbo blmlbsmu:ha)mod:dtaice arm asﬁ@mly 26 iBe sl opes

3;3/ Eggpu'[ ed ugl nk%‘)e%z %l lfoul%'f'x% a&% h'ﬁl F:LgureMﬁ% %O/ lézra\pe 1“5? =
has a substantially open end 300 wherein the robotic arm
assembly 26 may be emplaced into the drape 125. The
drape 125 additionally includes a substantially tapered
enclosed end 302 that effectively separates the_arm
assembly 26 from the operating room environment. A
washer 304 having a small aperture 306 formed
therethrough allows an instrument to be coupled to the
arm assembly 26 via the coupling mechanism 45. The
washer 304 reinforces the drape 125 to ensure that the
drape 125 does not tear as the arm assembly 26 moves
about. Essentially, the instrument cannot be enclosed in
the drape 125 because it is to be inserted into the
patient 12. The drape 125 also includes a plurality of
tape 308 having adhesive 310 disposed thereon. At least
one piece of tape 308 is opposedly arranged the other
pieces of tape 308 to effectuate the c1051ng of the
‘drape 125 about the arm assembly 26.

Figures 8 and 8a show a preferred embodiment of a
master handle assembly 130. The master handle assembly
130 includes a master handle 132 that is coupled to an
arm 134. The master handle 132'may be coupled to the
arm 134 by a pin 136 that is inserted into a
corresponding slot 138 in the. handle 132. The handle
132 has a cohtrol button 140 that can be depressed by
the surgeon. The control button 140 is coupled to a
switch 142 by a shaft 144. The control button 140
corresponds to the input button 58 shown in Fig. 4, and
activates the movement of the end effector.

The master handle 132 has a first gripper 146 that
is pivotally connected to a second stationary gripper
148. thatibn of the first gripper 146 creates a
corresponding linear movement of a handle shaft 150.



CxO £ Pox - Ml . Poz CyO = Poy - M1. Poz . &l = Plx - Wl .Plz Cyl
= Pify - Mjp #iriv690 wher e; Uo(x, y and z)  the unit wWeGseindést e .
i nsfrument in the first position within the first coordinate system
Ul{x, y and z) = the unit vectors of thedérstrunent in t he second
pofgition within the first coordi nate system Po(x, y and z) = the _
rdi nates of the intersection of the end effector and the instrunent
the first position within the first ‘coordi nate system P1(x, y and

- Uhe coor ghachgnath LRek"I8HORGVEETA0krippbie sRdcClbEOkARLARY the

ifnstrument in coordi nate s
o find an appPERiAbt @ épﬁétcﬁéﬂnﬁsﬁobatﬁoﬁethég 158i.vofhgoilpag §ﬁlﬂhe
I nstrument inithesbhkek ehecBindlin@Nof pkeseBireObeRfgNhpBllieantneitethe

oecond o L ent o a0l bt geal B SheR®! BLoRL) fhcpfiz spilnct ang s hepglstance
the pivot poi sconRavdlelr Hifethest provitiesTha ocutpudDs3ghad696 move the
-PCT/U897/02§2§ingers of the end effector. 21

The load cell 154 is mounted to a lead screw nut
158 that is coupled to a lead screw 160. The lead screw
160 extends from a reduction box 162 that is coupled to
a motor 164 which has an encoder 166. The controller 46
of the system receives the feedback signal of the load
cell 110 in the end effector and provides a
corresponding command signal to the motor to move the
lead screw 160 and apply a pressure on the gripper so
that the surgeon receives feedback relating to the force
being applied by the end effector. In this manner the
surgeon has a “feel®" for operating the end effector.

i The handle is attached to a swivel housing 168 that
rotates about bearing 170. The swivel housing 168 is
coupled to a position sensor 172 by a gear assembly'174.
The position sensor 172 may be a potentiometer which
provides feedback signals to the controller 46 that

. correspond to the relative position of the handle.
Additionally, an optical encoder may be employed for
this purpose. Alternatively, both a potentiometer and
an optical encoder may be used to provide redundancy in

the system. The swivel movement is translated to a
corresponding spin of the end effector by the controller
and robotic arm assembly.

The arm 134 may be coupled to a linear bearing 176
and corresponding position sensor 178 which allow and
sense linear movement of the‘handle The linear
movement of the handle is translated into a
corresponding linear movement of the end effector by the
controller and robotic arm assembly. The arm can pivot

~ about bearings 180, and be sensed by position sensor 182
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robotic arm assembly.

A human hand will have a natural tremor typically
'resonatlng between 6-12 hertz. To eliminate tracking
movement of the surgical instruments with the hand
tremor, the system may have a filter that filters out
any movement of the handles that occurs within the
tremor frequency bandwidth. Referring to Figure 4, the
filter 184 may filter analog signals provided by the
potentiometers in a frequency range between 6-12 hertz.
Alternatively, an optical encoder and digital filter may
be used for this purpose. :

As shown in Figures 9 and 10A-J, the system is
preferably uéed to perform a cardiac procedure such as a
coronary artery bypass graft (CABG). The procedure is
performed by initially cutting three incisions in the
patient and inserting the surgical instruments 22 and
24, and the endoscope 26 through the incisions. One of
the surgical instruments 22 holds a suturing needle and
accompanying thread when inserted into the chest cavity
of the patient; If the artery is to be grafted with a
secondary veséel, such as a saphenous vein, the other
surgical instrument 24 may hold the vein while the end
effector of the instrument is inserted into the patient.

The internal mammary artery (IMA) may be severed
and moved by one of the instruments to a graft location
of the coronary artery. The coronary artery is severed
to create an opening in the artery wall of a size that
corresponds to the diameter of the IMA. The incision(s)
may be performed by a cutting tool that is coupled to
one of the end effectors and remotely manipulated-
through a master handle. The arteries are clamped to
prevent a blood flow from the severed mammary and

kankgpnresponﬁﬂmg|on
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-22- WOy age di stance between the pivot points Ro P iRb702428
conputed with.the follow ng equati on and stored as t he pivot point of the
i nst rument . Rlerr] = ((xI + XO-28-2, (yl +yo) / 2, (zI + zO [/ 2)

The pivot point can be continually updated with the above descri bed
algorithmroutine. Any novenent of the pi vot point can be conpared to a
threshold value and a warning signal can be issued or the robotic system

can  become dppepgaged bl 4ag Pl gk BRKRLOICKES: REYARAALRE! nanlkh @ . The
conparison w a se Hind may bé useruF T'n efermnin Whefher <t he
pati ent i s betagmpvecfheodMphadiacestr teehhe opgaiing ednkbel scsenayysi de of

the patient, argsbiyati anendighhgra¥ciagubk khel AMAr ¥ st ahbhs Bali ent or
the occupant s jof Lhe gperatlig Copm' ., o Lo RLoY de tpedback o the
surgeon the fPRFEFSOE
such as a severed saphaneous vein may be grafted to
. bypass a blockage in the coronary artery.

Referring to Figs. 10A-J, the surgeon moves the
handle to manipulate the instrument into driving the
needle through the IMA and the coronary artery. The
surgeon then moves the surgical instrument to grab and
pull the needle through the coronary and graft artery as
shown in Fig. 10B. As shown in Fig. 10C, the surgical
instruments are then manipulated to tie a suture at the
heel of the graft artery. The needle can then be
removed from the chest cavity. As shown in Figs. 10D-F,
a new needle and thread can be inserted into the chest
cavity to suture the toe of the graft artery to the
coronary artery. As shown in Fig. 10H-J, new needles
can be inserted and the surgeon manipulates the handles
to create running sutures from the heel to the toe, and
from the toe to the heel. The scaled motion of the
surgical instrument allows the surgeén to accufately
move the sutures about the chest cavity. Although a
specific graft seguence has been shown and described, it
is to be understood that the arteries can be grafted
with other techniques. 1In general the system of the
present invention may be used to perform any minimally
invasive anastomostic procedure.

As disclosed hereinabove, the system may include a
front loading tool driver 84 which receives control
signals from the controller 46 in response to movement
of a master handle 50 or 52 and drives the tool disposed
at the end of a surgical instrument. Alternatively, a
back loading tool driver 200 may be incorporated into
the system 10 of the present invention, as depicted in
Figures 11 and 1la. The back loading tool driver 200



the instrunents may have pressure sensors that sense the reacting force

provi ded bywblyenedpect bei ng grasped by the end effector. ReCFnUsINRES
Fig. 4, the controller 46 receives the pressure sensor signals Fs and

generdates corresponding signals Cmin bFré@k 78 that are provided to an
actuator located within the handle. The actuator provi des a correspondi ng
pressure on the handle which is transmtted to the surgeon's hand. The
pressure feedback allows the surgeon to sense the pressure being

applied by the é&g;séieﬁ'@@é-wféhaa BAERT 1858aBIBOdIFEREal ihBeriimadt e20By be
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effector fin erE bX a gec?aglch cabl et hat dirﬁ bly
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Figure 7 shows andriaistiafestb20l rexpeditas todl chbhgihgr ddfihbat may be
used in the present invention. e_end, ef ' u rgi cal
i nstrument 82, PFIGE uﬁgsth%getﬂ?ggl%g d?%e%gghggggg Egg%zgﬁgtﬁgﬁfis
coupl ed to a frdnivénadPdgandorepiaced withThthendtools wWp 87v28890

PCT/ US97/ 02628 gimple fashion. - 23- effector 80 is
nmounted to one %% ?%e ro ot?c arm, gsienblies 26 by coupling nmechani sm
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attaches to a hpbpeti8barmhassemBty 26 iwthal adeslaawoamd holgesr a87 that is
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The hol der 88cludésdessheathf 2088hawangseapsoximalaendo0bnand a
distal end 208. The sheath 204 may be formed of plastic
or some other well-known material that is used in the
construction of surgical instruments. The sheath 204 is
essentially a hollow tube that fits through the collar
85 and is tightened in place by the tightening tool that
is described in more detail hereinabove.

The back loadable surgical instrument 202 has a
tool end 210 and a conneéting end 212. A surgicél tool
214, such as a grasper or some other tool that may be
driven by a push/pull rod or cable system, or a surgical
tool that does not require such a rod or cable, such as
a.coagulator, or harmonic scalpel is disposed at the
tool end 210 of the instrument 202.

A housing 216 is disposed at the connecting end 212
of the instrument 202. The housing has a lever 218
disposed interiorly the housing 216. The lever 218 has
a pivot point 220 that is established by utilizing a pin
passihg through an associated aperture 222 in the lever.
The pin may be attached to the interior wall 224 of the
housing. A push/pull cable or rod 226, that extends the
length of the instrument 202 is attached to the lever
218, such that movement of the lever 218 about the inot
point 220 results in a linear movement of the cable or
rod 226. Essentially the cable or rod 226 servers as a
means 227 for actuating the tool 214 at the tool end 210
of the instrument 202. The cable or rod 226 may be



the robotic armassenbly 26. The shaft 88 may be turned by the notor in
~the arm aggyh whi ch then rotates the wor m gear 87 t g the
-~ col | ar 8gﬁénd t he i nstrunment 82. A tightening tool 89ré§5g£ gﬁ% oyed
to tighten and | oosen the coll ar abe&d-the instrunment 82. Such a
tool operates like a chuck key, to tighten and | oosen the collar 86.
The surgical instrunment 82 has a first finger 90 that is pivotally
connected to a second finger 91. The fingers 90, 91 can be mani pul at ed
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82. The i nstrument have an OUtf?%5|§§Ve 96 whi ch cooperates with.
st

a spring l’l:ﬁ‘é%’e‘&ﬂb%&@ qu'F & LR Qraxg prefprably gy ck
di sconnect 9&wtmde@5byumiﬁg9tmz tihanpbhpose of ivigbth osleePerbé 0 be

coupled to fr ding t exanpl e, the instrunment 82
may be é%ﬁﬁﬁgﬁeér%ﬂ1$ d%?%%i%lscd%ﬁggg?ég and replaced by a
cutting tool a suThei hgoloehd 210t afl thg back idagablle surgicalise in this

system such p 0i &Peab C | bk Patent No.
5, 499, 990. or ﬁ%%gﬁtl\%ﬁé tbﬁaéglsn :SSEédKlnlglr‘léJ iéafg‘g“(,:uttl n%f)lﬁg or ot her

surgi-cal toole %%eh°§ﬂlﬁ9nFﬂﬁll r%ﬁ?ﬁs?@% suTBer §oo¥he02 maﬁd?%k di sconnect
98 al |l ows th@lssmedcahrwghrunenteolodnvebeunﬁifrehang@dlvseﬁaozlio having to

Lngbgg;}bggzéx en snbeyond ¥%€ dh&2fR %204 . Thg O-rings 232 seat in
associated apertures 234, 236 in a housing 238 of the
tool driver 200. The housing additionally has an
aperture 240 centrally formed therethrough, the aperture
being coaxial with the interior of the hollow tube. 1In
this fashion, the surgical instrument 202 may be
inserted into and through the tool driver 200. Each of
the O-rings 232 snugly seats in its associated aperture
'in the housing 238 of the tool driver 200.
The housing 238 additionally includes a motor
assembly 242 which is depicted in Figure lla. The motor .
assembly 242 is attached to the housing 238 and is held
firmly in place therein. The motor assembly generally
includes a motor 244 attached to a reducer 246. The
motor drives a leaf 248 attached at the end thereof.
The leaf 248 engages the ends of the lever 218 such that
rotational movement of the motor results in the movement
of the lever 218 about the pivot point 220. This in
‘turn results in the lateral movement of the means 227

 for actuating the tool 214 at the tool end 210 of the
instrument 202. The motor moves in response to
movements at a control handle. Additionally, force
sensors 248, 250 may be attached at the ends of the leaf
248, As such,'a force feedback system may be
incorporated to sense the amount of force necessary to
actuate the tool 214 at the tool end 210 of the



| oadi ng tool driver 84 each tine an instrunent is pl ugged into the tool
driver 84.§ﬂg§wgﬂ@bation of the front |oading tool driver $éTaisshizds

di scussed i n further detail hereinbel ow. The qui ck di sconnect 98
has a slot 100 that receives a pin 102 oBlthe front |oading tool driver
84. The pin 102 | ocks the quick disconnect 98 to the front | oadi ng tool

driver 100. The pin 102 can be rel eased by depressing a spring biased
| ever 104. The qui ck di sconnect 98 has a piston 106 that is attached to

t he tool rod 92 | men | 3 pu [ 1 o a
cell 110 Iocaieipﬁfﬁﬁ#%ﬂ%ﬁgaéfon%}#%%g?ﬁgvgggr Eh%r?%g§r8g§4 ﬁay ﬁab%hg
| oad cell 110 isomoeanfeedbpack fewdcscPe® attached) fhergioy oWHiSH, EAPNERE 112

is coupled to j;4e@difChedimiladt4fhbRioaxt ends froma gear box 116. The

gear box 116 I's driven _by a reversibl.e.mptor 118.that .i s .coupled.to

an encoder 120. The Qﬁ?i?gvéﬁaagﬁfggtHE 5109 <QT€§ 19F9RS F5Cr
driven worm geafir B¥er 200 is thatopbeashea;htﬁ@4naﬂway$l8emhinheihr@he

| oadi ng tool Q§i¥ﬁ£ §§.reggl¥8§hlngpg Eﬁg&gngg HmMble o pantroller 46
via electrical W I'ng, Or "a randmtter/réceiver system and activates,
accordingly. rJadigpeds nog fdoest thet KoboEdG SEFeRsSENDINi 28 WbeBs t he

| ead screw nut J1d2)apenkoa¢d efkhahd@ngntadlisnearn@zpeach 204byerBAhsof the
| oad cell 110 drives the,couglir glston 106  and tggl 0od. 92, which
rotate the firsttfi RGELtASN TelafdVE kg LhE PRfd el dds WPREDESURT PR Ave

force being eppli ¢ platkd thegethraundhprovi des a correspondi ng _
etk o on” MWL AG 85, rno erppelle SR YD (00 il ver
does not havadgsdtbensddyi hez@@p@rhi@dp aHeh smeyiazaltver geddienal
Addi tionally, 't BegieRel b® Fr@eafER! ¥ned tip WelRl st rumetRv.er gdrvithe a
sterile drape 1257so that it does not L.
purposes of example, two additional degrees of freedom
will be disclosed; however it is to be appreciated that
only one degree of freedom may be included as well. To
provide the additional degrees of freedom, and as
depicted in Figures 13-16, an articulable surgical
instrument 300 may be incorporated into the preseﬂt.
The instrument 300 may be coupled to the arm assembly 26
via a collar and holder as disclosed hereinabove. In
order to'artiéulate the tip of the articulable
instrument 300 an articulating tool driver 500 must be
employed. The articulating tool driver 500 shall be
'described in more detail hereinbelow. The master must -
have an additional two degrees of freedom added thereto
to proved the controls for the articulation at the tip
of the instrument 300. Figure 25 depicts an alternative
. master schematic that includes the two additional
degrees of freedom. As disclosed hereinbelow, the two
additional degrees of freedom are mapped to the
articulable portion of the instrument 300. The two _
additional axes at the master are referred to as Jmé and
Jm7.
By incorporating the articulable instrument 300 and

the articulating tool driver 500 and the additional



have to be sterilized either. The drapes 124, 125 serve WO 97/ 29690

PCT/ US97/ Qi . - 25- 1y
as a neans for’gﬁklosing the front | oading - tool drlverrgjhgﬁgar otic
arm assenbly 26. The drape 125 used3Re encl ose the robotic arm
assenbly 26 is depicted in further detail in Figure 26. The drape 125
has a substantially open end 300 wherein the robotic arm assenbly 26
may be enplaced into the drape 125. The drape 125 additionally

i ncl ud I h I
[ncludes . SURgR0LL Y cLaRRES oy procREBESEd S00¢30E) Lahueliagh VoY
washer 304 hamayigbe samriedpeutuis aOGEaGLﬁEdfashlonherethrough all ows an
instrument to be CQEEHGQeEQrEBEe to f3g®,.233eABly %@ &ke5gﬁ§asﬁgp"n9

mechani sm 45.  The washer 304 reinforces theé ra e to ensure that
t he dr aptngbrugses 38P Eéaﬁr§§1YhénSFH@§§séﬁb?}oégaﬁﬁ@e§° 302apout .
Essential |y, ahehéachr 308Nt afdnaotobg 806l 0s@Hei ool cahhBedaape 125

because it is to be insertgg.intgl gg %tl nt 12. Thg Ena e 125 al so
i ncl udes a pl §F&PPEY’ of CUEE1PYpE*3 hngﬁg 38 8% v8 $14TGPEBREsed t her eon.
At | east dewicei eor sbmeapthep8wed leppowndbpodr naededint héndmhéiy

pileces of 1 anen388iba SLETLHT! frbRRatkas! ndrsbulls 27-30d6ABg 125 about

the arm asse and oW a pre erred enbodi nment
of a rrasva,rlﬁaﬁdp@o&gséhﬁ!:ymwobem@pﬂrageér akafbeedistagbepd of 130

incl udes a nmagher apeReheable bhiblb&lCQHBEQdmhﬁtaBoo arm 134. The master

handle 132 may be &% h%%éf%ﬂgg% 300 includes an articulable portion
301 having a proximal portion 308, a pivot linkage 310
and a distal portion 212 each of which will be discussed
in more detail hereinbelow. Additionally, the
instrument 300 includes means 311 for articulating the
articulable portion 301 of the instrument 300 with
respect to the elongated rod 302. The inclusion of the
articulable portion 301 provides two additional degrees
of freedom at the instrument tip. It must also be
appreciated that although the articulable portion 301 is
described as including a proximal portion, a pivot
linkage and a distal portion, there hay be provided a
plurality of intermediate portions each mounted to each
other via a corresponding pivot linkage.

Disposed between and mounted to each of the
respeétive proximal portion and distal portion and any
intervening intermediate portions are pivot linkages
310. The pivot linkage 310 interengages with the
proximal and distal portions of the articulable portion
to provide articulation at the instrument tip.
Essentially, the cooperation of'the proximal portion,
pivot linkage and distal portion serves as a universal
joint. ' '

The elongated rod 302 is preferably hollow and
formed of stainless steel or plastic or some other well-
know material that is steralizable. Because the rod 302



arm 134 by a pin-136 that is inserted into a . correspondi ng slot 138 in
t he handl e w7296 handl e 132 has a control button 140 tRCAVUSSIM02628
depr essed by the surgeon. The control _button 140 is coupled to a
switch 142 by a shaft 144. The control buttdi 140 corresponds to the
input button 58 shown in Fig. 4, and activates the novenent of the end
ef fector. The master handle 132 has a first gripper 146 that

is pivotally connected to a second stationary gri pper 148. Rotation

of the first grippge114Q, Ciﬁabﬁéoﬁpasses anar aefonesngnl ineariseveadnt of a
handl e shaft 150,

PCT/ US97/ 02628 The elongated rog 902 addltlona}%y has a Pfﬁélﬁﬁﬁd 2 shaft
150 noves a gri ppér anfaht disRallhanhd 318. cThel dds&alloandcdli8 34the a

o 09 thor ot nE1bARALEN koa 3037 HBIIES solerAMRAIn.BLP WEFRI R B REa)

applied thereto es _an 1 nput ontroller 46. The
control l er 46 th@ﬁtppavﬁéésoéntbﬁtBﬁFl§uéﬁ e poFsen BOL1 off thgers of the
end effector. jinstrumehie3lpoad cell 154 is nounted to a |ead screM/nut
158 that is coupled t a lead s rem1160 | ead ,screw 0 ext

froma reduction box T2 RYEHMA BanHaR ;52)% faaFl}?DtaEFlf@iqjﬁﬁ'leclP%
encoder 166. Theoaomhyolbleerlnctégrallgf folrmesly stiein theeielengblted enexdba@la

signal of the Ig@.d v ma&elrk#aﬁ %t%gat e@%p%%t%f fad We%@l'qugor%\i'u%e%ra some.

correspondi ng cormand™s to nmov SCrew
and apply a prestinex mmuﬁhlpﬂmovsbto thehskilded grgdsanm-ecdityé$
feedback rel ati pgdferiiad ¥Ha® the proximal portion 308 be integrally

formed with the elongated rod 302 to ensure sufficient
stability and durability of the instrument 300. The
proximal portion 308 of the articulable portion 301
comprises two fingers 320, 322 each of which have an
aperture 324, 326 formed therethrough.

A pivot linkage 310 ‘is mounted to the proximal
portion 308 via a plurality of pins 328 that each pass
through an associated aperture in an adjoining finger.
The pivot linkage 310 is a generally flat disk 330
having a central aperture 332 passing therethrough and
four apertures 334, 336, 338, 340 evenly spaced at the
periphery of the disk 330. Additionally pins 328 are
attached to and extend from the edge 342. The pins 328
seat in the apertures of the associated fingers to
provide the articulability of the instrument 300. Five
leads 350, 352, 354, 356, 358 extend interiorly the
hollow shaft. On lead 350 extends down the center and
passes through the center aperture 332 in the pivot
linkage'310. Two 352, 354 of the five leads extend
down the hollow interior of the instrument and are
attached to the pivot linkage such that linear tension
on one of the leads results in rotational movement of
the pivot portion 301. These two leads 352, 354 attach
to the pivot linkage at two of the apertures formed
therethrough. Additionally, they attach at those



bei ng applied by the end effector. In this manner the surgeon has a

"feel" fowgaRbede N0 the end effector. The handl e bérﬂk? to a
swi vel housing 168 that rot at es about bearing 170. The sw ve ousi ng -
168 is coupled to a position sensor -BA2 by a gear assenbly 174. The
position sensor 172 may be a potentionmeter which provi des feedback
signals to the controller 46 that correspond to the relative position
of the handl e. Additionally, an optical encoder may be enpl oyed for

Lhi s PUTPOSC. aptLELAR" LUELY arB0bA8cBALCRL! PHE! Bin8ehar paBeOP! | oa!

encoder use rovi e re anc he sw vel
novenent |s thﬁ@PgbeEhﬁoféngerscefréBEoEHPﬁgméblﬁoﬁﬁlPﬁe3@ﬁd°5beétor by

t he Contr0||eértlcuﬂagléoﬁgitioﬁrBU§S§Q”EBE 1nstrumentT§§Oar”Tﬁ§4 may be
coupled to a |jnear bearin

cor position sensor 178
whi ch al | ow aRtPS* t¥en sagﬁnégﬁ naégngﬁﬁso%gfﬁ aﬁgF tw?h8tﬂ?ﬁear
novenent of tapebhtndkee in thenplisbtdlinkege and estteebpahdthg diaetal

movement of tBgacBd ehkeglt cliYable portG8A 564! o 18YdyEAROLECCALEE

assenbly. The arm can ear| %s 180 € Sense
position sensgwolggads repplyp/ 2pgmgvement of the articulable portlon

PCT/U597/0262§01 that is orthogonal to the movgﬁent when tRedtRd in a stand

184. The stand an ro%gg gg ring 186 which has a
correspondlng°E ?Ft Gﬁd§e r 238. m?N@ rmrotation is translated into

correspondi ng [Tiov @irtievaeee thie timstenshesfcl e @ paytt b€ enetrol | er and
{sgfzgflsrn]aﬁ§8ggk¥'system, an@ JUMRLL9204aM b Fidveed 131442 hbEgEC"
. is provided an articulating mechanism 400. The
articulating mechanism 400 generally comprises the
articulating tool driver 500, a sterile coupler 600, a
translator 700 and the articulable tool 300.

. The translator is attached to the proximal'end 316
of the instrument 300. The instrument 300 may
additionally have a removable tool 420 as shown in Figs.
18-19. The removable tool 420 may be any tool, such as
a cutter 422 that is attached to an elongated rod or
cable 424. At the end of the rod 246 there is disposed
a flat section 428 with an aperture 430 formed
therethrough. The flat section 428 seats into a channel
432 disposed at the end of a second cable or rod 434
that travels down the elongated shaft of the instrument
300. The second cable 434 has a channel 432 formed in
the end thereof such that the flat section 428 seats in
the channel 432. At least one'spring'biased detent 436
seats in the aperture 430 disposed through the flat
section 428. This connects the tool 420 to the rest of
the instrument 300. As such, tools may be exchanged at
the tip of the ipétrument without having to remove the
instrument from the system 10 every time a new tool is
required. o

The tool 300 is attached to the translator 700 and
essentlally is integrally formed therewith. The



resonat | ng between 6-12 hertz. To eliminate tracking nmovenent of the

sur gi cal i nyorgyegos Wi th the hand trenor, the system maypoyusowoiast er
that filters out any novenent of the handl es that occurs within the
tremor frequency bandwi dth. Referring to FiXfare 4, the filter 184 may

filter anal og signals provided by the potentioneters in a frequency
range between 6-12 hertz. Alternatively, an optical encoder and digital
filter may be used for this purpose. As shown in Figures 9-and
10A-J, the systgpyiigylatibbtmetabhY sthsadot Qsp‘aﬁ:ft%.rdﬂea gar dhac:rbbae@dure
such as a coronary arter% bypass rafé %ﬁ % The rocip

performed by i nPEFaREFeRRLY) § VRReEDENEPILENS B athd S and
inserting the sne&e@ahumﬁrum&t 2oddaan@s5 fit24 about the smm;capé &

t hrough the |nC| ons One of the surgical instrunments 22 holds a

suturing needl et StI ggﬁﬁﬁpgﬁylng t hread when inserted into the chest
cavity of the paﬂ]l'zmttrarfsltaft@rar?toé} hass & euaxigied eagd WioZh and a

secondary vesse h aph izl Jride 7Y the TWatisiak
i nstrument 24 WEZS%%Q eil%ea’\% n %r%l:w?lt he end ffeé:t oer of‘-=1 tshe oF

instrument is i H§9rtl"€§ PncFasfe Sesticmal shape thap,ds substantigddy: y
artery (I My rra)slb:ﬁ.laqve;roecthe craat maced dnalohayfe tdﬁerjmtelwmramdo a

Po cr eate-an opdfthg 0% St oy maments 30D"s; FRIGoRAINE bt SR acT P
t he di aneter of t:trtws!ll‘akorTWé)Q hassisode)low interiny P& .or e Isenkesutting
tool thal |s cOURPLAS extedtl tHrdtfh YHe HIRDP AP MEISE the
mani pul at ed rough a naster e arteries are clamed to
prevent a bl ood tHaRRlRteE (10 andaRergafdly iR Proxingd endJdéso
PCT/ US97/ 02628 thereocf. Two of the leads 352,2854 terminate interiorly
the translator at two shoulders 708, 710 that are
attached to a first hollow tube 712 through which the
center lead 350 extends. The first hollow tube 712 may
be formed of some strong durable material such as
stainless steel, steel, hard plastic or the like.
The first hollow tube 712 is mounted to a bearing
714 such that it may be rotated. Rotation of the first
hollow tube 712 results in the linear motion of the
leads 352, 254 and the articulation of the articulable
portion 301 of the instrument 300 in one plane of
motion. .
A second hollow tube 716 has a pair of shoulders
718, 719 extending therefrom. Two leads 356, 358 attach
to one each of the shoulders 718, 715. The hollow tube
716 is disposed within a bearing assembly 720 such that
it may be rotated. Again, rotation of the second hollow
tube 716 results in linear movement of the leads 356,
358 which articulates ‘the articulable portion 301 of the
instrument 300 in a plane orthogonal the plane of motion
established through the rotation of the first hollow
tube. It is to be appreciated that the second hollow
tube 714 radially surrounds the first hollow tube 712.
The translator 700 additionally includes a quick



coronary arteries. The surgeon mani pul ates the handl e to nmove the I MA

adj acent <y d7R9¢gaPeni ng of the coronary artery. At hougpﬁqm}m of
the IMA is shown and described, it is to be understood that another

vessel such as a severed saphaneous -8é-n nay be grafted to bypass a
bl ockage in the coronary artery. Referring to Figs. 10A-J, the
surgeon noves the handl e to mani pulate the instrunent into driving the
needl e through the I MA and the coronary artery. The surgeon then noves

L0 e o, QUBPOMIBEL, 133068 (2L 24 REEALEGH L0 O

coronary and gra [ AS 7 rn Fi 10C,
the surgical ©of ajapringebiasadelenen hahi phigheprovides removableat the

hﬁel tof t_hte gaeéacﬁﬁéﬁeyofFEhe Blesabgaeaa tbentBethe sféﬂgéfﬁ&ﬁg&he .
chest cavity. shown. i n_Fi gs. , a_new nee an read can be
"inserted int066ﬁe chetgh of tgﬁvPng%U §HP8?e7}§eaP§e9ig PAY BR%Pt artery to
t he cor onaoychete7$0 Asrmbdwnhetreingat!| 6hedr aadsneetthesnotchean be

e o 20 e SUQegIRRLPYLS' 85! UL BBer ! SoERCRECTAL™ 1

sutures from e toe, ] e 10 i | . The
scal ed notiontubeshto thesgkgréde covpdemefPOaihieb whalsbhegdbacussed

accurately inTeuethle 3dtdieSnabeyhpeliswchest cavity. Although a
specific graft sequence een shown and descri bed, it is to be

has _b h
under st ood that théP& t¥FAnedater OO g rempovably; pktached teckhBques. In
general the sgseetlef cbhpler spoesvdat theventickndisyohaedsed20 perform any

1 ni mal | ' ' | d - . As, discl d

ner ef nabove, PRe-Lpe: EREnastichRanl N 8sT Mdver, 500, 45 P3N <BFIOR! 4
whi ch recei vestegddiged, itsignadyantegechs tontngllde a6skeriéeponse to
novenent ebup18®S600 BaNEhat5qnat ramefte ghlVee EﬁéhhﬁgbddW§Eﬂéﬁg

at the end of ja surgical instrunent. Alternatjively, a . back | oadi ng tool .
driver 200 nale¥anonEer S&extddzenthe articulable tool driver 500.

Additionally, the coupler 600 provides a means by which
« the translator 700 may be attached to the tool driver
500 while the tool driver is enclosed in a drape 125
such as that depicted in figure 26. The translator 600
has a housing 610 . Preferably the housing and the
components of the coupler 600 are formed of some easily
steralizable mater such as stainless steel, plastics or
other well-known sterilizable materials. The housing
610 has a substantially hollow interior 612 and open
ends 614 and 616. Two hollow tubes 618 and 620 are
rotatively disposed within the housing 610. To
effectuate the rotation of each of the tubes 618 and
620, bearings 622 and 624 are disposed about each of the
tubes. Each of the tubes has notches 626 formed in the
ends thereof so effectuate the attachment of the
translator 700 to the coupler 600 at one end. And to
effectuate the attachment of the coupler 600 to the
articulable tool driver 500 at the other end thereof.
The pin 724 on the translator may seat in a notch
628 to attach the translator 700 to the coupler 600.
Additionally, the coupler 600 may include a pin 630
attached to a spring biased pivot 632 to effectuate



the system 10 of the present invention, as depicted in Fi gures 11 and
1la. The bawodmeesong tool driver 200 WD 97/ 29690 PCT/US97/02628 -
PCT/ US97/ 02628 - 29- cooperates with a
back | oadabl e surgical instrunment 202. ~3fhe i ncorporation of such a back
| oadi ng tool driver 200 and instrunment 202 expedites tool changing
during procedures, as tools may be withdrawn fromthe tool driver
200 and replaced with other tools in a very si npl e fashi on.

The back | oadi ngri@ehm@nitvet 2@ icouplieschedthe driverr 600ti cTaem assenbl y

26 via a collar and.holder. as .... di §GlO reina ol di ng
tool  driver cpﬁaxﬁﬁé%%g 5%5§Fﬁ°fﬁiﬁwéaﬁg&n§e%r%x?%é?egnggfgggénggg
distal end 208. tHat sidat=Eply0sermivies themendoB 53l oft the cengersgablet her
wel | - known nat erj al | S d .y t i iSWUrgi ca
i nstrunents. Thgfgﬁgg?%%§%4_ﬁ?% éﬂ@éggghpPgLﬁ%gghﬁgfﬁb%agpg%%ﬁhgt fits
through the col lcdrcunfegengidli gnacyia endd FFbRsEce HpT tght ERen&Pool
lthafd e s d_esglféatt%d_ tiinn am%{é?:égs;ﬁ ﬁdjs fﬁfx@iéaab.@x?/fthed center sthe iback34
oadabl e surgical Jnstrunmen a . 00 n and a_connecting
end 212, A sor gRed e olemovatiy, 1aCkeR 40 PIgER B o JSHHE SPRFREGRE Lha
may be dri veridsed detssritpudd8 .r o dripc ddlle syhsitadmi sorsurstangiiadlly
tool that does e I,y e 3. r ; ; - 1Gagul Rk
or harnonic scalr}%'é'fﬂl'%squ _|%p%iség£h§?.%eﬁlﬂ%?ogheztrﬁr}ﬁﬂfgfret el%?ngltijr ument
202. A Fdusin@immged AAIReRAF fhe FecRim s AP RETVES tO  of
the instrunent {32 acHaHOUSEBIE Bnter @e1e2B50 to the articulable

tool driver 500, which will be discussed in further

detail hereinbelow.

The center section 634 is intended to laterally
slide within the innermost tube 618. To effectuate such
a sliding motion, a linear bearing may be disposed about
the center section interiorly of the innermost tube.
Alternatively, the center section 634 may be formed of a
beéring material that provides smooth sliding within the
innermost tube 618. '

The coupler 600 is remdvably attached to the
articulable tool driver 500. It is intended that the
articulable tool driver be enclosed by a drape 125. The
articulable tool driver 500 includes a substantially
‘hollow housing 502 'having a closed first end 504 and a
substantially open second end 504. Securely disposed
interiorly the housing 502 is a gripper motor 506, and a
pair of wrist motors 508 and 510. &Each of the motors
are in electrical connection with the controller 46.
Alternatively, the motors may receive signals from the
"conﬁfoller via a transmitter/receiver system where such
systems are well known. It is the application of such a
transmitter/receiver system to the present invention
that is new. The gripper motor 506 is attached to a load
nut 510 that surrounds a load screw 512. The motor 506
receives the control signals and turns in response



di sposed interiorly the housing 216. The | ever 218 has a pivot point
220 that L&y &pdegsyl | shed by utilizing a pin passing thro

associ at ed aperture 222 in the |ever. The pin may be at?g?ﬁﬁﬁm?un¥h
interior wall 224 of the housi ng. A3Bush/pull cable or rod 226, that
extends the | ength of the instrunent 202 is attached to the |ever

218, such that novenent of the |ever 218 about the pivot poi nt 220
results in a |inear novenent of the cable or rod 226. Essentially the

canl e or 10d 2R8BELY! % 1Bag pulPRHS EAILOLIEUILLOLHY aoLe 21 ot

the tool end rumen he 'cabl e or
WO 97/29690 the load screw 512. The load screw SPETis/gvtacied to a

- 30- e c NeRI I T | ever
738 has a C shona-€el 504 | e@‘gn*“??’ pel BADICLLANCD! fealule the Borce ih'

t wo aperturesr2281r2§0tpn1?ﬁ§ra 1M089Vﬁgt§96ca¢ﬁ§ apRrvliteR 398 230 are

preferably a&uaemadedebxh@ tonglez23800heopuhpoaeipperhinctos b . be

.described in re_det her.ei.nbel Qw, The t ool d_210 of the
back IoadabIengFgwggl%e useﬁs%?u%E%PrESZffgdgﬁﬁFaggag?ﬂ Eﬁ%th%?YO t ube of
t he . back Roedrpgrased dni tbe 2§8tefhd Ot ofl the2presebe invepuiond

‘Lfrough the t Rokcdr e/ ndgiibly Berbanle1°8d5240meq BX! ERUSoAYORArENE |

sheath 204. The Orin Sea assqci ated apertures

housi.ng 238 oftSt REtac %erGF‘&PFV@PaQOGelihélﬁousﬁﬁgSHGBVtFBﬁaFP9 P48 an
aperture 240 ﬁ@mersallhyaiqumdrt ifelse;tllamougbrhet kepapgaot gEethe cbapbgrcoaxi al -
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place by at least one spring biased detent or some other
similar attachment mechanism 520. Therefore, if a
surgeon at a master handle actuates the grippers, the
gripper motor 506 turns, thus laterally moving the rod
516, and in turn the center cable 350 which opens and
closes the grippers at the tool accordingly. Of course,
the action at the tool will depend upon the type of tool
disposed thereat. For example, if a stapling tool is
disposed at the end of the surgical instrument 300 then
a stapling action would take place.

If a master handle 50 or 52 is Eurned about axes J6
or J7 then one of the two wrist motors 510, 508
corresponding to the required motion turns. Each of the
motors 508, 510 are attached to a corresponding gear
522, 524. Each of the gears 522, 524 engage a
corresponding slotted section 530, 532 of an associated
hollow tube 526, 528 to turn the associated tube
radially about its longitudinal axis. Each of the tubes
526, 528 include notched ends 534, 536 to engage the
notched ends of corresponding hollow tubes of the
coupler 600. It is to be appreciated that each of the
hollow tubes 526, 528, 618 and 620 are all coaxial.
‘Additionally, bearings may be emplaced intermediate each
of the tubes 526 and 528 to provide easy independent
rotatability of the indiviéual tubes.



inserted into and through the tool driver 200. Each of the Orings 232

snugl y seat swerdggegissoci at ed aperture i n the housing 238 pgTusye/n2628l
driver 200. The housing 238 addltlonally i ncl udes a not or

assenbly 242 which is depicted in Figure 1182-The notor assenbly 242 is
attached to the housing 238 and is held firmy in place therein. The
not or assenbly generally i ncl udes a notor 244 attached to a reducer
246. The notor drives a | eaf 248 attached at the end thereof. The

| eaf 248 engages the gpds ehel Eablasvsnlestuabet bat-_ated r@hayleaahce
novenent of the nptor results hn the ﬁﬁ h é | ev 218 a€g
the pivot point 5D8 tyhes iR the ?ﬂ?ﬂ Fehj Rorakes ot a}u v ehe

the nmeans 227 tr&ﬁélaebh‘atlm‘ulfsheehothZiﬂ thet &iet icolaeiohn 240 nmetbep
i nstrument 202. not or S.l S a r ol
andl o, Addi ¢ | ongFI 5o Sheg AT ihREEiRBsNzS0bE Mo e BUFLER Fafly &, ERTE
ends of the |eaf resul48in phesarhiculabien ©§e§bacﬁr§¥§@bﬂbhﬁypgét1°n

i ncorporated to BQnéﬁetQﬁr@ﬁ&ﬁ@t1H§t§9h£ﬁtnﬁggssaﬁadielonalﬁﬁtUﬁhéth@? t ool
214 at the tool end 210 o 97/ 29690

PCT/ US97/ 02628 the front 1oad1ng tool rlver,_gﬁe back load?ﬂgtFﬂﬂ%nt 202.
Al ternatively, tagitvekqr o%éh@aarhamalable tobir deifreedanekeniplbged252

R o T,

t he sheath 204 al ways &sersaichs ian cuftging blpd?n@ﬁ@ ray Re sychangigd £oul @ do

not have to be gragper, and a grasper may be exchanged for a stapler
810. Essentially, such a system simplifies the
performance of minimally invasive surgical procedures
where the procedures include the step of changing one
tool for another. And because the system allows
articulation at the tip of certain instruments, the
articulation mechanism'may be used to articulate such
stapling, or cutting instruments that incorporate the
articulable portion as disclosed hereinabove.

Additionally, the instrument may not be an
articulable instrument, but the articulating mechanism
can be used to control other functions, such as
stapling. Figure 27 depicts a stapling instrument 810
attached to the robotic arm assembly via the collar 85
and holder 86. The lead that is Qenerally use for the
grasping tool, may be used to effectuate the stapling
mechanism. Endoscopic staplers are generally well known
in the art, however, it is heretofore to known to use a
stapler that is attached to a robotic arm as is
disclosed herein.

Additionally, a cutting blade, such as that
depicted in Figure 28 may be employed in the system of
the present invention. The cutting blade 800 is
attached to the robotic arm assembly 26 via the collar
85 and holder 86. The cutting blade does not require a
lead such as that required by the grasper or the



real i gned, nor does the robotic armassenbly 26 when repl aci ng or
exchangi ngyd The sheath 204 retains its position i t he
pati ent 19' \Aﬁﬁgﬁer -not . a toll-is placed theret hrougk&ﬁfsw,&ﬁw ~ Th
system 10 of the present invention may -40- additionally be supplied with
one or two additional degrees of freedomat the tip of an instrunent.
For the pur poses of exanple two additional degrees of freedom

wi |l be disclosed;, however is to be appreciated that only one

degree of fre | ud vide th dditiona
degrees of frgggg%rg ggggogr, Eg% %¥§%£9nJ€°gUr %yl %f%%uﬁiﬁk ul abl e
sur gi cal vuasthenentleomahaygbmechemgorahed has dedr disckosed The
i nstrunent SOQ 8Qﬁoggupled to the armassenbly 26 via a collar and
hol der as dISC osed herei nabove. In order ‘to articulate the tip of the
articul abl e i As CRUSBHRE Z8500KnCaraPiatari MaYt 8dfitienallgobemust be

enpl oyed. Theaatht:ﬁaaatbnahéo%bdtwearﬁoaséazabiybze v1a aeéccﬁép%&l n nore

det ai | herelng | ow, ¢ nast & af nal egrees of
freedom added §h8P8t8° der. ﬁ$g9ﬁaz?ﬁ§ %Bﬁt?%?gu ?EOY?WPEﬁtV% ation at
the tip khowheandsthaneantéﬁ®z1ﬁgguoelZﬁaﬂebecastamhadtatnaméve

raster schematha biakn! ebyiasable Lee2dibht 098l assc1odegr ecs of freedom

As di scl osed erelnbe onal rees of freedom are
mapped to t hehereingbeveyl aBYeUSdPgi 8nvarieky PhstPei@nin300. The two

addi tional axﬁﬁeahtbbﬁlﬁéatQéqﬂéﬁcé@feb&?ﬁoﬁ@ Bfod 88usss ma bd V.
By incorporatin

§ bl, t nt_30 ticul ati
tool driver 563%§ﬁ8 %ét;gghg 6%abgge}g B7F 35@%13 to be sbfe'tsU AN

PCT/ US97/ 02628hange instruments because many p88cedures require such.
While certain exemplary embodiments have been
described and shown in the accompanying drawings, it is
to be understood that such embodiments are merely
- illustrative of and not restrictive on the broad

invention, and that this invention not be limited to the
specific constructions_and arrangements shown and
described, since various other modifications may occur
to those ordinarily skilled in the art.



degrees of freedomat the master, difficult maneuvers may be carried
out in an ewdew2oémshi on. Wth reference to figs. 13PCH/USSTIO2628
‘articul able i nstrument 300 generally includes an el ongated rod 302,

a sheath 304, and a tool 306. The tool can¥de a grasper, a cutting

bl ade, a retractor, a stitching - device, or sone other well-known tool
used in mnimally i nvasi ve surgical procedures. Figures 27-30 show
various tools that nay be enplaced at the distal end of the articul abl e
surgical instruggalt 3@ claimed is:The instrument 300 includes an
articul abl e portion 301 having a proximal portion 308, a pivot |inkage
310 and a distal portion 212 each of which will be discussed I n
more detail hereinbellow. Addininadlyy invasive preceduret £300 sutsinides a
means 311 for artj | t ' ' :

I nstrument 300 V\snelﬁidﬂﬁr})}r]g‘gép%%lt%oﬁebg?%%§§e§9?E%€? %T(r%;eat%ir%%sv%ﬁhof
t he arti cul @l P iRgnneEELe o WRRES I DO CRAIITIXARAT Y efFEBTY hagyan

freedom at the idgperiHEENcdniptidingtie dtepshef: appreciated that
al t hough the articulable portip

$.301 ig. degcri ed as inclu ingﬁg
proxi mal portion, a pgthot ProVidiRgq d LAfsh &ridtguiphs i FHEr2 $25°88
provi ded a Exydulytef arnt, erseed af Brpor andhss ecohd matmtiet ltak ec aghms
ot her via a correspondj L0 IinQQgﬁ: LS

nounted to eachbo%ﬁf#eé%f%ésggctal ve prro%lllrr%{ %%crltle éngg%gltgie\ésﬁe{%g?ﬁ?gn
and any i Nt arecei VR amt brpvt aermapd: ppAsMeve Faist firsaprd secgng

The pivot |inkagg-t3ildlidHeBAGe5 Misgbridie to thY gt ctidhaticst al

portions of the articul able portion to provide articul.ation at the
i nstrunment tip. é)sent?‘égf:ﬂ',ngc héatco&p?éafsgfi PBr HRSIFARH et " p3r t ¥ B,
pi vot |inkage anshtliexital porti.on serves as a universal joint.

The el ongated rod 302cj S piﬁggi'@?.% @éigwﬁ%t and second articulate

arms into the patient through the incision;

da) generating an input command to move said first
articulate arm to grasp the secondary vessel;

e) generating an input command to move said
second articulate arm to grasp the suturing needle;

f) generating an input command to move said
second articulate arm to move the needle through the
coronary artery and the secondary vessel; and

g) repeating step (g) to suture the secondary
vessel to the corohary artery.

2. The method as recited in claim 1, wherein the
secondary vessel is a internal mammary artery and the
method further includes the step of cutting the internal
mammary artery before moving the internal mé:mnary artery
to the location adjacent to the artery opening.

3. The method as recited in claim 1, further
compris'ing the step of generating input commands to move
said first articulate arm to move the needle and suture
the secondary vessel to the coronary artery.

W



formed of stainless steel or plastic or sonme other well - know nat eri al

that is siayategdd! €. Because the rod 302 WO 97/ 29690 perusernze2s
PCT1US97102628 - 33- is hollow it

enconpasses and defines an interior 314.-42- The el ongated rod 302
additionally has a proxi mal end 316 and a distal end 318. The di st al
end 318 of the el ongated rod 302 should not be confused with the distal
portion 312 of the articul able portion 301 of the i nstrument 300.

The proximal porti 3 f r{Lc pQrt i
integrally forned ngf hoﬁﬂg m%gﬁogt Lé% EESQ%%E in cq"%ll“f rfa%b‘%p%ltrfac%
thereto vie wStRER), o@lwwam the inoug mumn@:elquh@ﬁm a csurgeeRi | | ed

artisan. It '5mov1n§r§ffif@{:emagé‘értﬂﬁn@ﬂ@xb}iﬁ ap%rédd?ﬁi s indggrel |y
formed with the elonggted rod to ensure sufficient stability and

durability of W ?EWEEPGSWV?WEM ofr ofte FdrStona%68 §eqdRd
articul abl e padttiduBide armsiOdE’EwraEﬁoﬁd\Q‘.d | tige rmoddenB 22f esgiy of i wéit ch

have an aperture 3 er et hr ough. A pivot |inkage
310 i s mount ea‘-’“?é %%CO%?&‘( sfﬁﬁlr Q{a r%]’i on 308 via a plurality of pins 328

t hat each pass through an assom ated aperture in an-adjoining finger.
The pivot |inkage 340 igna ﬁ@EﬁBé' h¥ fbat t@ekmIain dﬂawwré’ng%%%gl
aperture 332 passing therethrou and four apertures 334, 33 340
evenly spaced Btrfhe and &&aq r?r&flcﬂwlea'éi?s@%% eRf t PaVA I?npl%d328
are at t achefif éotapdwhitBnehdvieor tdeabslgeiddZentnt RPIfNTheIovemssat in
the apertures OE t he associ at e flne tq:
of said first ATy sec d haster handles.
6. The method as recited in claim 4, further

comprising the steps of activating said first and second
articulate arms such that said first and second
articulate arms move in conjunction with the movement of
said first and second master handles and deactivating
‘said first and second articulate arms so that said first
and second articulate arms remain stationary when said
first and second master handles are moved by the
surgeon. |

7. The method as recited in claim 1, further
comprising the steps of providing an endoscope that is
coupled to a third _articulate arm and inserting the
endoscope into the patient through an ihcision, wherein
said third articulate arm is coupled to said controller
and an endoscopic input device that receives an input
command.

8. The method as recited in claim 7, further
comprising the step of generating an input command that
moves said third articulate arm and the endoscope within
the patient.

AU



provide the articulability of the instrument 300. Five | eads 350, 352,

354, 356, 3580%he6 interiorly the hol | ow shaft. On | ead BEDYUSSV62628
down the céenter and passes through the center aperture 332 in the pivot
| i nkage 310. Two 352, 354 of the five | eads4xtend down the hol | ow
interior of the instrunent and are attached to the pivot |inkage such
that |inear tension on one of the leads results in rotational novenent
of the pivot portion 301. These two | eads 352, 354 attach to the

pi vot |inkage at two ef thepapenbdhed f@ﬁﬁ&%clteahqrnetalayﬁhs further
Additionally, they attiach at those WO %7/2 90

PCT/ US97/ 02628 comprising the step of applyifg a forceabgrﬁapb§qﬁﬁﬁon

are. adj acent to W dhnedihrésponds tot huofgrdede dpplgeed dby t e pd oxémal
portion 308 of tg; articul able portion 301 of the instrunent 300. The
ot her two | eads é cio3 pass t hrough the two ot her apertures in the

pi vot |inkage and attach at the distal end of the articul able portion

301. Movenent of thesIS ort’?1 ﬁ@a@&drféufééltaanwee&aamofs t%éi?én?“%ﬁ@'e

portion 301 that onal to the novenmgnt when t

| eads 352, 354 arf@nfR PPl 1ed to the SFUTSEPRt 5t IR ?%%?‘gn%ﬁt:r&@e&“pa??
of the pr esenthes \foreya appdied #epsatiadend Bfgecesrl7-24, there i's
provi ded an articul ati ng nechani sm 400. The articul ati ng mechani sm 400
general ly conprises the articulating tool driver 500, a sterile coupler
600, a transl at or 1700 arthe heethodc@dsbrectiteld 3D0. claim 4, Fwether

translator is attRehed donihenk Wi dR! o8Nk Hlfering input commands that

" correspond to a hand tremor of the surgeon.
12. A system that allows a surgeon to perform a
" procedure on a patient, comprising:

a first articulate arm which has a first end
effector; ‘

a first input device that can be moved a first
input device spatial increment by the surgeon to create
a first input command; and, |

a controller that is coupled to said first input
device and said first articulate arm, said controller
receives said first input command from said first input
device and provides a first output command to said first
articulate arm to move said first end efféctor a first
end effector spatial increment, wherein said controller
scales said first input command so that the first input
device spatial increment is different than the first end
effector spatial increment.

13. ' The system as recited in claim 12, further
comprising a second articulate arm which has a second
end gffector, and a second input device which can be
moved a second input device spatial increment by the
surgeon to create a second input command, said
controller receives said second input command from said

* [+ L M S *



of the instrunment 300. The instrument 300 may additionally have a

r enmovabl evf.ggJ,mﬂ;%) as shown in Figs. 18-19. The renovablperimehoisas My
be any too such as a cutter 422 that is attached to an el ongated rod
- or cable 424. At the end of the rod 24¥-there is disposed a flat
section 428 wth an aperture 430 forned t her et hrough. The flat section
428 seats into a channel 432 disposed at the end of a second cable or
rod 434 that travels down the el ongated shaft of the instrunent

300. The seco h%%gﬁ q%ﬂg rore e geof
such that ther%&?'psecﬁgfﬁ s&e_a S i%ré@gd%%e c%ea%ér}'é 4% t<LJ eas one
spring bi ased et eatdssecond qrk icuhatfe azPeriqureovdosaidpsaaendirengh t he

f1at sect igprddBorThhS £08H88! Sehle éPPEcHIP tgpahsarlesan@:fremenﬁ he
i nstrunment 300. As such, f{ools be exchanged he tip of the

i nstrument wi tTREESHRSH t%°‘? SY heca esl?l%%&uﬁ%?ﬂn‘%rm‘f ec%%FE% 10
every tine a nsw thak ithe setefd riatbut device Bratiwl 3A6riemeitd atbed to

the translatory 709 andie  c£5AeNEHY | Ldoohd! eaRA QU therow Lhy The

- 35- arndrement ng nechani sm 400 is attached to the robotic arm
assenbly 26 via the collar 85 as is disclosed her ei nabove. The col | ar
85 fits about the shaft 302 of t he i nstrunment, 300

translator 700 has &%pr o3t S¥RHSFORSNEeG1tE dinstGland 1304, f%‘éhﬁrstal
end 704 of thecémprilsdiirty a third articulate arm that holds an

endoscope, and a third input device which receives an
instruction from the surgeon and which generates a third
input command in response to the instruction, said
controller receives said third input command and
provides a third output command to said third articulate
arm to move the endoscope.

e 15. The system as recited in claim 12, wherein
said first input device is a master handle that is moved
by the surgeon, said input device further has an input

“button that is coupled to said controller to activate
said first articulate arm so that said first end
effector moves in conjunction with a movement of said
master handle and deactivates said first articulate arm
so that said first end effector remains stationary when
said master handle is moved by the surgeon.

16. The system as recited in claim 15, wherein
said master handle pivots about a master pivot point.

17. The system as recited in claim 12, wherein
said first end effector has a force sensor and said
first input device has an actuator that is coupled to
said force sensor to apply a forée to the surgeon that
correspohds to a force sensed by said force sensor.

R DR



. the

700 has a cross sectional shape that is substantially simlar to the
cross sect iwos29ésape of the el ongated rod 302 of the i nsSPCUHEIMO2BLR).
Addi tionaltly, the transl ator 700 has a hollow interior 706. The center
rod 350 extends through the hol | ow i nteri 2706 of the transl ator 700
and energes at the proximl end 702 t hereof. Two of the |eads 352, 354
termnate interiorly the translator at two shoul ders 708, 710 that are
attached to a first hollow tube 712 t hrough which the center |ead 350

extends.  The firstigol |'Ph\ét%grﬂ?amecn.te@eiﬁ%md?soﬁﬂeﬁéiﬁnﬁhe

durable material such _as ess steel, .stee plastlc ols t he
i ke, RES T APBLIRG: (o IR CSYTeRY g clicobed BudH S
such that it nmghdécfomtatsshsdditat isaidffdree fSerstor. hoI I ow tube 712
results in the linear notion of the | eads 352, 254 and the -

articulation of the articul able portion 301 of the instrunment 300 in
one pl ane of - motPen. The systempasechpalhefl dn tebeim182hasvhkepein of

shoul ders Jdd8a Akbext gediire: t Rgsefq oy rEWo b@@gﬁl%&séﬁgo@{t@ﬁgt
to one each of the saoulder .718, 719. The hol.l ow t ube i's dlsgosed

within a beari RFALLERFI P 7 BT EhicHNREY p°51t|1t°%§183arlotaa’[‘%da REFan
rotation of thepsetvddnhaldn@sr that upeoviQesesl $8condl m@an: neyeiehonof

the leads 356, o4 ona?58 H1iGH art'ﬁ'ﬁféréffe?hgks 188 LU LGN 30

B &% orThogona
est abl i shed t hrbagtox hEor osai oﬁlmttmptntrms:hbimv\ﬁlgnaltab@ al secsmﬂo be

appr eci ated thalcite s£ceof f0) QA secddth it asliidlion Sgrnds the

first hollow tube 712. The translator 70 tionally includes a
qui ck WO 97/ 29690 PCT/ US97/ 02628
20. The system as recited in claim 12, wherein

said first articulate arm includes a surgical instrument
that is coupled to a robotic arm by a sterile coupler.

21. The system as recited in claim 20, wherein
said robotic arm is enclosed by a sterile bag.

22. The system as recited in claim 12, wherein
said first articulate arm rotates about a pivot point
located at an incision of the patient.

23. The system as recited in claim 22, wherein
said robotic arm has a pair of passive joints.

24. The system as recited in claim 12, wherein
said controller has a filter that filters a first input
command which corresponds to a hand tremor of the
surgeon.

25. A medical robotic system that can be inserted
through_a first incision of a patient and controlled by
a surgeon, comprising:

a first articulate arm which has a passive joint
that is coupled to a first end effector inserted into

ARG O



- 36- di sconnect 722 conprising a pin 724 disposed at the end of

a spring bipayethdssyer 726 whi ch provi des renovabl e attacpff?msg?,f, e
translator 700 to the sterile coupler - 600. Both of the holTow u%es 712

and 716 may have ~notches 750 fornmed +Kérein at their ends. The notches
serve as a nmeans 752 for interconnecting each of the tubes to the
sterile coupler 600 which will be discussed in further detail

her ei nbel ow. The translator 700 is renovably attached to the

steril e coupl ef.80 La:the LeK.di npect : ...Because _the .
articul abl e toépgdrgpégrglég(? %lé%%tlgeggllgl ggg&szgﬁefiﬁff‘?«?g, & girgt pivot
advant ageous tBoint| fier sasdefirst endcefifeerord0 so that instruments may

be exchanged wi thoul f£ird@ViABuko EdWiddi ERakN | g&ll abl | sdeiver
500. Addi tional |y, ,Jﬁe cougluer 600 %r_ovi ggsecalaérr%agﬁg gy %ﬁt%ﬁ 191&:&1[ e

transl ator 700CREJaBE dft FQFRPNSE (1R AdvANSKTYEEion fxon thel surseongol
driver is enclafs@d in a drape 125 such as that depicted in figure 26.

The transl ator 600 has ous]j 610 . Preferably the housing. and the
conponents of the cguﬁoéf‘at %’FeL?‘l%Frré‘(f ST Crle&?i Bpid g’s’t’%\‘aP-F‘Pé‘t‘}I e

mat er such as de¥iglecandtsaid fixsti csriculatet hem, waddiknowntroller

sterilizable s . | 6&5%@ S i h
interior 612 2%%%%52%% sgq?n@%ﬂqgr%l%l& mdﬁ%ﬁ"gwé%%eghg%% gl&{%) 0
are rot at i A€V 8pGsPYONLERPN2t RATREUSPEBUE1GoMNd toeBRdck fimstt he

rotation of eaalbtdtullatd Wias dolicidl said RlrsbeaniiNgsrEeLoRNdeddd i/t
di sposed about ubes., Each of the tubes has notches 626

tgagg of, it hg . oé
formed in the ﬁdg ERErBAYO5 PRI PEct uate the attachnent of the
translator 700 to the coupler 600 at one end. And to ef fectuate the

attachment of the cegpl erTﬁgoss,%t_t&(p as rabiicely aple 59%1 diﬂ,vefu?Q%e§1 t he
other end thereof. ., |, Thé pi_n 724 on the transfator may seal 1n a
notch - comprising a second articulate arm which has a second

end effector, and a second input device which creates a
second input command in response to an instruction from
‘the surgeon, said controller receives said second input
command from said second input device and provides a
second output command to said second articulate arm to
move said second end effector about a second pivot point
located at a second incision of the patient.

27. The system as recited in claim 26, further
comprising a third articulate arm that holds an
endoscope, and a third input device which receives an
instruction from the surgeon and which generates a third
input command in response to the instruction, said
controller receives said third input. command and
provides a third output command to said third articulate
arm to move the endoscope about a third pivot point
located at a third incision of the patient.

28. The system as re¢ited in claim 27, wherein
said first input device is a master handle that is moved
by the surgeon.

—_—_—
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628 to attach the translator 700 to the coupler 600. Addi tionally, the

coupl er 600wunyries) ude a pin 630 attached to a spring bi pegisorrsgzg 632
to effectuate WD 97/ 29690 :

PCT/ US97/ 02628 -47-.37- attachment of the
coupler to the driver 500. The coupl er .600 additionally includes a
center section 634 that slidably receives the end 351 of the center

cabl e or rod 350. The end 351 may include atip with a

circunferential grooyg 353rglSposedm! hes ei‘@@h‘.i:ed-rhﬁzt tRaim BPAlghbRedn
recess 636 forned. in_the center section, 634 and_ i s reanany  ocked in

pl ace by at Iea§§l@n§1§EF|h§P“t deyisedigefeMastss. handlg that s Bwvied
substantially by shel lstirdedd,hesdid Daphsi aengc@wexmmﬁﬁlea@nahahn@iﬁove

353 is di spose a t.he, recess., 636 .and_se ves attach the _cable
center cable SgB Ego gﬁﬁ%l%@l%ﬁ?éleé Y% otatri e 58613ﬂﬂﬁﬁlﬁfﬁ LVEEe
di scussed in fusahdr firsgetartibcuwl@tselagm so that Thaldenferssecemmh

634 is |ntendede£9ek€b%ﬁﬁédés 1n55bﬁﬁuﬂaaydht{?thnaewg%&%e d|s ose

ef fectuate such tion I near bearin
about t he c@ﬂFE?rSQéPﬁ&ﬁ ﬁﬁ@eﬂﬁQQR}YﬁtQﬁmﬁihﬁeﬁhﬁ%ﬁ @Ebeculate arm

Al ternatively, gbethat!eaideiret il EHEA O FEfaDhs astatl@ﬁ&i‘gngrhen
mat eri al that proviides i nner nost tube 618.

h d it t
The coupl er 600° ?%dr%ﬁﬁgﬁﬁ%a%ﬂ%c’%g“%e$@ (e 2Wi9eMabl e tool driver

500. It is intended that the articul able tool driver be enclosed by a
drape 125. The 30. The system as recited in claim 28, wherein
said first end effector moves a scaled increment of a

movement of said master handle.

31. The system as recited in claim 25, wherein
said first end effector has a force sensor and said
first input device has an actuator that is coupled to
said force sensor to apply a force to the sufgéon that
corresponds to a force sensed by said force sensor.

32. The system as recited in claim 31, wherein the
force applied to the surgeon is a scaled increment of
the force sensed by said force sensor.

33. The system as recited in claim 25, wherein
said first articulate arm includes a surgical instrument

that is coupled to a robotic arm by a sterile coupler.

34. The system as recited in claim 33, wherein
said robotic arm is enclosed by a sterile bag.

_ 35. The system as recited in claim 25, wherein
said robotic arm has a pair of passive joints.

36. The system as recited in claim 25, wherein
said controller has a filter that filters a first input
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articul able tool driver 500 includes a substantially hol I-ow housi ng
502 havi ngy ,ﬁ%ﬂﬁ@d first end 504 and a substantial |y gRefpseREss end

504. Securely disposed . interiorly the housing 502 is a gripper notor
506, and a pair of wist notors 5084®d 510. Each of the notors

are in electrical connection with the controller 46. Al ternatively,
the notors nay receive signals fromthe controller via a
transmtter/receiver systentmhere such systens are wel | knomm It is
the application of_ sudch r/iyeceiv VS ent
nventon - Sapianic Wileh res T SRebaRy o6 GooRhod) T EEEE {8F. NS
nut 510 that swrgeemds a | oad screw 512. The notor 506 recelves the
control signals and turns in response WO 97/29690

PCT/ US97/ 02628 t hereto. The | oad

nut 510 turns whi ci®7at ePay@tagy dhat a%ﬁ@"’ﬁoéd LHFIREE 100 PRE gAY Acrew
512 is attachggddedure or @apatdlentsléonprdlsingy be enpl oyed to neasure the

force required to Iat raII JTRME t he cabl e, 35 ich is .. __attached
vie the coupler 600t & g?Fé UJTﬁ)tt%r .Whlcq"rm']’ *naf bfel{@gd FH a
force feedbacmfﬁanuunﬂhat may be I ncorporated in the system 10 of the
present invention I{;&,Ft AN s To NP1 pnely 21 %a t d

t her eof i's attacheé to ?h oad, ce ﬂé %ﬁcﬁ ?% a %§§§@
noves in a |indiPut AeYHEe spatiap eaeremepﬁebyomeersurgeoaw%éat%atﬁ t he

channel 518 argl ﬁfrg&”ﬂﬁﬁﬂﬁ)bdmﬁaﬁd n pl ace by at Ieast one spring
bi ased detent or sone otE 1 ar attacgngg aa 3 %b
Therefore, if a  2sGPREERIAFTA etshgﬁﬂ t%ﬁu%@l h&ELGSPERYE ¢ he

device and said first articulate arm, said controller
receives said first input command from said first input
device and provides a first output command to said first
articulate arm to move said first end effector; and,

a second input device that activates said first
articulate arm so that said first end effector moves in
éonjunction with said first input device and deactivates
said first articulate arm so that said first end
effector remains stationary while the surgeon moves said
first input device.

38. The system as recited in claim 37, further
comprising a second articulate arm which has a second
end effector and a second input device which can be
moved a second input device spatial increment by the
surgeon to create a second input command, said second
input device has a second input button that can be
depressed by the surgeon, said controller receives said
second input command from said second input device and
provides a second output command to said second
articulate arm to move said second end effector when
said second input button is depressed.

39. The system as recited in claim 38, further
comprising a third articulate arm that holds an

(LT



gripper notor 506 turns, thus laterally noving the rod 516, and in turn
the center_ wadwn29ede0 whi ch opens and cl oses the grippers RCTUSSTOU2B
accordingly. O course, the action at the tool will depend upon the
type of tool di sposed thereat. For exéf‘rﬁl‘e, if a stapling tool is

di sposed at the end of the surgical instrument 300 then a stapling
action would take pl ace. If a master handle 50 or 52 is turned
about axes J6 or J7 then one of the two wist notors 510, 508

e o athea oo BBCL R i R L e o P e o).
524 engage a inﬁ'&FPE&SSHd%ﬁ&g‘sggﬁ ooy 85’%?&1%588‘?1-5% % ssaoctﬁf’iltftzad?d,

Ihglnl ?)}[/vuéiuﬁgl 52)6(3?.n5218: tOQmmla![md hianamptan'edG'fttm‘ethie Ladtalslllqtlaimm nsatlsd ”
536gto engage tﬁ%nté%cﬁn%g%heggg%g?%} ggrl?%sgcﬁ%grﬁggﬁ%w ?E@g‘?q}o Sﬁ]teé ’
gggPl2586226.gég:;:;::EEjZEg:ifLi:fg:i&i;tionafr;fﬁﬁéariiiflsifﬁigk% 326,

enpl aced i nternedi ate each of the tubes 526 and 528 to provi de easy
I ndependent rotatability of the individual tubes. WO 97/ 29690
PCT/ US97/ 02628 40. The system as recit33 in claim 37, Widrexédin
tubes 526, 528 ar 0, Vs r . uhes, .i erc i ch
rotates the tub%’s?%'ldn {%Sg * r%é;ns(?% %‘?? ‘f‘f%éslr_]?deésugt ?a‘lsrr?l:%{ghgir}??%ultatlon
at the tip pivots alpoyitc &l masseruPaNet3peinkbre particularly, this

41. The system as recited in claim 40, wherein

said first input device is a master handle that is moved
by the surgeon, said input device further has an input
button that is coupled to said controller to activate
said first articulate arm so that said first end
effector moves in conjunction with a movement of said
master handle and deactivates said first articulate arm
so that said first end effector remains stationary when
said master handle is moved by the surgeon.

42. The system as recited in claim 37, wherein
said first end effector has a force sensor and said
first input device has an actuator that is coupled to
said force sensor to apply a force to the surgeon that
corresponds to a force sensed by said force sensor.

43. The system as recited in claim 42, wherein the
force applied to the surgeon is a scaled increment of
the force sensed by said force sensor.

44. The system as recited in claim 40, wherein
said first end of effector moves a scaled increment of a
. movement of said master handle.
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results in the articulation of the articul able portion of the surgical
instr umentwagglz96 ddi ti onal Iy, whet her the front |oadi NnGdGseraige" -

t he back | eading tool driver, or the articul able tool driver are

enpl oyed, surgical instrunents may b&oesasily exchanged. As
such, a cutting blade 800 may be exchanged for a grasper, and a grasper
may be exchanged for a stapler 810. Essentially, such a system
sinplifies the performance of mnimally invasive surgical procedures

where the procedures i nclude th tep._of changing_one _. tool for_ another.

And because the system al F’Swssys’eté&r E&Lﬁea(iﬁo%éagnt ﬁ:é'at]i’?) %?'c &{edl?ehln

instrunents, tdedd firmt isgudianilat eresimriirsrhudss e sisgidal d@mstoieert such

stapling, or [ {el i S .t M c[aXo] r t i 1 @bk bl e
pling (El!',é()ﬁserl% ﬁ%l‘#%'ﬁ% al Bebotie 5%& ' ByCa Reerile EB!J%B!E?.

portion as discl ove. ionally, the instrunment may
not be an articul able instrunent, but the articul ating nmechani sm

can be used to contg®] ok dHEéMmORS rdteicéd in Slafhi 9, WHBYF&IRT
depicts a stam%£§)|Q§thunent 810 1 at t.ached tggﬂ} rgpotlc arm assenbl y
via the col lar® robohif RErudS §8CLPREY BXd % FEETitdegBA8ral Iy use for the
grasping tool, may be used to effectuate the stapling mechani sm
Endoscopi c stapl ers,-qare er ) Kﬂﬂ%ﬂ% LN . ar h it is
heretofore to kn_om4'?b ugzl%a ?}égesﬁgfer tha etlislg)t téa]ﬁlerg ?g'aq}rig%zg T2 arm
as is di sgak@dfhesti articulate agwi rpSaAdiasy akowtt & P§ViPtadeeinvtch as
t hat depi cigehtdl Rt iR iB56rP o e hleO YRt ilehtt.he syst em of t he
present invention. The cutting blade 800 is attached to the robotic arm
assenbly 26 via the collar 85 and hol der 86. The cutting bl ade does not
require a | ead &8ich ahe hsystemuiasedrdyiteé dmaspkxior 4Uhe wherein

said robotic arm has a pair of passive joints.

49. The systém'as recited in claim 37, wherein

+ said controller has a filter that filters a first input

command which corresponds to a hand tremor of the
surgeon. :

50. A medical robotic system, comprising:

a robotic arm; _ _

a sterile bag that encloses saia_robotic arm;

a sterile coupler that is plugged into said robotic
arm; and,
' a surgical instrument that is plugged into said’
sterile coupler. ' '

51. The system as recited in claim 50, wherein
said surgical instrument is an end effector which has a
pair of fingers. '

52. The system as recited in claim 51, wherein
said sterile coupler includes a piston that couples said
end effector fingers to an actuator within said robotic
arm.
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- 40- woloapbep;, however, the cutting tool, nmay be articuParTAI$97/0262%i a
the afticul ati ng mechani smthat has been discl osed her ei nabove.
A-cauterizer or coagul ator may additionalt$lbe attached to the robotic
arm assenbly 26 via the collar 85 and hol der. Cauterizers and

coagul ators are wel | known and the cauterizing tool may be attached at
t he end of an articulable instrument as discl osed her ei nabove. By
using a variety of tgols %”medichGPS$SEﬂE”Qfs@éﬁUGESﬁﬁriyﬂﬁ?QUS procedur es
may be carried out: t 1s generally pre erable to be able to

change instruments becE@RREHAMEMT ocedures require such

Yﬂi|e certain_exegplary eabéfhpféfSth?uepbeeﬁally deeacﬁéedtandhehanm;in
e acconpanying draw ngs, It LS .Lo unaer nb nts
are nerely i1 lustrati @8 8Pd8ﬁ8°ﬁb? ?ggg}f%?igégggu@ﬁgebﬁgég i Bgige

inventionz and bhasaidhi coupleans iamd not be limted to t he . spec!fic
constructions and arrangegeghges QT@raﬁaving. eﬁﬁﬁﬂ?@?itﬁén88n¥§6&gg§ ot her
nodi ficati ons may occur fo those ordinafjly skilled in the art. WO
97/ 29690 in electrical communication witlpthheedepiogarm; and

-41- What is clai "fler8in movement at the controller produces a

proportional movement of the robotic arm and surgical
instrument.

54. The system of Claim 53 wherein said coupler
removably attaches to said robotic arm.

55. The system of Claim 53 wherein said endoscopic
surgical instrument is an articulable endoscopic
surgical instrument.

56. The system of Claim 53 wherein the articulable
surgical instrument comprises a base, a pivot linkage,
and a distal end.

57. The system of Claim 56 wherein a movement at
the controller results in corresponding movement of the
distal end of the articulable surgical instrumeﬁt
relative to the base of the articulable surgical
instrument.

58. The system of claim 53 wherein the coupler has
an aperture formed therethrough.

5S9. A method. for operating a surgical robotic
system for performing a surgical procedure on a patient,
the method comprising: _
1) providing a first articulate arm, a’
controller and an input device which receives input

e



1. A mnimlly invasive procedure for suturing a secondary vessel to a
coronary Q{,ég.;,y%ﬁ({ a patient with a suturing needle, mheg&t,a@ﬁ&sm
coronary artery has an openi ng, conprising the steps of:

providing a first articulate armand a s6gend articulate arm sald
first and second articulate arns bei ng coupled to a controller and an

| nput devi ce that receive an i nput comrand and nove said first and
second articulate arms in response to the input command; b)
cutting at |least_ .one |nto )

i nserting sa|8°WWP§?sanﬁh§egbﬁﬁ a?F#&ﬁ?ﬁ?ée arma?ﬁse#ﬁ?%f%ﬁﬁlpatlent
t hrough the | commixoacation withdihegeantavlhgraandnpheé contzmallleéev @mve said
first art bedbat¢cai "ebh m“i‘éatibﬁ égEﬂnéﬁéylﬁﬁﬁée&evm e)
generating an 1 nput command to nove sal SecoRd articilate armto grasp
the suturing needl e; 2) cutting @&ndeastn§ngn IngietosoARksd the nove sai d
second articupatgeaem to nove the needl e through the coronary artery
and tge secondary VFSfeBﬂh%RgﬁF aaFg%P} §HS ste% $%4ﬁ 0 S?Luae t he
secondary - vessel to 5Hé¥& €ret hod as
recited in clﬁirst,awhecaﬂateharm. secondary vessel Is a internal mamrmary
artery and the  met g0 iyddstd neluigs dieast g @trruynwe Bl Ene

i nt er nal manmary efor Movi ng t érnal manmary arter

to the Iocatlﬁﬁtaﬁpécéhrop tﬁéeaﬁFel?aﬁbeﬁnﬁg1nClSl°n- . The nethod

as recited in claim1, fg;r Td’éferatlngcq t5|d&ﬁm{algﬂsstt%on@veg%gaatl ng i nput
commands to nov irst articula e the edle and

_suture tﬁé‘rgéES‘r]tdéPs?t\’/'é‘g‘?E‘F t8 ffEE F‘Bﬁ&r V“&Pt Ei’l‘ﬁ proced

being performed wherein said robotic arm moves said

surgical instrument in accordance with the input
commands; and
6) removing the surgical instrument from the
i patient.

60. The method of Claim 59 wherein after removing
the surgical instrument from the patient further
comprises the steps of:

1) replacing the surgical instrument with a
different surgical instrument; ‘

2) inserting said different surgical
instrument into the patient;

3) generating input commands to move the
different surgical instrument in accordance with the
procedure being performed wherein said robotic arm moves
the different surgical instrument in accordance with the
input commands; and ,

4) removing the different surgical instrument
from the patient.

61. The method of claim 59 wherein said surgical
instrument is a grasper.
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-42- wo09729690 The nmethod as recited in claim1, wherei nPERUS97/02628
steps of generating the input commands include a surgeon noving a first
mast er handl e and a second master handl e =33=such that the novenent of said
first and second articulate arns correspond to the novenent of said
first and second naster handl es. 5. The nethod as recited in
claim4, wherein said first and second articul ate arns each have an end

effector which nove gy scahpd ndtdcIRIE G]faitnhﬁngWMn the usgi¢hlirst
and second master handl es. . The nmethod as recited in claimé4,

further co#&ﬁ@%r’cthé%taeﬁéza\ﬁlegctl vating said first and second

articulate arns such that said first and second articulate arns nove in

conjunction with thesjmvgﬂ? etq-fl'éo% ofsa(':fla arﬁc éj{éﬁ?q}ge i{?gfmdl es

and deactivating sai Secon arms” so sai d
first and sexstment cif @&t caaterizemi n stati onary when said first
and second master handl es are noved by the sur geon. 7. The

nethod as recited in_claim?11, further conprisin he steps of rowdln

instrument is a cutting blade.

65. The system of Claim 57 wherein the tool
attached at the distal end of the articulable surgical
instrument is a stapler.

66. The system of Claim 57 wherein the tool
attached at the distal end of the articulable surgical
instrument is a cauterizer.

67. The method of Claim 59 wherein the step of
attaching a surglcal instrument to the collar by passing
the instrument tip through _the collar.
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coupled to a-third articulate armand inserting the endoscope into the

pati ent thvrvg)%gg% i nCi si on, wherein" said third articul apeTAISOVAO2628
coupled to ontroller and an endoscopi c i nput device that receives

an i nput comand. 8. The nethod as recited in claim?7,
further conprising the step of geneqzﬁ%ng an i nput command that -
noves said third articulate arm and the ‘éndoscope within t he pati\ent.
WD 97/ 29690 RCT/ US97/ 02628
- 43- 9. The nethod as recited i '

to

conprising the step of applying a forge
corresponds to a force applied by saiagF
The method as recited in claim9, where€i
surgeon is a scal ed i ncrenent of the f
ef fector. 11. The nethod as re

conprising the step of filtering i nput commands t hat
hand trenor of the surgeon.

"
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{
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12. A systen1that allows a surgeon to performa procedure on a patient,
conprising:woomeese a first articulate armwhich has a first rOWUS97/02628

ef fector; a first input device that can be noved a first i nput
devi ce spatial i ncrenent by the surgeon to %freate a first input
command; - "and, a controller. that ébupled to said first input
device and said first articulate arm said controller ‘receives said
first input command fromsaid first input devi ce and provides a first
out put command to said first articulate armto nove said fifsi\end
effector a first end effector spatial increment, wherein sagd JJns

controll er scales said first input conmand so that th i nput
device spatial increment is different than the first end Lgr
spatial increnent. 13.} The system as recitgd™y 1
further conprising a second afticulate arm which d7.5 ond end
effector, and a second input devife which can be noved?’&%econd i nput
devi ce spatial increment by the surgeon tgaXTeate a second input

command, said controller rece]ves said nd s~nput conmand from sai d
WD 97/ 29690 ),§£§7U897/02628
- 44- second i nput device g &nd out put comrand to

d second end effector a second

said second artic p&séar

end effector spath

It FIG. 2

-

FIG.3



wherein said controller scales said second i nput comrand

so that the

second i NPRYOYS ,F“g@ spatial increnment is different than twer/esemnésnd
ef fector spatia i ncrenment. . 14. The systemas recited in
claim 13, further conprising a third §yi§ cul ate armthat holds an
endoscope, and a third input device which™'ecei ves an I nstruction from

t he surgeon and which generates a third
the instruction, said

|nput connand in response to
aput command and

provi des a third output comand armto nove
t he endoscope. 15. The s , Wherein
said first input device is a. by the
surgeon, said input devifce Thay is coupled
to said controller to ag m sp that said
first end effec of ysaid
master handle and d - sojthat said
first end effector atlonary mhen sald mast ¢r hanflle i s noved
by the surgeon. The systemag recited injclaiml5, wherein
said master handl e pi ut a master pivgt point. 17. The
systemas recited i , Wherein sqdid first engl effector has a
force sensor and sai st input ot or that is
coupled to sai d rito apply a force to the sur gepn that
corresponds to a for : $ensor.
X
3- g 3 b
\4 QYk
\9 -Qg<f
R <+
\ IR |
g §-| N .
5 SR8 ] 2
3(\,: ?R\Q glk:] '\
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WD 97/ 29690 PCT/U897/02628.

- 45- 9720k8¢ The systemas recited in claim 17, wherei PCT/W897/02628r ce
applied to #ﬁe surgeon is a scal ed increnent of the force sensed by said
force sensor. 19. The systemas recited in claim 12, wherein

said input device has a first position d¢##sor that prOV|des a first

i nput position signal and a second position sensor that provides a
second i nput position signal, wherejm,said controller provides a first
scal e factor for said first inp T ti i gnal and a second scal e
factor for said second input positi 20. The system as

recited in claim 12, mhereln sai d articulate armincludes a
surgi cal instrunent t hat to7a robotic armby a sterile

coupl er. 21. The & Nbod ) | ai m 20, Wherein sai d
robotic armis enclosed by a sterlle NS 22. The system as
recited in claim12, wherein sajd f ar $5hlate armrotates about a

pati ¢nt.

pivot point | ocated at i:/::;;a

X

IMSTROMENT

INSTROMEANTS, |
. N\

INSTROMENT

Xp=Mxy Z;1Cx; -

Xo*MxoZo *Cxo
Z_o | X ¢y o
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23. The systemas recited in claim22, wherein

command whi ch corresponds to a hand trﬁpng

25. A nedical robotic systemthat can be In
I nci sion of a patient and controll ed by

a first articulate armwhich hHas a passiv
first end effector inserted into [ efr
PCT/ US97/ 02628
wherein the incision defines a first pivat
ef fector; a first input device t
command in response to an instruction fr

of the
serted

i

a surqge

16-
o4 N
4l gat e

t Ha] su

sur geon.

through a first
conpri si ng:

is coupled to a

29690

t he incision,
said first end

at

o

-

A i,@

25
88

rst

I nput

and,

I nput

said robotic armhas a

pair of passive joints. 24. The system as recited iprEUSH7TAR0S,
wherein w%%?l’#‘@bntroller has a filter that filters a first

FIG. 7



a controller t

hat

articulate V972969 controll er

said first
first
first pivot po

i np

further conprising a second aj
effector, and a second i nput_dev
in response to an instructi fr
sai d second i nput comand fjr
second output command &g sai |sel
end effector about a s¥yond prv
the patient. E%K;\\Ihe
conprising a third articulat® farft

| nput devi ce

ut

i nt.

h recei ves ar
I nput con

generates a thEQd
controller recetves said third
command to said\th{rd §§tic

pi vot poi nt ahed a\t

The systemas recitedNn cl a
master handle that is ved

O
N

/68
/38

/70

17d
[/
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I's coupled to said first

articulate armto nove said first end effector
26.

I nput

device and said first

receives said first input ceEfR¥7636a8"

device and provides a first output command to said
relative

to the

The systgmgas recited in claim 25,

I
e

S
n

te armwhi ch has a second

end

second i nput comand

recei ves

nove sai d second

ich creates a
t he surgeon, said controller
[ g?cond I nput device and provides a
mr& culate armto
oi, | ocated at a second incision of

tgmas recited in claim?26,

hgt hol ds an endoscope,

{ntruction fromthe surgeo

ifi response to the instruc

further
athird
H whi ch
sai d

tfff command and provi des rd

1 %

“4
( /%6

168 /5
/

Qout puf)
rmto nove the endoscope it Rt hi QY
i fcingi on of the patient. 28. I~
ein said first EVI CE |
sur geon. N .
g
AN
Na
R

y/ / |
D N MR ANION




WO 97/ 29690 PCT/ US97/ 02628

-47- WO 97126650 The systemas recited in claim?25, wherepOoT/UsYHG2628
first input gew ce is a master handle that is noved by the surgeon, said .
i nput device further has an input button that is coupled to said
controller to activate said first arti@lfate armso that said first end
effector noves in conjunction with a novenent of said ° master handl e and
deactivates said first articulate arm 0 at. said.first end effector
remai ns stati r @en aid rraste' s fpved by the surgeon.

30. The systém @t in cl 28, wheyeyn said first end effector
noves a scal ed i ncrenent of MD\LeAE O €54 haster handl e.

31. The systemas recited”n cladn 25, Wwhereée said first end effector
has a force sensor and said [ \nput dew.ce has\an actuator that is
coupled to sai d forgé y S\ €, surgeon that
corresponds to a forcég sg : 32. The
systemas recited i R cl # 3 BRRher to the surgeon
is a scaled increme d ‘ ) e or.

33. The systemas fe 1 -
armincludes a suigi ¢ga

NTERNAL
MAMMARY ARTER Y
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FIG.loA NF16. 108
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that is coupled to a robotic armby a sterile coupler. 34. The
system as Wb‘;lfﬂ!’d n claim33, wherein sai d robotic arm i speTrUSYHRRHY a

sterite bag. 35. The systemas recited in claim?25, wherein

said robotic armhas a pair of passive joints. 36. The system as
recited in claim25, wherein sai d contsr/pél er has a filter that filters a
first input [ eer] WO 97/ 29690

PCT/ US97/ 02628 - 48- comand whi ch
corresponds to a hand trenor of the sur geon. 37. A systemth

allows a surgeon to
a first articul ateCa

rforma procedure on a patient, conprising:
ich has a first end ef fector;

67/}“@-\,, ‘.
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a first input device that can be noved a first i nput device spati al
i ncrement by the surgeon to create a first input command; PCTNS97/02628
control | er WR12p0 coupled to said-first input device and said first
articulate arm said controller receives said first input conmand from
said first input devi ce and provides a.f} rst output command to said
first articulate armto nove said first93%d effector; and, a
second i nput device that activates said first articul ate arm so that
said first end effector noves in conjunction with said first input

devi ce and. deactivates said first articulate armso that said first end
effector remains stationary while the surgeon noves said first i nput

devi ce. 38. The systemas recited in claim37, furtdgge
conprising a second articul ate arm which ha second. end d%g

second i nput devi ce whicHan be = noved a second |np t devic ==II=
i ncrement by the csurgéﬁh to create a secqnd i nput comrand, sai t-was

i nput device has a ggcond Kopul_button that jcan e pressed b
surgeon, said cont rN | r;EEives aid sdcon@y onmmand fr)n1sa

second i nput device a N\Prqvi deg a second out put nd t ald seq
articulate armto nove said“sgcond|end effector when 5e*g\§§EO1d i N

3
o
QO

e

=]

?dea

§

button is depressed. 39. | The systiem as regited i 38T
further conprising a %%k{ﬁ artijcul ate arm that hl ds jan eer |
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WO 97/ 29690 PCT/ US97/ 02628

-49- wo emesrope, and a third input device which recei \FCINe$97/02628
instraction fromthe surgeon and which generates a third i nput comand
in response to the instruction, said controller receives said third

i nput command and provides a third ola/§6t conmand to said third

articul ate armto nove the endoscope. 40. The system as
recited in claim37, wherein said first input device include a naster
handl e t hat pi vots about a master pivot point. 41. The
systemas recited in claim40, wherein said first input device is a
master handle that is noved by the surgeon, said input device further
has an i nput button that is coupled to said controller to activate
said first articulate ar o that said first end effector noves in
conjunction with a novene f sghd mast er handl e and deactivates said
first articuiate arm tewsaid first end effector remains stationary
when said nmaste noved by the surgeon. 42. The
systemas recited i wherein said first égztor has a
force sensor and sa
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first.input device has an actuator that is coupled to said force sensor

to apply aw@Qbsseee the surgeon that corresponds to a f oryaerresaTme6Rsby
said force sensor. 43. The systemas recited in claim42, '
wherein the force applied to the surgeon is a scal ed increnent of

the force sensed by said force sensor. 44/6 44. The system as recited
in claim40, wherein said first end of effector noves a scal ed

i ncrenent of a novenent of said master handl e. - WD 97/ 29690

PCT/ US97/ 02628 - 50- 45. The system
as recited in claim37, wherein said first articulate armincludes a
surgical instrunent that is coupled to a robotic armby a sterile

coupl er. 46. The systemas recited in claim45, wherein sai d
robotic armis enclosed by a ster| l e &Qg 47. The system as
recited in claim37, wherein

t Jz | t at bout
pi vot point B%ated at gbanms on |1[ t gglgfréﬁa armro a\;s about - a
e
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48. The systemas recited in claim47, wherein said robotic armhas a

pai r of paspd¥fdedNts. 49. The system as recited PET/USHUIH2P7
wherei'n '“said controller has a filter that filters a first input
command whi ch corresponds to a hand trenor of the sur geon. 50.
A nedi cal robotic system- conprising: 12/16 2 robotic arm a
sterile bag that encloses said robotic a r41 a sterile coupler that
is plugged into ged obotic - arm and, a surgical instrunent
that is plugged ' stgr.i | e coupl er. _ 51. The system as
recited in claifm 50, ;wher &N Q@©Od surgical instrument is an end
ef fector whichfhas a LA~of fingers. 52. The system as
recited in claNgp >, wherg -~ said stesideycoupler i ?b%es a piston
t hat coupl es sai 0 t \pgery to an ac r thin said
robotic arm ' ,
e oo
o Fr6
FIG. 17 Foo
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-5%- wo 9729630 A nedical robotic system conprising: . PCT/US93/02628
ropotic arm a coupler that pivotally attaches to the arm
ap endoscopi ¢ surgical instrument that is held- by said coupler; and
controll er having a handle, the controller 13/t6i n el ectri cal
ommuni cation with'the robotic arm and wherei n novenent at
he controller produces a .  proportional novenent of the robotic arm-and
‘sur gi cal i nstrunent . 54. The system of C aim 53 wherein id
coupl er renovably at{®cRh¢s to said robotic artf 55. The
system of C ai m 53 whagei W\ d endoscopic sp{yTeak- iatrrrent is an,
art'i cul abl e endoscopi _ i cal instrunent. : 561 e Sys
of Claim 53 wherein he |rfi abl e surgical inst erit] ideipl i ses a
base, a pivot Iinka% H a di stal end. \QQ L) J ':. S %em‘e&
Cl aim 56 wherein a \%{Q
\% ~ “) hh
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the controller results in correspondi ng novenent of the di stal end of

the articul 3bhe39seei cal instrunent. relative to the base @CHS97/02628
articul abl e surgica i nstrument. 58. The system of cl ai m53
wherein the coupl er has an aperture fornmed therethrough. 59.
A nmethod for operating a surgical robotic /16 system for performng a
surgi cal procedure on a patient, therﬁﬁﬂod conpri si ng:

1) providing a first articulate arm a controller and an input device
whi ch receives input [ & 3297/ 29690

PCT/ US97/ 02628

articulate armin el ec rical

controller in el ect

2) cutting at |east one\i npi$t

622

—

-52- 6ég)rrmands, the first
84 g/ copfB | er and the

me™i gput degvi ce;
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3) attaching a surgical instrunment to the first articulate arm
4) insertiRYoIHhaskegl 9i cal instrument into the patient thrpeyglisorogs2st

| east one incision; 5) generating input cormands to nove said
surgical instrunment in accordance with the procedure bei ng perforned
wherein said robotic arm noves said surgi cal instrunment in accordance
“with the input commands; and 15/166) enpvi ng the surgical
i nstrunment fromthe patient. 60. The nethod of C ai m&9 wherein
after renoving the surgical instrument fromthe patient flrther
conprises the steps of: 1) repkacing the surgigal i ment
wth a di fferent surgical instrunment:% ‘7’%6 2) igserting gid
different surgical i nstrument i nto(y patient; 3§
generating input commands to nove t ferent i nst nt in
accordance with the procedure i i said robotic arm
noves the different surgical i danee with the i nput
conmands; and 4) r =tent Jmy g cal instrument
fromthe patiente 2 61. clai m 59 wherein said
surgi cal i r\sz};wrrewt '
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[err] WD 97/ 29690

PCT/ US97/ ogg 129690 - 53- PCFAUSITHP2628
met hod of” U ai m 59 wherein the surgical instrument is a stapler.

63. The nethod of C aim 59 wherein the surgical instrument is a
cauteri zer: 64. The nethod of Claim 59 wherein the surgical
instrunent is a cutting bl ade. 16/%5 "~ The system of C aim57
wherein the tool attached at the distal end of the articul able surgical
instrument is a stapler. 66. The system of C aim57 wherein the
t ool attached até gdi stal end of the articul abl e surgical

instrunent is a cautéer r. N 67. The ma&e® of C ai m 59 wherein
the step of attachN\gg a s(rgical instrunent t?'the col l ar by passing
the instrunent tip throigh t% dolN ar.
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