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Fig. 4a 
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Fig . 
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Fig. 6b 
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FORCE REFLECTIVE ROBOTIC CONTROL 
SYSTEM AND MINIMALLY INVASIVE SURGICAL 

DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to a robotic system and to a 
minimally invasive surgical device and to a method of 
operation thereof Where said system has at least four degrees 
of freedom and a force feedback from a slave end to a master 
end for each degree of freedom. 

[0003] 2. Description of the Prior Art 

[0004] A force re?ecting haptic interface is described in 
W0 95/ 10080 having three degrees of freedom. US. Pat. 
No. 6,201,533 describes a method and apparatus for apply 
ing force in force feedback devices using friction. W0 
97/ 19440 describes a method and apparatus for providing 
force feedback for computer systems. 

[0005] Previous devices do not have a suf?cient number of 
degrees of freedom and/ or, do not provide force feedback in 
a suf?cient number of degrees of freedom. When there is 
insufficient force feedback, a user of the device does not 
experience the same feeling or touch that the user Would 
experience in carrying out a procedure directly rather than 
through the device. This lack of feeling or touch transmitted 
to a user can result in errors or omissions or other inaccu 

racies in the procedure that is being performed using the 
device. 

SUMMARY OF THE INVENTION 

[0006] It is an object of the present invention to provide a 
robotic system and/or a minimally invasive surgical device 
having at least four degrees of freedom corresponding to 
four physical movements Wherein there is force feedback for 
each degree of freedom. Preferably, there are ?ve degrees of 
freedom and force feedback for each degree of freedom. 

[0007] A robotic system comprises a master end and a 
slave end With an electronic interface located betWeen the 
master end and the slave end. The slave end is physically 
controllable for several physical movements by physical 
movements at the master end. The master end and the slave 
end each have at least four degrees of freedom. The slave 
end has force measurement elements for each of the at least 
four degrees of freedom. The force measurement elements 
on the slave end are constructed to provide signals to the 
master end. The master end is constructed to receive the 
signals from the slave end and to emulate each force applied 
at the slave end at the master end. The interface passes 
signals betWeen the master end and the slave end. 

[0008] Preferably, the robotic system is a teleoperated 
system. 

[0009] A minimally invasive surgical device has a master 
end and a slave end With an electronic interface betWeen the 
master end and the slave end. The slave end is physically 
controllable for several physical movements by physical 
movements at the master end. The master end and the slave 
end each have at least four degrees of freedom. The slave 
end has force measurement elements for each physical 
movement. The force measurement elements on the slave 
end are constructed to provide signals to the master end. The 
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master end is constructed to receive signals from the slave 
end and to emulate each force applied to the slave end at the 
master end. The interface passes signals betWeen the master 
end and the slave end. 

[0010] In minimally invasive surgery, part of the slave end 
is shaped to be inserted into a patient through a small 
incision. 

[0011] Preferably, both the robotic system and the mini 
mally invasive surgical device have ?ve degrees of freedom 
and force feedback for all ?ve degrees of freedom from the 
slave end to the master end. 

[0012] A robotic system comprises a master end and a 
slave end With an interface located betWeen the master end 
and slave end. The slave end is physically controllable for at 
least one physical movement by at least one physical move 
ment at the master end. The master end and the slave end 
each have at least one degree of freedom, the at least one 
degree of freedom being a roll. The slave end has a force 
measurement element for the roll at the slave end. The force 
measurement element is constructed to provide a signal to 
the master end, the master end being constructed to receive 
the signal from the slave end and to emulate at the master 
end each force applied to the roll at the slave end. 

[0013] A robotic system comprises a master end and a 
slave end With an interface located betWeen the master end 
and the slave end. The slave end is physically controllable 
for at least one physical movement by at least one physical 
movement at the master end. The master end and the slave 
end each have at least one degree of freedom, the at least one 
degree of freedom being an opening and closing movement 
of a free end element at the slave end. The slave end has a 
force measurement element for the opening and closing 
movement at the slave end. The force measurement element 
is constructed to provide a signal to the master end, the 
master end being constructed to receive the signal from the 
slave end and to emulate at the master end each force applied 
to the free end element at the slave end. 

[0014] A method of operating a robotic system having a 
master end and a slave end With an electronic interface 
therebetWeen uses a slave end that is physically controllable 
for several physical movements by physical movements at 
the master end. The master end and the slave end each have 
at least four degrees of freedom. The slave end has force 
measurement elements thereon for each of the at least four 
degrees of freedom. The force measurement elements on the 
slave end are constructed to provide signals to the master 
end. The master end is constructed to receive the signals 
from the slave end and to emulate each force applied at the 
slave end at the master end. The interface passes signals 
betWeen the master end and the slave end. The method 
comprises physically moving the master end through the at 
least four degrees of freedom to cause the slave end to 
physically move through the at least four degrees of free 
dom, detecting force feedback at the master end from signals 
generated from physical movement at the slave end. 

[0015] Preferably, the robotic system has at least ?ve 
degrees of freedom and the method includes the step of 
detecting at the master end physical movements for all of the 
at least ?ve degrees of freedom at the slave end. 

[0016] Preferably, the interface of the robotic system and/ 
or the minimally invasive surgical device is a computer and 
the slave end is a simulation program. 
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[0017] Preferably, the robotic system and/ or the minimally 
invasive surgical device has an interface that is at least tWo 
computers that are connected to communicate With one 
another, the master end and the slave end being remote from 
one another. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] In FIG. 1, there is shoWn a schematic partial 
perspective vieW of minimally invasive surgery occurring on 
a patient; 

[0019] In FIG. 2, there is shoWn a block diagram of a 
master-slave robotic system With haptic feedback; 

[0020] In FIG. 3, there is shoWn a perspective vieW of a 
master end of a robotic system; 

[0021] In FIG. 4a, there is shoWn a perspective vieW of a 
base and a fulcrum; 

[0022] In FIG. 4b, there is shoWn a side vieW of the base 
and fulcrum; 

[0023] In FIG. 5, there is shoWn a perspective vieW of 
?nger loops being constructed to receive force feedback; 

[0024] In FIG. 6a, there is shoWn a perspective vieW of a 
mechanism constructed to receive force feedback in a roll 

movement; 

[0025] In FIG. 6b, there is shoWn a perspective vieW of the 
mechanism of FIG. 611 from a different vieW; 

[0026] FIG. 7 is a perspective vieW of a slave end of a 
minimally invasive surgical device; 

[0027] In FIG. 8a, there is shoWn an exploded perspective 
vieW of a linear motor assembly for actuation of a tip; 

[0028] In FIG. 8b, there is shoWn a partial sectional vieW 
of the linear motor assembly for actuation of the tip; 

[0029] FIG. 80 is a photograph of three longitudinal mem 
bers of an endosopic instrument in disassembled form; 

[0030] FIG. 9 is an enlarged partial perspective vieW of 
strain gauges to measure bending moments on said laparo 
scopic instrument; 
[0031] FIG. 10 is an enlarged partial perspective vieW of 
a gauge to measure torsional moment on said laparoscopic 

instrument; 
[0032] FIG. 11 is an enlarged perspective vieW of gauges 
to measure axial forces; 

[0033] FIG. 12 is a photograph of a load cell to measure 
interaction forces corresponding to opening and closing of 
the free-end element; 

[0034] In FIG. 13, there is shoWn a partial perspective 
vieW of a 2-DOF gimbals assembly; 

[0035] FIG. 14 is a schematic diagram of master, slave and 
interface interactions; and 

[0036] FIG. 15 is a schematic vieW of a master end used 
With an interface and a simulation program. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

[0037] This invention relates to a robotic master-slave 
system With haptic feedback (also called force re?ection) 
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that can be incorporated in minimally invasive surgery 
(MIS). As shoWn in FIG. 1, MIS is a cost-effective altema 
tive to open surgery Where essentially the same alterations 
are performed using instruments 1 designed to enter a body 
cavity 2 through several tiny incisions 3 of about 1 cm 
length, rather than one large incision. The master and slave 
subsystems are built and controlled such that: 

[0038] The user controls the slave motions via the 
master interface (surgeon’s console), and; 

[0039] Tool-tissue interactions at the slave side (surgi 
cal site) are fed back to the user through the master 
interface. 

[0040] This provides a sense of touch to the user. FIG. 2 
shoWs a block diagram of the system. The user exerts force 
Fh on the master interface to move it, thus necessitating a 
force FS to be applied on the slave manipulator (to make the 
slave’s position XS folloW that of the master). Fe, the result 
of the interaction betWeen the slave manipulator and its 
environment, has to be transmitted to the users’ hand (as a 
force Fm). 

A. Master Subsystem 

[0041] A master subsystem (assembly 4), Which provides 
haptic feedback to the user, is shoWn in FIG. 3. It comprises: 

[0042] l. a base 5 and a fulcrum 6 (sub-assembly 7); 

[0043] 2. a long shaft 8 passing through fulcrum 6 in the 
sub-assembly 7; 

[0044] 3. force-re?ecting ?nger loops assembly (sub 
assembly 9); 

[0045] 4. an assembly for force re?ection in a roll 
direction (sub-assembly 10); and 

[0046] 5. a PHANToM haptic device (sub-assembly 
12). 

Al Fulcrum 

[0047] As shoWn in FIGS. 4a and 4b, the fulcrum 6 of 
sub-assembly 7 has a post 14 mounted on the base 5. The 
post 14 has a support 16 pivotally mounted at a top of said 
post about a pin 18. The support 16 is pivotally mounted on 
the pin 18. The support 16 has a cylindrical portion 20 that 
rotatably supports a bracket 21. The bracket 21 has a 
receptor 22 Which receives the shaft 8 (not shoWn in FIGS. 
4a and 4b) in an opening 23. The fulcrum realiZes a virtual 
incision point through Which the instrument is inserted into 
the body. From the mechanical point of vieW, the fulcrum 6 
is a 4-DOF gimbals assembly alloWing motions in roll, 
pitch, yaW and insertion directions. While these three angles 
and the displacement can be found based on measurements 
from the rest of the system, a potentiometer 24 is mounted 
on the gimbals for redundancy in measurements. For the 
comfort of the user, the angle 0t betWeen the fulcrum 
mechanism and the base 5 is adjustable as shoWn in FIG. 4b. 

A.2 Long Shaft 

[0048] The long shaft acts as the laparoscopic instrument 
stem and is passed through the opening 23 of the fulcrum in 
sub-assembly 7, as shoWn in FIG. 3. 
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A3 Force-Re?ecting Finger Loops 

[0049] In FIG. 5, the force re?ecting ?nger loops assembly 
9 (sub-assembly 9) is a l-DOF haptic mechanism for 
gripping attached to one end of the shaft (not shoWn in FIG. 
5). A pre-tensioned cable 26 pinned at both ends of a sector 
disk 28 and Wrapped several times around a motor pulley 30 
provides an almost Zero-backlash cable transmission. A DC 
motor 32 is secured to a ?xed handle 34 and turns the other 
handle 36 through the aforementioned cable transmission. 
The motor 32 has an encoder 38 to measure an angle of the 
?nger loops relative to one another. Therefore, the sector 
disk 28 and the other handle 36 ?xed to the sector disk 28 
apply a force against the squeezing face of the user’s thumb. 
Appropriate selection of the DC motor 32 guarantees loW 
inertia and loW friction of the ?nger loops assembly 9. The 
shaft 8 ?ts Within opening 39. 

A4 Force Re?ection in the Roll Direction 

[0050] TWo vieWs of the l-DOF assembly for force re?ec 
tion in the roll direction 10 are depicted in FIG. 6a and FIG. 
6b. A pre-tensioned cable 40 is pinned to a periphery of a 
disk 42 at 0 and 360 degrees and Wrapped several times 
around the motor pulley 44 to provide a cable transmission. 
The tWo ends are pinned at the same location on a circum 
ference of the disk. The cable has tWo ends With one end 
extending in each direction around the disk. The disk 42 is 
?xed to a distal end of the shaft 8 (not shoWn in FIGS. 6a 
and 6b) While the motor 46 is secured to a joint comprised 
of pivotally connected components 48 and 50 that connects 
an end point (not shoWn in FIGS. 6a and 6b) of the 
PHANToM to the distal end of shaft 8 (not shoWn in FIGS. 
6a and 6b). Thus, the motor 46 turns the shaft 8 through the 
cable transmission described above, resulting in the appli 
cation of a torque on the Wrist of the user. The joint 48 and 
50, shoWn in FIGS. 6a and 6b, includes one encoder 52 for 
measuring pitch motion and one encoder 54 for measuring 
yaW motion of the instrument. Also, a motor encoder 56 
measures a roll angle of the shaft 8. The component 50 is 
?xed to a frame 58. 

A5 PHANToM Haptic Device 

[0051] As shoWn in FIG. 3, a PHANToM haptic device is 
shoWn in sub-assembly 12 of FIG. 3. The PHANToM is 
preferably a PHANToM 1.5A from Sensable Technologies 
Inc. and is built into the master interface (assembly 4). This 
haptic device provides six degrees of freedom input control, 
only three of Which are active (i.e., provide force re?ection). 
The PHANToM can be oriented normally or upside doWn 
and positioned in front of the base or on its side, in order to 
provide optimal dexterity and comfort for the user. FIG. 3 
shoWs only a simpli?ed draWing of the PHANToM haptic 
device. PHANToM haptic devices are conventional. 

B. Slave Subsystem 

[0052] The slave subsystem (assembly 60), Which acts as 
the surgical robot, is shoWn in FIG. 7. It consists of: 

[0053] 
[0054] 2. a laparoscopic instrument (sub-assembly 66). 

l. a base 5 and a fulcrum 62 (sub-assembly 64). 

[0055] 3. a motor and encoder assembly for the roll 
direction (sub-assembly 68). 

[0056] 4. a 2-DOF gimbals assembly (sub-assembly 
70). 
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[0057] 5. a PHANToM 1.5A haptic device (sub-assem 
bly 72). 

B.1 Fulcrum 

[0058] The base 5 and the fulcrum 62 (sub-assembly 64) 
are similar to the master end’s base 5 and fulcrum 6 
(sub-assembly 7) Where the angle it makes With the fulcrum 
mechanism can be adjusted for the user’s comfort (FIGS. 3 
and 4). The fulcrum 62 has a post 74 and the same reference 
numerals are used in FIG. 7 as those used in FIG. 4 to 
describe those components that are identical. The fulcrum 
62, through Which the instrument is inserted, Will touch the 
incision made on the patient’s body. From the mechanical 
point of vieW, the fulcrum is a 4-DOF gimbals assembly 
alloWing motions in roll, pitch, yaW and insertion directions. 
The potentiometer mounted on the gimbals measures the 
pitch angle for measurement redundancy purposes. 

B.2 The Laparoscopic Instrument Assembly 

[0059] The laparoscopic instrument assembly 66 is passed 
through the fulcrum in sub-assembly 64 and, as shoWn in 
FIGS. 8a, 8b and 80, consists of an instrument shaft 76, a tip 
actuation mechanism (not shoWn) and force/torque sensors 
(not shoWn). 
B.2.l The Laparoscopic Instrument 

[0060] Due to the incision siZe constraints in MIS, the bore 
of this assembly is limited to less than 1 cm in diameter. 
Therefore, the pivotal motions of the jaWs are to be actuated 
by a linear motion mechanism. As shoWn in FIGS. 8a, 8b 
and 8c, the sub-assembly 66 consists of several parts: 

[0061] l. Detachable tips 78 Which are available olf 
the-shelf in the form of graspers, dissectors, scissors 
etc. 

[0062] 2. An inner tube 80: This is the part actuated by 
the linear mechanism discussed in Section B.2.2 to 
control the jaWs of the tip 78. 

[0063] 3. A middle tube 82: This tube is made to ?oat 
betWeen the shaft 76 and the inner tube 80. The ?oating 
middle tube 82 prevents the force exerted on the shaft 
76 With respect to the middle tube 82 (required to 
actuate the tip 78) from affecting the force sensors 
placed on the shaft 76. 

[0064] 4. An outer tube 76: This is the shaft on Which 
some force sensors are placed (see Section B.23.) 

B.2.2 The Tip Actuation Mechanism 

[0065] FIGS. 8a, 8b and 80 show this linear actuation 
assembly 66 Which consists of several parts: 

[0066] l. A cylindrical body 84 to contain the Whole 
mechanism. This body Will be rotated by the sub 
assembly 68 in response to tWists of the shaft 8 (not 
shoWn in FIGS. 8a, 8b and 80) by the user’s hand and 
the master end (not shoWn in FIGS. 8a, 8b and 8c). 

[0067] 2. A linear motor 86. 

[0068] 3. A single-axis load cell 88 mounted betWeen 
the linear motor 86 and the inner tube 80. The load cell 
88 measures the compression/tension differential force 
applied betWeen the linear motor 86 and the inner tube 
80. 
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[0069] 4. The inner tube 80. This part connects the load 
cell 88 to the detachable tip 78 and is displaced by the 
motor 86, resulting in open/close motions of the tip 78. 

[0070] 5. The middle tube 82. A base of the detachable 
tip 78 is af?xed to the middle tube 82 to alloW the tip 
to be opened and closed or otherWise operated by linear 
movement of the inner tube relative to the middle tube. 

[0071] 6. The outer tube 76. It is bolted to the cylindri 
cal body 84. 

B.2.3 Force/Torque Measurement Devices 

[0072] Sensors are placed to measure forces and moments 
in all available degrees of freedom, i.e., pitch, yaW, roll, 
insertion and gripping directions. In other Words, the force 
vector (fX fy f2) and the moment '52 at the end of the tip 78 as 
Well as the interaction forces at the jaWs of the tip 78 
(grasping or cutting forces etc.) are measured. 

[0073] 1. Strain gauges 90 are located on opposite sides 
of the surface of the outer tube 76 such that the lateral 
forces at the tip 78 cause tension in one strain gauge 
and compression in the other (see FIG. 9). Most maneu 
vers involve lateral force interactions With the tissue at 
the instrument tip 78. 

[0074] 2. The torsional moments are measured by a 
strain gauge 92 placed on the middle tube 82 as the 
outer body of the tip 78 (not shoWn in FIG. 10) threads 
onto it (FIG. 10). This moment arises, for example, 
While suturing. 

[0075] 3. Compression/tension axial forces are regis 
tered by full-bridged strain gauges 94 placed on a brace 
102 of sub-assembly 70 (FIG. 11). This force arises 
When pushing or pulling on tissue With the tip 78 (not 
shoWn in FIG. 10). The subassembly 70 has arcuate 
arms 90, 100 and a link 71. 

[0076] 4. To measure the gripping force, a load cell 88 
is mounted betWeen the motor 86 and the inner tube 80 
(FIG. 12). The load cell readings correspond through a 
so-called force-propagation model to the force applied 
by the tip 78 on the tissue While grasping, dissecting, 
cutting it etc. 

[0077] The forces on the tip are measured by measuring 
devices located remotely from the tip. For example, there are 
no strain gauges on the jaWs of a grasper. Yet the gripping 
force on the jaWs can be measured. When the system is used 
for minimally invasive surgery, the strain gauges are located 
outside of the body being operated on. 

B.3 The Motor and Encoder for the Roll Direction 

[0078] A geared motor and encoder (sub-assembly 68) 
connects the sub-assembly 66 to sub-assembly 70 by turning 
the sub-assembly 66 to imitate tWisting the instrument by 
hand. 

B4 The 2-DOF Gimbals Assembly 

[0079] The sub-assembly 70, Which is shoWn in FIG. 13 
and is comprised of tWo arcuate arms 98, 100 that are 
pivotally connected to one another and a brace 102 holds 
onto the sub-assembly 68 and is attached to the end-point of 
sub-assembly 72. If the sub-assembly 68 faces resistance 
While trying to rotate the laparoscopic instrument 66 and the 
tissue grasped by the tip 78, the gimbals assembly 70 Will 
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not tWist into itself. This is because a main axis of the 
sub-assembly 68 and an axis of a revolute joint connecting 
the arms 98 and 100 are never parallel Within the device 
Workspace. 
BS The PHANToM Haptic Device 

[0080] Returning to FIG. 7, the PHANToM device 72 is 
integrated into the slave subsystem or interface 60 for 
simplicity of design and control. The PHANToM can be 
positioned in front of the base 5 and the fulcrum 62 or on its 
side, in order to provide optimal Workspace and manipula 
bility of the instrument 66. NOTE: FIG. 7 shoWs only a 
simpli?ed draWing of the PHANToM device 72. 

C. Master-Slave Interaction 

[0081] In this master-slave system, a Virtual-Reality 
Peripheral Network (VRPN) is used to establish an elec 
tronic interface betWeen application programs and personal 
computers controlling the master subsystem 4 shoWn in FIG. 
3 and slave subsystem 60 shoWn in FIG. 7. TWo personal 
computers serve the tWo PHANToM devices located at the 
master subsystem 4 and the slave subsystem 60. Using 
VRPN, they are able to communicate With the Master 
Control Module (MCM) and the Slave Control Module 
(SCM). The modularity of these application programs make 
it is possible to run the MCM and SCM on the machines 
serving the PHANToMs, on a third machine or on tWo other 
machines, depending on the computational burden of the 
control algorithms. A block diagram of the above interac 
tions is depicted in FIG. 14. 

ADVANTAGES AND UNIQUE FEATURES 

A. Master 

[0082] l. Haptic feedback is incorporated into the mas 
ter subsystem (user’s console) 4 in all (?ve) available 
degrees of freedom (DOFs). 

[0083] 2. Cog-less, loW-inertia mechanisms are devel 
oped for l-DOF force re?ection in the gripping (sub 
assembly 9) and roll (sub-assembly 10) directions. This 
results in a smooth perception of forces. 

[0084] 3. The master subsystem 4 components counter 
balance one another to a large extent, thus reducing the 
Weight felt on the user’s hand. The residual effects are 
actively balanced by application of a reverse force on 
the instrument tip by the PHANToM device 12. 

[0085] 4. The master subsystem 4 has a fairly large 
Workspace for the endpoint of the instrument 8, espe 
cially When compared to the typical siZe of the abdo 
men. The endpoint of the instrument 8 sWeeps a pitch 
angle of 30 degrees (up and doWn), a yaW angle of 40 
degrees (side to side), a roll angle of 360 degrees 
(rotation about the instrument axis) and a displacement 
of 22 cm along the instrument axis. Also, the angle 
betWeen gripping handles 34 and 36 ranges from 0 to 
30 degrees. 

[0086] 5. The ?exible design of the master subsystem 4 
alloWs the mechanical structure (more speci?cally, the 
PHANToM’s position and orientation of the PHAN 
ToM (12) With respect to the base 5, and the tilt angle 
0t shoWn in FIG. 4b to be easily modi?ed for optimal 
dexterity and comfort of the user. 










