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(57) ABSTRACT 

A system for performing minimally invasive cardiac proce 
dures. The system includes a pair of surgical instruments that 
are coupled to a pair of robotic arms. The instruments have 
end effectors that can be manipulated to hold and suture 
tissue. The robotic arms are coupled to a pair of master 
handles by a controller. The handles can be moved by the 
surgeon 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 differ 
ent, typically smaller, than the movement performed by the 
hands of the surgeon. The scale factor is adjustable so that the 
surgeon can control the resolution of the end effector move 
ment. 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 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 procedure 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 handles and moves the end effectors 
to perform a cardiac procedure such as a coronary artery 
bypass graft. 
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METHOD AND APPARATUS FOR 
PERFORMING MINIMALLY INVASIVE 

CARDIAC PROCEDURES 

RELATION TO PREVIOUSLY FILED 
APPLICATIONS 

[0001] The present application is a continuation-in-part 
application of US. patent application entitled “A Method and 
Apparatus For Performing Minimally Invasive Cardiac Pro 
cedures”, Which received Ser. No. 08/ 603,543 and Which Was 
?led on Feb. 20, 1996, and Which is presently pending and is 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention relates to a system and 
method for performing minimally invasive cardiac proce 
dures. More particularly, the present invention relates to a 
robotic system and surgical instruments that may be remov 
ably attached thereto, Wherein said system aids in performing 
minimally invasive surgical procedures. 
[0004] 2. Description of RelatedArt 
[0005] 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 graft (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. The IMA 
bypasses the blocked area of the artery to again provide a full 
How of blood to the heart. Splitting the sternum and opening 
the chest cavity, commonly referred to as ‘open surgery’, can 
create a tremendous trauma on the patient. Additionally, the 
cracked sternum prolongs the recovery period of the patient. 
[0006] There have been attempts to perform CABG proce 
dures Without opening the chest cavity. Minimally invasive 
procedures are conducted by inserting surgical instruments 
and an endoscope through small incision in the skin of the 
patient. Manipulating such instruments can be aWkWard, par 
ticularly 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 dif?culty of performing minimally invasive car 
diac procedures. 
[0007] To perform MIS, the surgeon uses special instru 
ments. These instruments alloW the surgeon to maneuver 
inside the patient. One type of instrument that is used in 
minimally invasive surgery is forceps, an instrument having a 
tip speci?cally con?gured to grasp objects, such as needles. 
Because forceps and other instruments designed for mini 
mally invasive surgery are generally long and rigid, they fail 
to provide a surgeon the dexterity and precision necessary to 
effectively 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 invasive 
procedure, such as during endoscopy. Therefore, many MIS 
procedures that might be performed, have, as of yet, not been 
accomplished. 
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[0008] In essence, during open surgeries, the tips of the 
various instruments may be positioned With six degrees of 
freedom. HoWever, by inserting an instrument through a 
small aperture, such as one made in a patient to effectuate a 
minimally invasive procedure, tWo degrees of freedom are 
lost. It is this loss of freedom of movement Within the surgical 
site that has substantially limited the types of MIS procedures 
that are performed. 
[0009] Dexterity is lacking in MIS because the instruments 
that are used fail to provide the additionally degrees of free 
dom that are lost When the instrument is inserted into a 
patient. One problem associated With this lack of dexterity is 
the inability to suture When the instruments are in certain 
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, 
[0010] 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 instruments, the precision necessary for 
such suturing is lacking. 
[0011] 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 tip of the instrument, as is needed. 
[0012] 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 to lessen the amount of 
time a patient is under anesthesia. 
[0013] It is to the solution of the aforementioned problems 
to Which the present invention is directed. 

SUMMARY OF THE INVENTION 

[0014] The present invention is a system for performing 
minimally invasive cardiac procedures. The system includes 
a pair or more of surgical instruments that are coupled to a pair 
or more of robotic arms. The system may include only a single 
surgical instrument and a single 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 
surgeon 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 differ 
ent, typically smaller, than the movement performed by the 
hands of the surgeon. This helps in removing any tremor the 
surgeon might have in their hands. The scale factor is adjust 
able 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 sur 
geon. The input button alloWs the surgeon to adjust the posi 
tion 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 
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cardiac procedure can be performed by making small inci 
sions in the patient’s skin and inserting the instruments and 
endoscope into the patient. The surgeon manipulates the 
handles and moves the end effectors to perform a cardiac 
procedure such as a coronary artery bypass graft or heart 
valve surgery. 
[0015] The present invention is additionally directed to a 
surgical instrument and method of control thereof Which per 
mits the surgeon to articulate the tip of the instrument, While 
retaining the function of the tool at the tip of the instrument. 
As such, the instrument tip may be articulated With tWo 
degrees of freedom, all the While the tool disposed at the tip 
may be used. 
[0016] The robotic system generally comprises: 

[0017] a robotic arm; 
[0018] a coupler that attached to the arm; 
[0019] a surgical instrument that is held by the coupler; 
[0020] a controller; and 
[0021] Wherein movement at the controller produces a 

proportional movement of the robotic arm and surgical 
instrument. 

[0022] The present invention may include a surgical instru 
ment that has an elongated rod. The elongated rod has a 
longitudinal axis and generally serves as the arm of the endo 
scopic instrument. An articulate portion is mounted to and 
extends beyond the elongated rod. Alternatively, the articu 
late 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 ?ngers. The ?ngers 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 steral 
iZable material. Each of the ?ngers may have at least one 
aperture formed therein to alloW the passage of a pin Which 
aids in the attachment of the pivot linkage to the proximal 
portion of the articulate portion and Which alloWs the pivot 
linkage to be pivotally mounted to the proximal portion. The 
articulate portion provides articulation at the tip of an instru 
ment that includes the articulate portion. More particularly, 
this provides additional degrees of freedom for the tool at the 
tip of an instrument that includes an articulate portion. 
[0023] An instrument such as that disclosed hereinbeloW, 
When used in conjunction With the present surgical system, 
provides the surgeon additional dexterity, precision, and ?ex 
ibility not yet achieved in minimally invasive surgical proce 
dures. As such, operation times may be shortened and patient 
trauma greatly reduced. 
[0024] 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 accom 
plished 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. 
[0025] 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 TEE DRAWINGS 

[0026] FIG. 1 is a perspective vieW of a minimally invasive 
surgical system in accordance With the present invention; 
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[0027] FIG. 2 is a schematic of a master of the system; 
[0028] FIG. 3 is a schematic of a slave of the system; 
[0029] FIG. 4 is a schematic of a control system of the 
system; 
[0030] FIG. 5 is a schematic shoWing the instrument in a 
coordinate frame; 
[0031] FIG, 6 is a schematic of the instrument moving 
about a pivot point; 
[0032] FIG. 7 is an exploded vieW of an end effector in 
accordance With the system of the present invention; 
[0033] FIG. 8 is a vieW ofa master handle ofthe system in 
accordance With the present invention; 
[0034] FIG. 8a is a side vieW of the master handle of the 
system in accordance With the present invention; 
[0035] FIGS. 9-10A-I are illustrations shoWing an internal 
mammary artery being grafted to a coronary artery; 
[0036] FIG. 11 is a side vieW of a rear-loading tool driver in 
accordance With the system of the present invention; 
[0037] FIG. 12 is a plan vieW ofthe motor assembly ofthe 
back loading tool driver of FIG. 11; 
[0038] FIG. 13 is a side plan vieW of an articulable instru 
ment in accordance With the present invention; 
[0039] FIG. 14 is a side plan vieW of an articulable instru 
ment, Where the instrument tip is articulated; 
[0040] FIG. 15 is an exploded vieW of the articulable por 
tion of the articulable instrument in accordance With the 
present invention; 
[0041] FIG. 16 is a plan vieW ofa pivot linkage in accor 
dance With the articulate portion of the articulable surgical 
instrument of the present invention; 
[0042] FIG. 17 is a perspective vieW of an articulating tool 
driving assembly in accordance With the present invention; 
[0043] FIG. 18 is a vieW of a removable tool-tip in accor 
dance With an articulable instrument of the present invention; 
[0044] FIG. 19 is a tool-tip receptacle in accordance With 
the present invention; 
[0045] FIG. 20 is a cross-sectional vieW of an articulable 
instrument attached to the articulate-translator of the present 
invention; 
[0046] FIG. 21 is a close-up cross section vieW ofthe articu 
late-translator in accordance With the present invention; 
[0047] FIG. 22 is an end vieW of the articulate translator in 
accordance With the present invention; 
[0048] FIG. 23 is a cross-sectional vieW of the sterile sec 
tion of the articulating tool driving assembly in accordance 
With the system of the present invention; 
[0049] FIG. 24 is a cross sectional vieW ofthe tool driver of 
the articulating tool driving assembly in accordance With the 
system of the present invention; 
[0050] FIG. 25 is an schematic of a master of a system in 
accordance With the present invention that includes the articu 
lating tool driving assembly; 
[0051] FIG. 26 is a plan vieW of a drape for use With the 
robotic arm in accordance With the present invention; 
[0052] FIG. 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 accor 
dance With the present invention; 
[0053] FIG. 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; 
[0054] FIG. 29 is a plan vieW of a surgical instrument 
having a coagulating/ cutting device disposed at the end 
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thereof, the instrument attached to a robotic arm in accor 
dance With the present invention; and 
[0055] FIG. 30 is a plan vieW of a surgical instrument 
having a suturing tool disposed at the end thereof and Wherein 
the surgical instrument is attached to the robotic arm in accor 
dance With the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0056] Referring to the draWings more particularly by ref 
erence numbers, FIG. 1 shoWs a system 10 that can be used to 
perform minimally invasive surgery. In a preferred embodi 
ment, the system 10 may be used to perform a minimally 
invasive coronary artery bypass graft, or Endoscopic coro 
nary 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. 
[0057] 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 ?rst 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. 

[0058] The ?rst and second articulate arms 16 and 18 each 
have a base housing 25 and a robotic arm assembly 26 extend 
ing from the base housing 25. Surgical instruments 22 and 24 
are preferably removably coupled at the end of each robotic 
arm assembly 26 of the ?rst and second articulate arms 16, 18. 
Each of the instruments 22, 24 may be coupled to a corre 
sponding robotic arm assembly 26 in a variety of fashions 
Which Will be discussed in further detail hereinbeloW. 
[0059] The third articulate arm 20 additionally comprises a 
base housing 25 and a robotic arm assembly 26, and prefer 
ably has an endoscope 28 that is attached to the robotic arm 
assembly 26. The base housing 25 and robotic arm assemblies 
26 of each of the articulate arms 16, 18, and 20 are substan 
tially similar. HoWever, it is to be appreciated that the con 
?guration of 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. 
[0060] The instruments 22 and 24, and endoscope 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. 
[0061] Each robotic arm assembly 26 has a base motor 34 
Which moves the arm assembly 26 in a linear fashion, relative 
to the base housing 25, as indicated by arroWs Q. Each robotic 
arm assembly 26 also includes a ?rst 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 pivotal 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 
speci?c direction, hoWever, they are not actively motor 
driven. The joint angle is controlled to a particular value using 
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a feedback control loop. 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 
robotic arm assemblies 26 has a motor driven Worm gear 44 to 
rotate the instrument 22, 24 or endoscope 28 attached thereto 
about its longitudinal axis. More particularly, the motor 
driven Worm gear spins the instruments or endoscope. 

[0062] The ?rst, second, and third articulate arms 16, 18, 20 
are coupled to a controller 46 Which can control the move 
ment of the arms. The arms are coupled to the controller 46 
via Wiring, cabling, or via a 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 
ensure error free communication betWeen each of the articu 
late arms 16, 18 and 20 and the controller 46 that each arm 16, 
18, 20 be electrically connected to the controller, and for the 
purposes of example, each arm 16, 18, 20 is electrically 
connected to the controller 46 via electrical cabling 47. HoW 
ever, 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 con 
trol systems are Well-knoWn in the art, they Will not be further 
discussed herein. 
[0063] The controller 46 is connected to an input device 48 
such as a foot pedal, hand controller, 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 endo 
scope 28 and robotic arm assembly 26 of the third articulate 
arm 20 in accordance With the input commands of the sur 
geon. Each of the robotic arm assemblies 26 may be devices 
that are sold by the assignee of the present invention, Com 
puter Motion, Inc. of Goleta, Calif., under the trademark 
AESOP. The system is also described in Us. Pat. No. 5,515, 
478, Which is hereby incorporated by reference. Although a 
foot pedal 49 is shoWn and described, it is to be understood 
that the system may have other input means such as a hand 
controller, or a speech recognition interface. 
[0064] The movement and positioning of instruments 22, 
24 attached to the ?rst and second articulate arms 16 and 18 is 
controlled by a surgeon at a pair of master handles 50 and 52. 
Each of the master handles 50, 52 Which can be manipulated 
by the surgeon, has a master-slave relationship With a corre 
sponding 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. 
[0065] 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 corre 
sponding 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 sur 


















