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END EFFECTOR FORCE FEEDBACK TO MASTER CONTROLLER
RELATED APPLICATIONS

This application claims the benefit of prionity to U.S. Provisional Patent
Application Senial No. 62/567,005, filed on October 2, 2017, which is

mcorporated by reference herein in its entirety.
BACKGROUND

Minimally invasive medical technigues are intended to reduce the
amount of tissue that 1s damaged during diagnostic or surgical procedures,
thereby reducing patient recovery tume, discomfort, and deleterious side effects.
Telecoperated surgical systems that use robotic technology (so-called surgical
robotic systems) may be used to overcome himitations of manual laparoscopic
and open surgery. Advances in teleprosence systems provide Sgrgeons VIews
nside a patient’s body, an increased number of degrees of motion of surgical
mstruments, and the ability for surgical collaboration over long distances. In
manual mimimally invasive surgerv, surgeons feel the interaction of the
mnstrument with the patient via a long shaft, which eliminates tactile cues and
masks force cues. In teleoperation surgery systems, natural force feedback is
largely eliminated because the sergeon no longer manipulates the instrament
directly. Kinesthetic or force feedback systems typically measure or estimate the

forces applied to the paticnt by the surgical mstrument.
SUMMARY

In ong aspect, a teleoperated surgical system is provided that includes a
surgical instrument that includes a shaft, an end effector that inclades a first
cantifever beam, mounded for rotation about a slave pivot axds disposed at the
distal end portion of the shatt. A master control input mcludes a mount member
and a first master grip member mounted upon the mount member for a direction
of movement along a first path relative to the mount member. A sensor is
configured to sense a magnitude of produse a slave cantilever beam force. Une
or more actuators are configurable to impart a force to the mount member. One

OF MIOYe ProcCossors are conﬁgumd to cause the one or more acutators to impart a
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feedback force to the mount member, having a magnitude indicative of the
magnitude of the slave cantilever beam foree and having a direction of

movement along a second path separate from the first path.

In another aspect, a method 1s provided to provide at a master control
input an mdication of a grip force at a slave end effector portion mounted to a
distal end of a surgical instrument shaft in which the master control input
mnciudes a mount member and a first master grip member, mounted for a
dircction of movement along a first path. The method includes producing a
sensor signal indicative of magnitude of a grip moment about a slave pivot axis
of the end effector and producing a feedback force at the mount member, having
a magmitude based upon the sensor signal and having a direction of movement

along a second path separate from the first path.
BRIEF DESCRIPTION OF THE DRAWINGS

Aspests of the present disclosure are best understood from the following
detatled description when read with the accompanying figures. It is emphasized
that, in accordance with the standard practice n the mdustry, various features are
not drawn to scale. In fact, the dimensions of the various features may be
arbitrarily increased or reduced for clanty of discussion. In addition, the present
disclosure may repeat reference numerals and/or letters in the various examples.
This repetition is for the purpose of simplicity and clanty and does not in itself
dictate a relationship between the various embodiments and/or configurations

discussed.

Figure 1 is an illustrative plan view of a minimally invasive teleoperated
surgical system in accordance with some cmbodiments.

Figure 2 1s a perspective view of the surgeon’s console of the system of
Figure 1.

Figure 3 is a perspective view of a patient-side cart of the system of
Figure 1.

Figure 4 i3 a perapective view of a surgical instrument in accordance

with some embodiments.

]
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Figure 5 15 an illustrative perspective showing details of a master control
mput mounied upon a gimbal assembly within the sargeon consloe 16 of Figure

2 in accordacne with some embodiments.

Figure 6 15 an illustrative side cross-section partially transparent view of
an end effector of the surgical instrument of Figere 4 in accordance with some

embodiments.

Figure 7 1s an llustrative side view of the chassis of the surgical
mnstrument of Figure 4 suspended from a support beam in accordance with some

embodiments.

Figure 8 is an illustrative free body diagram to show forees spon grip
members of the master control input of Figure 5 and a surgeon’s fingers in

accordance with some embodiments.

Figure 9 1s an illustrative control system flow diagram representing a
transformation of a reactive beam force to a foedback force in accordance with

some embodiments.
DESCRIPTION OF EMBODIMENTS
Teleoperated Surgical System

Figure 1 is an illustrative plan view of a minimally invasive telecoperated
surgical system 10 for performing 8 minimally invasive diagnostic or surgical
procedure on a patient 12 who is lving on an operating table 14. The system
imncludes a surgeon’s console 16 for use by a surgeon 18 during the procedure.

One or more assistants 20 also may participate in the procedure. The minimally
mvasive teleoperated surgical system 10 further includes one or more patient-
side cart (PSC) 22 and an electronics cart 24, The patient-side cart 22 can
manipulate at least one surgical instrument 26 through a minimally mvasive
mncision in the body of the patient 12 while the surgeon 18 views the surgical site
through the surgeon’s console 16. An image of the surgical site can be obtained
by an endoscope 28, such as a stercoscopic endoscope, which may be
manipulated by the patient-side cart 22 to onent the endoscope 28. Computer
processors located on the electronics cart 24 may be used to process the images
of the surgical site for subscquent display to the surgeon 18 through the

surgeon’s console 16. In some embodiments, stereoscopic tmages may be
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captured, which allow the perception of depth during a surgical procedure. The
number of surgical mstruments 26 used at one time will generally depend on the
diagnostic or surgical procedure and the space constraints within the operative
stte among other factors. If it is nocessary to change one or more of the surgical
5 nstruments 26 being used during a procedure, an assistant 20 may remove the
surgical imstrument 26 from the patient-side cart 22, and replace it with another

surgical instrument 26 from a tray 30 in the operating roont.

Figure 2 1s a perspective view of the surgeon’s console 16. The

w

urgeon’s conscle 16 includes a viewer display 31 that includes a keft eye display
10 37 and aright eye display 34 for presenting the surgeon 18 with a coordinated
stereoscopic view of the surgical site that enables depth perception. The console
16 farther mcludes one or more hand-operated control inputs 36 to recetve
larger-scale hand control movements. (Oue or more surgical instruments
mstalled for use on the patient-side cart 22 move in smaller-scale distances that
15 correspond to a surgeon 187s larger-scale manipulation of the one or more
control inputs 36. The control inputs 36 may provide the same mechanical
degrees of freedom as their associated surgical instruments 26 to provide the
surgeon 18 with telepresence, or the perception that the control mputs 36 are
integral with the instraments 26 so that the surgeon has a strong sense of directly
20 condrolling the instruments 26. To this end, position, force, and tactile fecdback
sensors (not shown) may be emploved to transmit position, force, and tactile
sensations from the surgical instruments 26 back to the surgeon’s hands through

the control inputs 36, subject to communication delay constraints.

Figure 3 is a perapective view of a patient-side cart 22 of a minimally

25  mvasive teleoperated surgical system 10, in accordance with some embodiments.
The patient-side cart 22 includes four mechanical support arms 72, A surgical
mstrument manipulator 73, which includes actuators such as motors, to control
nstrument motion, 1s mounted at the end of cach support arm assembly 72
Additionally, each support arm 72 can optionally include one or more setup

30 joints {e.z., unpowered and/or lockable) that are used to position the attached
surgical instrument manipulator 73 in relation to the patient for surgery. While
the patient-side cart 22 s shown as including four surgical instrument

manipulators 73, more or fewer surgical instrument manipulators 73 may be
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used. A teleoperated surgical svstem will generally include a vision system that
typieally mchides an endoscopic camera instrument 28 for capturing video
images and one or more video displays for displaving the captured video images.
In one aspect, for example, individual surgical instruments 26 and
cannuias 27 are removably coupled to manipulator 73, with the surgical
mstrument 26 inseried through the cannula 27. One or more teleoperated
actuator motors of the manipulator 73 move the surgical instrument 26 as a
whole to position 1t in relation to a patient 12, Each support arm assembly
includes an mstrament carnage 75 A surgical instrument 26 is detachably
connected to an instroment carnage 75, In one aspect, the mstrument carriage
75 houses one or more teleoperated actuator motors (not shown) inside that
provide a number of controller motions that the surgical instrument 26 translates
into a variety of movements of an end effector at a distal end of the surgical
mstrument 26, Thus, the teleoperated actuator motors within the mstrument

~
7
b

carniage 75 move mdividual components of the surgical instrument 26 rather
than the mstrument as a whole. Inputs to control gither the instrnument as a
whole or the mstniment’s components are such that the 1nput provided by a
surgeon or other medical person to a control input 36 {a “master” command) are
translated into a corresponding action by a surgical instrument end effector (a
“slave” response). A wire cable-based force transmuission mechanism or the hke
is used to transfer the motions of cach of the remotely located teleoperated
actuator motors to a corresponding instrument-interfacing actuator output
located on mstrnment carriage 75. In some embodiments, the surgical instrument
26 1s mechanically coupled fo a first actuator motor, which controls a first
motion of the surgical instrument such as longitudinal (z-axis) rotation. The
surgical instrument 26 1s mechanically coupled to a second actuator, which
controls second motion of the surgical instrament such as two-dimensional (x, v)
motion. The surgical instrument 26 is mechanically coupled to a third actuator,
which controls third motion of the surgical instrument such as opening and
closing of jaws of an end effector, for example.

Figure 4 15 a perspective view of a surgical instrament 26 in accordance
with some embodiments. The surgical mstrument 26 includes an clongated
hollow tubular shaft 410 having a centerline longttudinal axis 411, The shaft 410

mchudes a distal end portion 450 for imsertion into a patient’s body cavity and
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proximal end portion 456 that that is mechanically secured to a chassis 440 that
mounts motor-driven drive elements 458 that impart forces to cables (not shown)
extending within the shaft that are coupled to actuate a surgical end effector 454,
A cable drive mechanism 458 may include a motor-driven spindic (not shown),
5  for example. Actuator motors 445, 447 may be mounted on the chassis 440 itself
or on the instroment carmage 75, for example. The end effector 454 1s coupled to
the distal end portion 450 of shaft 410 by a wrist 452. Preferably, wrist 452
provides at least two degrees of freedom. In some embodiments, the wrist 452 1g
rotatable about the centerline longitudinal axis 411, thereby providing three

10 orientational degrees of freedom for surgical end effector 454 at a surgical site
mternal 1o a patient’s 12 body cavity. The motor driven drive clements 458 exert
forces upon the cables to impart motion o the end effector 454 such as opening
or closing of jaws and {x, v} rotational motion of a wrist, for example. A variety
of alternative end effectors for alternative tools mav be mounted at the distal end

15 portion 430 of the shaft 410 such as forceps, scissors, and clip appher, which
include first and second end effector cantilever beams 462, 464 which pivot
relative to cach other so as to define a pair of end effector jaws, for example.
Other end effectors, such as a scalpel and electrocautery probe may have a single
end effector element, for example.

20 Figure 5 15 an illustrative perspective showing details of an control input
36 mounted upon a gimbal assembly 528 within the surgeon console 16 of
Figure 2 in accordacne with some embodiments. The control input 36, which
also 1s referred to as a master tool manipulator (MTM), includes a mount
member configured as a handle 530 and first and second articulable grip

25 members 530a, 330b mounted upon the handle 530. The handle acts as a mount
member to mount the first and second grip members 530a, 330b; The first and
second grip members 530a, 530b upstand at an incline from opposite sides of the
handie 530. The first and sccond grip members are inclined relative to the handle
530 with their distal ends spaced closer together and their proximal ends spaced

30 farther apart. The first and second grip members have an angle « between their
distal ends that may vary according to forces exerted by a surgeon. In some
cmbodiments, the angle ¢ is an acute angle. The first and second grip members
530a, 530b are secured to the handle to articulate relative to the mount member

530. More spectfically, in accordance with some embodients, the first and

@)
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second grip members 530a, 530b are secured to the handle to pivot about a
master pivot axis 536 to follow a first path (not sown}. A biasing member {not
shown} urges the grip members 530a, 530b apart. A surgeon may grip the grip
members 330a, 530b and apply forees to urge them along the first path so as to
capse them to move closer together or to cause the biasing member to urge them
in an oppositee direction along the first path to cause them to move apart. The
mount menther handle 530 may include a grip actuation sensor (not shown) such
as a Hall effect device to sense movement of the grip members along the first
path. Finger loops may be attached to the handle to avoid slipping from the grp
members. The grip members 530a, 530b are operatively coupled through
kinematices, for example, to control motion of a slave end ctfector 454 at the
distal end portion 450 of a surgical instrument shaft 410 1n response to motion of
the grip members 530a, 530b along th first path. The slave end effector 454 may
mclude first and second cantilever beams 462, 464 that open and close in
response o the surgeon’s causing corresponding movement of the first and

second grip members 530a, 530b closer together and farther apart, for example.

More particulary, in some embodiments, a four-degree of freedom
gimbal 328 allows rotation of the actuatable mount member handle 530 about
three axes, axis 534a, axis 534b, and axis 534¢. The bandle 530 is coupled to a
first elbow-shaped link 514 by a first pivotal joint 16, First hink 5332 1s coupled to
a second clbow-shaped link 5337 by a pivotal joint 320, Second link 537 15
pivotally coupled to a third clbow-shaped link 538 by a pivotal joint 524 In
some cmbodiments, motors of arm 538 and gimbal 528 are capable of actively
applying positional and orientational forces to mount member handle 530,
therchy providing tactile feedback to the surgeon. In particular, the gimbal
motors can be configured through control signals to tmpart a feedback force
Fzwvmv along a second path separate from the first path. In the illustrative
embodiment of Figure 5, the foedback force Fzmiv is imparted parallel to an
axis 331 of the handle 530 in a direction toward the vertex of the angle, which is
directed perpendicular to a master pivot axis 536, such that the feedback foree s
felt equally by a surgeon’s fingers on each of the grip members 530a, 530b. The
gimbal 528 includes links 532, 337, 538. Gumbal 528 1s mounted to platform 540

80 a8 o rotate about axis 334d, and links 532, 337, 538 define additional axes

~3
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534a, 534b and 334¢. Handle 530 1s mounted to gimbal 528 by an actively
driven jomt for motion about axis 5344d. Hence, gimbal 528 provides four driven
orientational degrees of freedom, including a redondant orientational degree of
freedom. Gimbal 528, arm 538, and the driving motors for these joints are

5  described in more detaif in U.S. Patent No. 6,714,839, entitled "Master Having
Redundant Degrees of Freedom”, the full disclosure of which is expressly

mcorporated by this by reference.

The grip members 530a and 530b of mount member handle 530 pivot

passively about a master pivot axis 536 with no drive motor provided for

10 feedback from the slave to control their pivot. In the exemplary embodiment, an
actuator 545 13 mounted to generate a master gnip signal indicating the angular
separation between grip members 530a and 530b. In some embodiments, the
actuator 545 mcludes a Hall effect transducer in one of the grip members and a
magnet mounted in the other, so that handle 330 generates a master grip signal

15 indicating the angular separation between grip members 530a and 530b. A
biasing system urges the grip members 530z and 330b apart, and the grip
members may include loops of Velero™ or the like to more firmly position the
erip members relative to a thumb and finger of a system operator. A wide vanety
of grip member structures might be used within the scope of the disclosure,

20 mcluding any surgical mstrument handles, optionally including rigid or flexible
toops tor the thumb and/or fingers, for example. Control relationships between
the grip members and slave end effector jaws 1s explained 0 more detail in U.S.
Patent No. 6,594,552, entitled, “Grip Strength with Tactile Feedback for Robotic
Surgery", the full disclosure of which is expressly incorporated by this by

25  reference.

Figure 6 is an tllustrative side cross-section partially transparent view of
an end effector 434 of the surgical instrument 26 of Figure 4 in accordance with
some embodiments. The end effector 454 meludes a first and second cantilever
beams 462, 464 disposed at a distal end 430 of the shaft 410 of the surgical

30 mstrument 26. The first cantilever beam 462 is mounted for rotation about a
slave pivot axis 602. The end cffector 454 is mounted at the distal end portion
450 of the clongated shaft 410, The firet and second cantilever beams 462, 464

act as first and second jaws that may be opened to capture anatomical tissuc 603
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between them and may be closed to grip the anatomical tissue 603 between
them. The first cantilever beam 462 mav act as a first jaw. The second cantilever
beam 464 may act as a second jaw. In some embodiments, the first cantilever
beam 462 1s rotatable about the slave pivot axis 607 and the second cantilever
beam 464 has a fixed position at the distal end of the shaft such that the first
cantilever beam 462, acting as a first jaw, moves relative to the fixed second
cantilever beam 464, acting as the second jaw. In an alternative embodiment (not
shown}, both the first and second cantilever beams 462, 464 may be rotatable
about the slave pivot axis 602, for example. The first cantilever beam 462 that 18
mtegrally secured to a first pulley 604, which is rotatably mounted to a clevis
606 (represented by dashed lines) to rotate m unison about the slave pivot axis
602. A first cable 608 extends longitudinally within the hollow shaft 410. A
proximal end {not shown) of the first cable 608 is operatively coupled to an
actuator motor to trapart a first cable force Fei upon the cable to rotate the first
beam 462 toward the second beam 464 to ‘close’ the jaws. A distal end portion
of the first cable wraps about a perimeter groove portion of the first pulley 604,
An anchor 610, such as a crimp in the first cable 608, sccures a distal end of the
first cable 606 to the first cantilever beam so that a first cable force Foy exerted
in a proximal direction upon a proximal end of the first cable 608 wmparts a force
upon the distal end of the first cable that the rotatably mounted first cantilever
beam 462 translates to a rotational force Fei exerted at a working/tissue
engagement surface 612 of the first cantilever beam 462 in a direction that ig
nommal to the slave pivot axis 602, to urge rotation of the first cantilever beam
462 m a direction toward the second beam 464 1o close the jaws.

A distal end portion of a sccond cable 614 that extends longitudinally
within the hollow shaft 410 wraps about a perimeter groove portion of a second
pulley (not shown) mounted to the clevis 606 in parallel with the first palley
604, A proxamal end {(not shown) of the second cable 614 is operatively coupled
to an actuator motor to impart a second cable force Foz upon the second cable
614 to rotate the first beam 462 awayd the second beam 464 to ‘open’ the jaws.
A distal end of the second cable 614 13 secured to the first cantilever beam 462
such that a proximal direction second cable force Fea exerted on the second

cable 614 imparts causes the rotatably mounted first cantilever beam 462 to
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rotate in a direction away from the second beam 464 to open the jaws. In some
embodiments the first and second cables 608, 614 mclude center segments that
mnclude clongated tubules and end segments that comprise wire.

Durnng gnipping of anatomical tissue 603, for example, a cable dnive
mechanism 438 descnibed above, causes the first cable 608 to exert the first
cable force Fo axially upon the first cable 608 to a impart rotation force to the
first cantilever beam 462 that balances a slave grip counter-force Fenp imparted
to the working surface 612 of the first cantilever beam 462 by the gripped tissuc
603. The grip counter-force Fanp balances the first beam force first cable foree
Fc. The balanced first cable force Fe and the grip foree Fop cach produce a grip
moment about the slave pivot axis, Mprp represented in the following

formulation.

Myrip = Fyrip L= Fu - 1 (1)

where L represents a distance from the point where the slave grip force Fgp ts
applied to the slave pivot axis, and | represents a distance from the first cable
anchor 610, where the first cable 608 15 secured to the first cantilever beam 462,
and the slave pivot axis 602, Thus, during gripping of anatomical tissue 603, the

first cable force Fe has a magnitude to counter-balance the slave grip force Frip.

Figure 7 is an dlustrative side view of the chassis 440 of the surgical
mstrament 26 of Figure 4 suspended from a support beam 702 in accordance
with some embodiments. The chassis 440 is secured to the proximal end portion
436 of the shaft 410 of the surgical instrument 26. A first end portion 704 of the
support beam 702 is secured to the chassis 440 and a second end portion 706 of
the sepport beam 702 is secured to a mechanical ground 708. The support beam
has a longitudinal axis 710 (the beam axis}) that extends between its first and
second ends 704, 706. In some emboduments, a mechanical support arm 72 acts
as the mechanical ground 708. The center axis 411 of the hollow tube 410 is

normal to the support beam axis 710,

A stramn sensor 712 contacts the support beam 702 and is configured to
measure strain imparted to the support beam 702 In some embodiments, the

strain sensor includes resistive strain gauge, optical fiber Bragg grating,

10
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prezoelectric sensor. Straim 1s a measure of the amount of deformation of a body,
such as the support beam and the strain sensor 702, due to an applied force.
More specificaily. strain can be defined as the fractional change of fength. The
mechanical ground 708 acts as a fixed reference structure that does not exhibit

5 strain due to the cable force Fe or a slave grip force Forp.

A third pulley 714 is rotatably secured to the chassis 440. A proximal end
portion of the first cable 608 wraps about a perimeter groove portion of the third
pulley 714, A first cable drive mechanism 458a, which is secured to the
mechanical ground 708, is configured to impart the first force Fe upon the first

10 cable 608. In some embodiments, the first cable drive mechanism 458a includes
a motor driven rotatable spindle mechanically coupled to a proximal end portion
of the first cable 608. The third pulley 714 and the first cable drive mechanism
458a are disposed at a vertical offset from each other relative to the support
beam axis 702 such that a proximal segment 608a of the first cable 608 between

15 them extends at an offset angle 0 from the support beam axis 710, The first cable
drive mechanism 4538a may impart a first cable force Fe to the offset angled first
cable segment 608a to close the jaws. The first cable force Fo applied to the
offset first cable segment 608a resulis in a first cable offset force component
Fesint upon the support beam 702 that is parallel to the shaft axis 411 and

20 nommal to the support beam axis 710 and a first cable offset foree component
Feeost upon the support beam 702 that is perpendicular to the shaft axis 411
and that 1s parallel to the beam axis 710, In reaction to the first cable force
compeonents, the support beam 702 produces reactive normal and paralie! beam
forces Rx and Rz The reactive beam force Rz, which shall be referred to herein

25 as Fopse, the z-force measured on the system side, acts as a strain force applied
at the first end 704 of the support beam 702. The strain force ¥z is imparted in a
direction normal to the support beam axis.

It will be appreciated that the first cable force Fc imparted by the first
cable within the shaft 1 a direction normal to the support beam axis 710 is

30 balanced by an equal and opposite proximal-direction end effector force F¢’

resulting wn a net force of zero upon the beam due to forces imparted to fivst

11
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cable segments within the shaft. Outside the shaft, however, the offset angled
first cable segment 608a exerts a net force Fesing normal to the support beam

and in response. the support beam produces an opposing reactive force Fz.

A fourth pulley 716 is secured to the chassis 440. A proximal end portion
5  of the second cable 614 wraps about a perimeter groove portion of the fourth
pullev 716. A second cable drive mechanism 458b, whuch is secured to the
mechanical ground 708, is configured to impart a second cable force Fea upon
the second cable 614 to open the jaws. In some embodiments, the second cable
drive mechanism 458b includes a motor driven rotatable spindle mechanically
10 coupled to a proximal end portion of the second cable 614, The fourth pulley
716 and the second cable drive mechanism 458b are disposed level with each
other without a vertical offset between them relative to the support beam 702
such no net normal force is exerted bv a level sccond cable segment 614a
extending between the fourth pulley 716 and the second cable drive mechanism
15 458b.The strain force Fz experienced by the support beam 702 due to the offset
angled first cable segment 608a is a reactive force imparted that balances the net
first cable force Fesing imparted to the support beam 702. The strain force Fz
mmparts a strain to the support beam 7072 and to the strain sensor 712. The
relationship between the net normal force Fosm® and the strain force Fz

20 wmmparted to the strain sensor 702 1s represented by the tollowing formulation (2).
o s A M."riv . ”
Frpsc = Fosib + Foy = By = Fosinf = —2=sinf (3

The strain sensor produces a sensor signal $g that has a magnitude
indicative of the magnitude of the strain force Fz psc, which in turmn is
proportional to a magnitude of the grip moment Myrp about the slave pivot axis,

25 M. In some embodiments, the signal may be a change in voltage ona
Wheatstone bridge (not shown) produced by a resistance change on a strain
gauge.

Figure 8 is an llustrative free body diagram to show torces upon the grip
members of a master control input and a surgeon’s fingers in accordance with

30 some embodiments. During a surgical procedure, a surgeon’s fingers arg placed

on outside grip surfaces of the first and second grip members 530a, 530b. The

12
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first and second grip members 330a, 530b have proximal ends 530ap, 530bp and
distal ends 530ad, 530bd. The distal ends 330ad, 330bd of the first and sccond
grip members are pivotally mounted to pivot about the master pivot axis 336 and
are offset from each other by an angle ¢ A surgeon’s fingers 802a, 802b may
applv fingertip forces to the first and second grip members 530a, 530b to move
them along the firs path 830 about the master pibot axis536, to move them closer
together or farther apart 50 as to command corresponding movements of the first
and second cantilever beams 462, 464 of the end effecior 454. Specifically, for
example, moving the proximal ends 530ap, 530bp of the first and second grip
members 530a, 530b in a direction along the first path 850 to bring them closer
together, which reduces the angle o between them, causes the first and scocond
cantilever beams 462, 464 to move closer together, closing the end effector jaws.
Conversely, for example, moving the proximal ends 530ap, 330bp of the first
and second grip members 530a, 530b in an opposite direction along the first
path850 to space them farther apart from each other, which increases the angle ¢
between them, causes the first and second cantilever beams to move farther
apart, opening the end effector jaws. U.S. Patent No. 6,594,552, which is
meorporated in ifs entirety by this reference above explains grip member control
of end effectors 1 accordance with some embodiments. Thus, the angle o
between the distal ends 530ad, 530bd of the first and second grip members
determines the postions of the corresponding first and second cantilever beams
at the end effector.

More particularly, a bias member, such as a bias spring 804, provides a
bias force Fepung to urge the first and second grip members 330a, 330b away
from each other. A surgeon may apply forces ~Fw, which are normal to
longitudinal axes 806a, 806 of the first and second grip members 530a, 530b.
The surgeon-applied force -Fw rotates the first and second grip members along
the first path 850 about the master pivot axis 333 to bong their proximal end
portions 330ap, 530bp closer together, redcuing the angle ¢, between them, and
commanding the imparting of the first cable force F¢ to cause the first and
second cantilever beams 462, 464 at the end effector 454 to move closer

together. Addtionally, the surgeon’s fingers 802a, 802b may impait surface

13
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forces -usHw, which are parallel to surfaces of the first and second grip members
530a, 530b, in cobination with the surgeon-imparted normal forces -F.

The first and second grip members 530a, 530b impart oppostte direction

normal forces v to the surgeon’s fingers 802a, 802b in reaction 1o the surgeon-

5 wmparted normal forces -Fie. The first and second grip members 530a, 530b also
impart opposite dircction surface forces psbw in reaction to the surgeon-

imparted surface forces sk

Thus, in accordance with some embodiments, the first and second

cantilever beams 462, 464 correspond to the first and second grip master

18 members 530a, 530b. Larger scale motions mmparted by a surgeon’s fingers to
the master members 530a, 530b are translated to comresponding smaller scale
motions of the first and second cantilever beams 462, 464. In particular, in
accordance with some embodiments, for example, a rotation of the master
members 530a, 530b about the master pivot axis 336 is translated to

15  corresponding rotation of the first and second cantilever beams 462, 464 about
slave pivot axis 602, In some embodiments, for example, translation of
movement of the master members 530a, 530b translates to corresponding
movenuent of the first and second cantilever beams 462, 464 such that an angle
o about the master pivot axis 536 between the master members 530a, 530b

20 matches an angle o slave pivot axis 602 between the first and second cantdever
beams 462, 464. 1t is noted that during routine operation, the surgeon imparted
forces and the grip member reaction forces are balanced. During routing
operation, a friction force at the grip members 530a, 330b is static friction,
which is just enough to match the paralle! surface forces applied by the

25 surgeon’s fingers 802a, 802b at the grip members. It will be apprecated that
reaction surface forces pskw are less than a maximum permitted surface friction
force Fg at which the grip members 530a, 330b start sliding in the surgeon’s
fingers 802a, 802b, causing the surgeon’s finger’s to lose their grip, at which
point the surgcon may need to apply an increased normal force to increase the

30 surface friction to stop the sliding. The relationship between surface force uskn

and maximum permitted Fir is represented by the following formulation.

14
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F/r,max = UyFy (3)

In operation, a moment imparted by a surgeon 18 at distance a D from
the master pivot axis 536 equals and is balanced by a moment imparted by the
bias spring 804 at a distance d from the pivot axis 536. If it is assumed that a

torsional spring has a sping force in indicated in the formulation.

(€21

Fspring = fe{Qg — o) (4
where k is the spring constant.

i it 15 assumed that ¢o 1s the initial angular position, then the normal
force Fyy is directly related to the angle @ by the moment balance the following

10 formulation.

FnD = Fopringd = kiog —o)d (5)
Thus,
1 ( —_r ) 5 .
Fy = .’f..f.’:“.}.}..‘.x_f‘_ (6}

In view of equation (6}, it will be appreciated that normal force Fy

15 cannot be modulated directly to display the grip force to the surgeon without
changing the @, which would be detrimental o performance since 1t would
affect the gripping angle of the first and second cantilever beams 462, 464 at the
end effector 454, However, the inventor herein realized that a feedback surface
force £y gy inaparted to mount merber 330, and through it, to the first and

20 second gnp members 530a, 530k mounted thercon, along a second path 852 ina
dircction toward the pivot axis 333 and toward a palm 808 of the surgeon’s hand
may be modulated to increase a surface feedback force imparted to the fingers
802a, 802k to thereby display an mdication of a magnitude of the grip force

moment Mg,;y, at the end effector 454,

25 An upper limit of the feedback force F, g is dependent on the
amount of force required to make the grip members slip aganst the sargeon’s

fingers by overcoming static friction:
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- p £ 3 . - - - - - ~
Fourm £ 2 {(Fysina + Efv,.)maxcosaj) = 2 - (Fysing + pFycosa)

(7}
Fpprm = 2 <ﬂ§3ﬁﬁ) - {sing + g, cosa)
{8)

Since all of the values on the night are known (with the exception of the
static friction coetlicient, which may be estimated), this provides an upper hmit
for the £, 7 that can be commanded. A master-side feedback force Fzyrm
may be imparted along the second path 832 toward the grip members 330a, 530b
in a direction perpendicular to the master pivot axis 536 to indicate a magnitade
of a sensor signal Ss. which is indicative of the grip moment Mgy at the slave
end effector 454 Providing the master-side feedback force along the second path
352 separate from the first path 850 ensurcs that the user is provided an
mdication of magnitude of the slave force distinguishable from a bias force
provided by the spring 804. Moreover, providing the master-side feedback force
1 a ditection that is perpendicular to the master pivot axis 536 ensures that equal
feedback forces are imparted to them, since i accordance with some
embodiments, the grip paddles 530a are constrained to be symmetric. More
particulalry, motors that control the gimbal assembly 528 may be controlled to
impart a feedback force Fzvmu to the handle 530 apon which the first and
second grip members 330a, 530b are mounted that may be sensed by a surgeon
through fingers 802a, 802b and that provide an indication of slave grip force
Ferip. Morcover, a magnitude of the feedback force Fz mrm may be modulated

according to a magnitude of the sensor signal Sg, which is indicative of a

magnitude of the grip moment Mgrip and the slave grip force Faup.

In some embodiments, a magnitude of a surface feedbackforce

transferved to the fingers 802a, 802b 1s the friction component of the force:

Fyurm = 2 (Fysina + Fyocosa) {9}

. Fa MM kl{a—ugyd-tana ,

Pfr:: 2 MTM 0 i {10}
2:COSE D
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For a given angle « this friction force Fg felt at the fingers 802a, 802b is lincar
with the feedback surface force F, prpy and therefore, the feedback force
Fzymv can be modulated linearly to control the surface feedback friction
component Fg of the feedack feedback force Fz v that is felt by the surgeon

5 and to Hmit the feedback friction component Fg to a magnitude less than an
magnitude required to make the grip members 330a, 330b slip agamst the
surgeon’s fingers. Maintaining a feedback force within the upper limit ensures
that finger slippage does not occur that may cause pryvotal movement pivotal of
the grip members 530a, 530b about the master pivot axis 536 that could be

10 translated to movement of the cantilover beams 462, 464 about the slave pivot
axis 602, In other words, the shear force upper limit ensures that a feedback
force intended to a feedback force to display to a surgeon a magnitude of a slave
grip force at the end cffector 454 does not cause a change o rotational positions
of the cantilever beams 462, 464 at the end etfector 454,

15 Figure 9 15 an illustrative control system flow diagram 900 representing
a transformation of a reactive beam force to a feedback force n accordance with
some embodiments. A reactive beam force Fz psc imparts a strain go the sensor
712, which produces a sensor signal 5 having a magnitude that is proportional
to a magnitude of the reactive beam force Fz psc, which is proportional o a grip

20 moment Mgnp and a slave grip force Fenp. A converter block 902 converts the
sensor signal 9g to a feedback force master controf signal Ss v, In some
embodiments, the converter block 902 produces an S vrv signal having a
magnitude that is a linear function of a magnitude of the sensor signal Sg. A
motor control block 904 1s configured to produce one or more motor control

25 signals Sy in response to the Ssymv signal, to control motors 906 that produce
forces Fum to control motion of the gimbal assernbly 528 to impart a feedback
force Fz v having a magnitude that is proportional to a magoitude of the
Ssavmw signal and that 1s hmited to avoid slippage of the first and second master
grip members 330a, 330b in a surgeon’s fingers. In some embodiments, the

30 computer processors focated on the clectronics cart 24 are configured to

determine the Ssvrv signal as a linear function of the 5g signal. Morcover, in
. & g
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some embodiments, the computer processors located on the electronics cart 24
are configured to produce the one or more motor control signals Sy based upon
the Ssarm signal. In various other embodiments, the motor control signals Si
can cause an oscillating {e.g., vibrating} feedback force Fyrrv (not shown) at the
master having a second path that is an oscillation path separate from the first

path and having a parameter proportional to a magnitude of the Sgavrw signal

{(¢.g.. amplitude or frequency of oscillation of foree Frv).

Although illustrative embodiments have been shown and described, a
wide range of modification, change and substitution is contemplated in the
foregoing disclosure and in some instances, some features of the embodimenis
may be emploved without a corresponding use of other features. One of ordinary
skill in the art would recognize many varniations, altematives, and modifications.
For example, although mechanically supported masters are depicted and
described for exemplary purposes, in various embodiments the masters can be
wireless or connected to the system only by wires (Mungrounded”). In one
alternative embodiment, for example, a master may include a joy stick grip
member mounted to a mount member, wirelessly coupled to control a slave end
effector 1 response to movement of the joy stick. In another alternative

embodiment, for example,

, a master may mclude a pistol tngger grip member m
which a trigger grip member 18 mounted to a pistol-shaped mount member,
wirelessly coupled to control a slave end effector in response to movement of the
trigger. Thus, the scope of the disclosure should be limited only by the following
claims, and it 1s appropnate that the claims be construed broadly and in a manner
consistent with the scope of the embodiments disclosed herein. The above
description is presented to enable any person skilled in the art to create and use a
surgical system having an end effector force coupled to provide a corresponding
master controller feedback force. Vanous modifications to the embodiments will
be readily apparent to those skilled in the art, and the generic prnciples defined
herein may be applied to other embodiments and applications without departing
from the scope of the invention. In the preceding description, mimerous details
are sct forth for the purpose of explanation. However, one of ordinary skill in
the art will realize that the invention might be practiced without the use of these

specific details. In other instances, well-known processes are shown in block

1%
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diagram form in order not to ohscure the description of the invention with
ponecessary detail. Identical reference numerals may be used to represent
different views of the same or simular item in different drawings. Thus, the
foregoing description and drawings of embodiments in accordance with the
5  present invention are merely illustrative of the principles of the invention.
Therefore, it will be understood that various modifications can be made to
the embodiments by those skilied in the art without departing from the scope

of the invention, which 1s defined in the appended claims.
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CLAIMS
I A teleoperated surgical system comprising:
a surgical mstrument that mcludes,

an clongated shaft that mchudes a distal end portion and a

5 proximal end portion, and

an end effector that includes a slave cantilever beam,
mounted for rotation about a slave pivot axis, disposed at the

distal end portion of the shaft;

one or more actuators configured to impart a rotation

10 force about the slave pivot axis to the slave cantilever beam;

a sensor configured to sense a magnitude of a slave cantilever beam

counter-force about the slave pivot axis;
a magter control input that includes,
a mount member;

15 a first master grip member coupled to the mount member to allow

motion of the first master grip member along a first path;
a feedback generator to provide a feedback force that is based
upon the sensed magoitude of the slave cantifever beam counter-force

about the slave pivot axis and that has a direction along a second path

20 separate from the first path.
2. The teleoperated surgical system of claim 1,

wherem the feedback generator includes:
one or more actuators, and

25 one or more processors configured to canse the one or more

actuators to mmpart the feedback force to the mount member,
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3. A surgical system comprising:

a sargical mstrument comprising an end effector, wherein the end
effector comprises a first jaw and a second jaw pivotally coupled to the first jaw

about g first axis;

a sensor configured to determine a grip force experienced between the

first jaw and the second jaw;

a master controlier comprising a first input member, a second input
member pivotally coupled to the first input member about a second axis, and a

feedback generator,

wherein pivoting the second input member about the second axis towards
the first input member causes the second jaw to pivot about the first axis towards

the first jaw, and

wherein the feedback generator gencrates a feedback force proportional

to the grip force in a divection disjoint from the second axis.

4, A teleoperated surgical svstem comprising:
a surgical instrument that includes,

an elongated shaft that mcludes a distal end portion and a

proxunal end portion, and

an end effector that includes a first cantilever beam,
mouvnted for rotation about a slave pivot axis, disposed at the

distal end portion of the shaft;
a magter control input that includes,
a mount member,

first and second master grip members having distal ends
rotatably secured at the mount member for rotation about a master

pivot axis, and

a bias member disposed to urge proximal ends of the first

and second master grip members apart from each other;
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a sensor configured to produce a sensor signal indicative of a slave grip

counter-force about the slave pivot axis;
one or more motors configurable to impart a reactive feedback
force to the mount member in a direction that is perpendicular to the

master pivot axis;

(9]

one or more processors configured to convert the sensor signal to
one or more motor control signals to cause the one or more motors to

impart the feedback force to the first and second master grip members,

10 5. The teleoperated surgical system of claim 4,
wherein the one or more processors are configured to cause the one or
more motors 1o imit the feedback force to less than an magnitude required to

cause the master grip merbers to slip against a surgeon’s fingers.

15 6. The telecoperated surgical system of claim 4,

wherein the one or more processors are configured to determine the
feedback force based upon slave grip counter-force about the slave pivot axis

and an angular separation between the first and second master grip members,

~3

20 The teleoperated surgical svstem of claim 4,

wherein the bias member includes a spring that includes a spring
constant; and
wherein the one or more processors are contigured to deternune the
feedback force based upon slave grip counter-force about the slave pivot axis, an
25 angular separation between the first and second master grip members and the

spring constant.
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8. The telecoperated surgical system of claim 4,

wherein the master control nput includes an actuator to generate a
master grip signal indicating an angular separation between the master grip

members; and

wherein the one or more processors are contigured to deternune the
feedback force based upon slave grip counter-force about the slave pivot axis

and the angular separation between the first and second master grip members.

9, The teleoperated surgical system of claim 4 further inclading:
a gimble assembly;

wherein the master control 1nput is mounted o the gimble assembly.

10.  The teleoperated surgical system of claim 4,
wherein the end effector further includes,

a second cantilever beam, mounted for rotation about the slave pivot

axis, disposed at the distal end portion of the shaft.

11, The telcoperated surgical system of claim 4 further including:
a mechanical ground;

a support beam extending perpendicolar to the ¢longated shaft and
having a first end portion secured to support the surgical instrument and

meluding a second end portion secured to the mechamical ground;

wherein the sensor is configured o produce the sensor signal indicative
of the slave grip counter-force about the slave pivot axis by sensing a strain

within the support beam.
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12, The teleoperated surgical system of claim 4, wherein the surgical
mstnement further mclades,

a distal pulley mounted at the distal end portion of the shaft for

rotation about the slave pivot axus,
5 a chassis secured to the proximal end portion of the shaft,
a proximal puliev rotatably mounted at the chassis, and

a first cable having a distal end portion that wraps about and is
secured to impart a rotational force to the distal pulley and having a
proximal end that wraps about the proximal pulley; further including:
10 a cable drive mechanism secured to the proximal end to impart a force

component upon the first cable perpendicular to a longitudinal axis of the shaft.

wherein the sensor is configured o produce the sensor signal indicative
of the slave gnip counter-force about the slave pivot axis based upon the force
compeonent imparted upon the first cable perpendicular to the longitudinal axis of

15  the shaft.

13, A teleoperated surgical system comprising:
a mechanical ground;
a surgical instrument that includes,

20 an ¢longated shaft that includes a distal end portion and a

proximal end portion, and

an end effector that includes a first cantilever beam, mounted for
rotation about a slave pivot axis, disposed at the distal end portion of the

shaft;

25 a distal pulley mounted at the distal end portion of the shaft for

rotation about the slave pivot axus,
a chassis secured to the proxamal end portion of the shaft,

a proximal puliey rotatably mounted at the chassis, and

24
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a first cable having a distal end portion that wraps about and is
secured to impart a rotational force to the distal pulley and having a

proximal end that wraps about the proximal pulley,

a support beam extending perpendicular to the elongated shaft and

having a first end portion secured to support the chassis and including 3 second

(9]

end portion secured to the mechanical ground;
a master control mput that meludes,
a mount member,

first and second master grip members having distal ends rotatably

10 secured at the mount member for rotation about a master pivot axis, and

4 bias member disposed to urge proximal ends of the first and

second master grip members apart from cach other;

a sensor configured to produce a sensor signal indicative of a stave grip
counter-force about the slave pivot axis based upon a force component mmparted

15  upon the first cable perpendicular to a longitudinal axis of the shaft;

one or more motors configurable to impart a reactive feedback force to

the mount member in a direction that is perpendicular to the magter pivot axis;

one or more processors configured to convert the sensor signal 1o one or
more motor control signals to cause the one or more motors to impait the
20 feedback force to the first and second master grp members in the direction that

is perpendicular to the master pivot axis.

14, The teleoperated surgical system of claim 13 forther including:

a cable drive mechanism secured to the proximal end of the first cablc to
25 wmmpart a force component upon the first cable perpendicular to the longitudinal

axis of the shaft.
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15.  The teleoperated surgical system of claim 13,

wherein the one or more processors are configured to cause the one or
more motors to limit the fecdback force to less than an magnitude required to

cause the master grip members to slip agamst a surgeon’s fingers.

16.  'The teleoperated surgical system of claim 13,

wherein the one or nmore processors are configured to determine the
feedback force based upon slave grip counter-force about the slave pivot axis

and an angular separation between the first and second master grip members,

17. A method to provide at a master control input an indication of a
grip force at a slave end effector portion rotatably mounted to a slave pivot axis
at an end of a surgical instrument shaft, whercin the master control input
inchudes a mount member, first and second master grip members having distal
ends rotatably secured at the mount member for rotation about a master pivot
axis, and a bias member disposed to urge proximal ends of the first and second
master grip members apart from each other, the method comprising:

producing a sensor signal indicative of magnitude of a grip counter-force
about the slave pivot axis of the end effector;

producing a feedback force at the first and second master grip members,
wheremn the feedback force has a magnitude based vpon the sensor signal and

has a direction that is perpendicular to the master pivot aus.

18. The method of claim 17,

wherein producing the feedback force meludes producing a feedback
force that has a magnitude less than an magnitude required to cause the master

grip members to slip against a surgeon’s fingers.
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19. The method of clamm 17,

wherein producing the feedback force includes producing a feedback
force based upon a slave grip counter-force about the slave prvot axis and an

angular separation between the first and second master grip members.

20, The method of claim 17,
wherein producing the sensor signal includes,
supporting the surgical mstrument upon a support beam,

ymparting a cable force parallel upon a cable extending within the
10 surgical instrument shaft in reaction to the grip force at a slave end
effector, and
imparting to the support beam, a component of the cable force

perpendicular to an axis of the shaft,

15 21, The method of claim 17,
wherein producing the sensor signal includes,
supporting the surgical mstrument upon a support beam,

imparting a cable force parallel upon a cable extendmg within the
sargical instrument shaft in reaction to the grip force at a slave end
20 effector, and
imparting to the support beam, a component of the cable force
perpendicular to an axis of the shafi;
wherein prodocing the feedback force includes producing a feedback
force less than an magnitude required to cause the master grip members to ship

25  against a surgeon’s fingers.
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22, The method of clamm 17,
wherein producing the sensor signal includes,
supporting the surgical mstrument upon a support beam,

imparting a cable force parallel upon a cable extending within the
surgical instrument shaft in reaction to the grip force at a slave end

effector, and

waparting to the support beam, a component of the cable force

perpendicular to an axis of the shafi;

wherein producing the feedback force mcludes producing a feedback

force based upon a slave grip counter-force about the slave pivot axis and an

angular separation between the first and second master grip members.

20

23. The method of claim 17,
wherein producing the sensor signal includes,
sapporting the surgical instrument upon a support beam,

imparting a cable force parallel upon a cable extendmmg within the
surgical instrument shaft m reaction to the grip force at a slave end
sftector, and

fmparting to the support beam, a component of the cable force

perpendicelar to an axis of the shaft; further including:

generating a master grip signal mdicating an angular separation between

the master grip members;

wherein producing the feedback force includes producing the feedback force

based upon slave grip counter-force about the slave pivot axis and the angular

25

separation between the first and sccond master grip members.

24, A surgical control system comprising a master control mput, the

master control input comprising:

a first master grip member;
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a second master grip member articulably coupled to the first master grip
member to allow relative motion between the first master grip member and the

second master grip member along a first path;

a feedback generator to provide a feedback force at the master control

input on a second path separate from the first path.

25, The surgical control system of Claim 24, wherem the feedback
generator comprises:
a support linkage coupled to the master control input; and

an actuator to generate the feedback force.

26.  The surgical control system of Claim 25, wherein the actuator

articulates the support linkage.

27, The surgical control svstem of Claim 25, wherein the actuator

generates the feedback force without articulating the support hinkage.

28.  The surgical control system of Claim 24, wherein the master

control input is vugrounded.

29. The surgical control system of Claim 24, further comprising an
clectronics cabinet, the electronics cabinet comprising a processor for receiving
a sensed force signal and generating a feedback control signal for the feedback

generator.

30.  'The surgical control system of Claim 29, wherein the fecdback
force 1s proportional to a sensed force magnitude associated with the sensed

force signal.

29
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31, The surgical control svstem of Claim 30, wherein the feedback

force 1s continuously proportional to the sensed force magnitude.

32, The surgical control system of Claim 30, wherein the feedback

force is an oscillating force.

33, 'the surgical control system of Claim 30, wherein the sensed

force signal is recetved from a surgical instrimment.

34, 'The surgical control system of Claim 30, wherein the sensed
force signal is generated from a virtual surgical instrument within a simulation

enpvironment.

3
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