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tion of vibration arising from a mode transition during a robotic surgery.
The robotic surgery can be performed with a patient side cart, portions of
which can be affected by the mode transition. Initial parameters for the por-
tions of the patient side cart that can be affected by the mode transition are
identified and are used to create a smoothing curve. The smoothing curve
can direct the movement of the portions of the patient side cart to transition
between the modes. The smoothing curve can be continuously generated un-
til a new mode transition is requested.
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COMMAND SHAPING TO DAMPEN VIBRATIONS IN MODE
TRANSITIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
{B881]  This application is related to and claims priority to U8, Provisional Application No.
£1/954,459 filed March 17, 2014, entitled “COMMAND SHAPING TG DAMPEN
VIBRATIONS IN USM MODE TRANSITIONS; and U.S. Provisional Applcation No.
61/993,961, filed May 15, 2014, entitled “COMMAND SHAPING TO DAMPEN
VIBRATIONS IN USM MODE TRANSITIONS”, sach of which are incorporated herein by

reference in their entivety and for all purposes.

BACKGROUND OF THE INVENTION
(86621  Mimimally imvasive medical technigues are intended to reduce the amount of extranecus
tissue that is damaged during diagoostic or surgical procedures, thereby reducing patient
recovery time, discomfort, and deleterious side effects, One etfect of minimally invasive surgery,
for exaruple, is reduced post-operative hospital recovery times. Because the average hospital stay
for a standard surgery is typically significantly longer than the average stay for an analogous
mimmally invasive surgery, increased use of minimally invasive techniques could save millions
of dollars in hospital costs each vear. While many of the surgeries performed each year in the
United States could potentially be performed in a minimally invasive manner, only a portion of
the current surgeries use these advantageous technigues due o limitations in minimally invasive

surgical instruments and the additional surgical training involved in mastering them.

1908631  Minimally invasive robotic surgical or telesurgical systems have been developed to
increase g surgeon’s dexierity and avoid some of the limitations on traditional minimally invasive
technigues. In telesurgery, the surgeon uses some form of remote control {e.g., a
servomechanism or the like} to manipulate surgical instrument movements, rather than dirgetly
holding and moving the instruments by hand. In telesurgery systems, the surgeon can be
provided with an image of the surgical site at a surgical workstation. While viewing a two or

three dimensional image of the surgical sife on a display, the surgeon performs the surgical
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procedures on the patient by manipulating master control devices, which in turn conirel motion

of the servo-mechanically operated instruments.

{0004} The servomechanism used for telesurgery will often accept input from two master
conirollers {one for each of the surgeon's hands) and may include two or more robotic arms on
each of which a surgical instrument is mounted. Operative communication between master
controllers and associated robotic arm and instrument assemblies is typically achieved through a
control system. The control system typically includes at least one processor that relays input
commands from the master controllers to the associated robotic arm and instrument assemblies
and back from the instrument and arm assemblies to the associated master controllers in the case
of, for exarmple, force feedback or the like. One example of a robotic surgical system is the

DA VINCI® system available from Intuitive Surgical, Inc. of Sunnyvale, Calif.

[6065] A variety of structursl arrangements can be used to support the surgical instrument at
the surgical site during robotic surgery. The driven linkage or "slave® is often called a robotic
surgical manipulator, and exemplary linkage arrangements for use as a robotic surgical
manipulator during minimally invasive robotic surgery are described in U.S. Pat. Nos. 7,594,912;
6,758,843; 6,246,200; and 5,800,423, the full disclosures of which are incorporated herein by
reference. These linkages often make use of 3 paralislogram arrangement to hold an instrument
having a shaft. Such a manipulator structure can constrain movement of the instrument so that
the instrument pivots about a remote center of manipulation positioned in space along the length
of the rigid shaft. By aligning the remote center of manipulation with the incision point to the
internal surgical site (for example, with a trocar or cannula at an abdominal wall during
laparoscopic surgery}, an end effector of the surgical instrument can be positioned safely by
moving the proximal end of the shaft using the manipulator linkage without imposing potentially
dangerous forces against the abdominal wall. Aliernative manipulator structures are described,
for example, in U.S. Pat. Nos. 7,763,018; 6,702,803, 6,676,669, 5,855,383, 5,808,665;

3,445,166, and 5,184,601 ; the full disclosures of which are incorporated herein by reference.

{0806] A variety of structoral arrangements can also be used to support and position the
rabotic surgical manipulator and the surgical instriment at the surgical site during robotic
surgery. Supporting linkage mechanisms, sometimes referred to as set-up joints, or set-up joint

arms, are often used to position and align each manipulator with the respective incision point in a

2



WO 2015/142784 PCT/US2015/020875

patient's body. The supporting linkage mechanism facilitates the alignment of a surgical
manipulator with a desired surgical incision point and targeted anatomy. Exemplary supporting
linkage mechanisms are described in U8, Pat. Nos. 6,246,200 and 6,788,018, the full disclosures

of which are incorporated herein by reference.

{08077 While the new telesurgical systems and devices have proven highly effective and
advantageous, still further improvements are desirable. In general, improved minimally invasive
robotic surgery systems are desirable. It would be particularly beneficial if these improved
technologies enhanced the efficiency and ease of use of robotic surgical systems. For example, it
would be particularly beneficial to increase mancuverability, improve space utilization in an
operating room, provide a faster and sasier set-up, inhibit collisions between robotic devices

during use, and/or reduce the mechanical complexity and size of these new surgical systems.

BRIEF SUMMARY OF THE INVENTION
{00608] The following presents a simplified summary of some embodiments of the invention in
order to provide a basic understanding of the invention. This surmmary is not an extensive
gverview of the invention. It is not intended to identify key/critical elements of the invention or
o delineate the scope of the invention. Its sole purpose is to present some embodiments of the

invention in a simplified form as a preluds to the more detailed description that is presented later,

{80091 One embodiment of the present disclosure relates o 4 system for smooth mode
transition during a robotic surgery. The system includes a patient side cart having a robotic
mechanism that is moveable, and a processor that can conirel the robotic mechanism. The
processor can determine a request for a mode iransition, which reguest for mode transition can
designate a new mode that is different than a current mode, determine initial parameters of the
robotic mechaniam, which initial parameters can include 3 position and a velocity of the robotic
mechanism, calculate a smoothing curve that transitions between the current mode and the new
maode and that can be C3 continuouns, and move the rebotic mechanism according to the

smoothing curve.

{8018] In some smbodiments of the system, the processor can identify degrees of freedom of

the robotic mechanism affected by the mode transition. In some embodiments, the processor can
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calculate 3 smoothing curve for each of the identified degrees of freedom. In some embodiments,
calculating the smoothing curve can include establishing a first command position, caleulating a
step value, and setting 8 second command position. In some embodiments, the second command
position can be the first command position incremented by the caleulated step value, In some
embodiments the processor can determine if additional smoothing is desired, and establish a third
command position and calculate a second step value if additional smoothing is desired. In some

embodiments, the third comumand position can be set {o the second command position.

{B811]  In some embodiments, the initial parameters further include an acceleration parameter,
In some embodiments, as g part of determining the request for the mode transition, the processor
can determine if smoothing of the mode iransition is indicated. In some embodiments, smoothing
of the mode transition is indicated if estimated vibrations from the mode transition exceed a
threshold valve. In some embodiments, determining if smoothing of the mode transition is
indicated inchudes determining post-mode-transition parameters of the robotic mechanism,
wherein the post-mode-transition parameters include a position and a velocity of the robotic
mechanism, determining the difference between the initial parameters and the post-mode-
{fransition parameters, and comparing the difference between the initial parameters and the post-
mode-transition parameters to a threshold. In some embodiments, smoothing of the mode
transition is indicated if the difference between the initial parameters and the post-mode-

transition parameters 18 greater than the threshold.

108121 One embodiment of the present disclosure relates to a method for mode transition
during a robotic surgery. The method can include determining a request for a mode iransition,
swhich request for mode transition can designate a new mode that is different than a current
mode, determining initial parameters of a portion of g patient side cart, which inttial parameters
can include g position and a velocity, calculating a smoothing curve, which smoothing curve
transitions between the current mode and the new mode, and which stooothing curve 18 C3

continuous, and moving the portion of the patient side cart according to the smoothing curve,

{B813]  In some embodiments of the method, caleulating the smoothing curve can include
establishing a first command position, calculating a step value, and setting a second copunand
position. In some embodiments, the second command position can include the first command

posifion incremented by the calculated step value. In some embodiments, the method includes
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determining if additional smoothing is desired, and establishing a third command position and
calculating a second step value if additional smoothing is desired. In some embodiments, the

third command position 18 set to the second command position.

{8814} Insome embodiments, the smoothing curve can include a plurality tteratively
caleulated steps. In some embodiments, the calculation of the smoothing curve is terminated
when a second request for a mode transition is received. In some embodiments, the initial

parameters can inchude an acceleration parameter.

[881%]  One embodiment of the present disclosure relates to a method for vibration elimination
during a robotic surgery. The method can include receiving a requested action, which requested
action can include a2 change in a velocity or position of a portion of a patient side cart, caleulating
a stoothing curve, which smoothing curve can be calonlated according to a simulated damping
system. In some embodiments, the simulated damping system can include a first mass connected
o & second mass via a fivst dashpot and a second dashpot connecting the first mass to ground.
The method can include moving the portion of the patient side cart according to the smoothing

CULVeE.

[9916]  In some embodiments of the method, the first and second masses have the same mass.
In some embodiments, the first dashpot is defined by a first damping coefficient and the second
dashpot is defined by a second daraping coefficient. In some embodiments, the first and second

damping coefficients are the same.

{0017} In some embodiments of the method, caleulating the smoothing curve includes
identifying an initial velocity of the portion of the patient side cart, a first initial velocity of the
first mass, and a second initial velocity of the second mass. In some embodiments, the first and
second imitial velocities are set equal to the initial velocity of the portion of the patient side cart.
In some embodiments, the method includes identifying a desired stopping point which identifies
a location of the portion of the patient side cart when the requested action is received. In some
embodiments, the portion of the patient side cart drifis beyond the desired stopping point when

the portion of the patient side cart is moved according to the smoothing curve.

{0018]  One embodiment of the present disclosure relates to a system for vibration elimination

during a robotie surgery. The system includes a patient side cart that can include a movable

§.5
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manipulator, and & processor that can control the manipulator. In some embodiments, the
Processor oan receive a requested action that requested action can include a change in a velocity
or position of the manipulator, calculate a smoothing curve, which smoothing curve is calculated
according to & simulated damping system corresponding to a first mass connected to a second
mass via a first dashpot and a second dashpot connecting the first mass to ground, and move the

manipulator according to the smoothing curve.

{86191  In some embodiments of the system, the first and second masses have the same mass.
In some embodiments, the first dashpot is defined by a first damping coefficient and the second
dashpot is defined by a second damping coefficient. In some embodiments, the fivst and second

damping coefficients are the same,

{60207  In some embodiments of the system, calculating the smoothing curve inciudes
identifving an initial velocity of the portion of the patient side cart, a frst initial velocity of the
first mass, and a second initial velocity of the second mass. In some embodiments, the first and

second initial velocities are set equal to the initial velocity of the portion of the patient side cart,

{80211  In some embodiments, the processor can weniify a desired stopping point which
identifies a location of the portion of the patient side cart when the reguested action is received.
In some embodiments, the portion of the patient side cart drifts a distance beyond the desired
stopping point when the portion of the patient side cart is moved according o the smoothing
curve. In such an embodiment, the portion of the patient side cart does not return to the desired
stopping point. In some embodiments, the portion of the patient side cart overshoots the desired
stopping point when the portion of the patient side cart is not moved according to the smoothing
curve. In such an embodiment, the overshoot arises due {0 oscillations of the portion of the
patient side cart and the portion of the patient side cart retums o the desired stopping point. In

some embodiments, a ratio of the drift distance to overshoot is at least 1.5:1.

(00221 For g fuller understanding of the nature and advantages of the present invention,
reference should be made o the sosuing detailed description and accompanying drawings. Other
aspects, objects and advantages of the invention will be apparent from the drawings and detailed

description that follows.
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BRIEF DESCRIPTION OF THE DRAWINGS
(99231 FIG. 1 s a plan view of a minimally invasive robotic surgery system being used to

perform a surgery, in accordance with many embodiments,

100247 FEG. 2 is a perspective view of a surgeon’s conirel console for a robotic surgery

system, 1n gecordance with many embodiments.

{0625] FIG. 3 is g perspective view of a robotic surgery system electronics cart, in accordance

with many embodiments.

{8026]  FIG. 4 diagrammatically iHustrates a robotic surgery system, in accordance with many

embodiments,

{00277 FIG. 54 is 2 partial view of a patient side cart {surgical robot} of a robotic surgery

system, in accordance with many embodiments.

[8028] FIG. 58 s 5 front view of a robotic surgery tool, in accordance with many

embodiments.
{80291 FIG. 6 shows a robotic surgery system, in accordance with many embediments.

{80301 FIG. 7 illustrates rotational orientation limits of set-up linkages relative to an orlenting

platform of the robotic surgery system of FIG. 6.

10031] FIG. 8 shows a cenler of gravity diagram associated with a rotational Himit of the boom

assembly for a robotic surgery system, in accordance with many embodiments.

80327 FIG. 9§ shows a remole center manipulator, in accordance with many embodiments, that
includes a curved feature having a constant radius of curvature relative to the remote center of

manipulation and along which a base link of the cutboard Hinkage can be repositioned.

{6033] FIG. 16 shows a remote center manipulator, in accordance with many embodiments,
that includes a closed-loop curved feature o which a base link of the outboard linkage is

nterfaced such that the base link is constrained to move along the closed-loop corved feature.

~d
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10634}  FIG. 11 is a side view of the remote center manipulator in a configuration of maximum
pitch back of the instrument holder relative to the remote center of manipulation, in accordance

with many embodiments.

[0038] FIG. 12 15 a flowchart illustrating one embodiment of a process for command shaping

to dampen vibrations.

[0836] FIG 13 is a flowchart illustrating one embodiment of a process for calculating a

smoothing curve.

{0037] FIGS, 14A and 148 are graphical illustrations of one embodiment of a mechanical

system used for caleulating a smoothing curve.

{6838] FIG. 18 is a flowchart illustrating one embodiment of a process for initializing a

command shaping algorithm.

{0039} FIG 16 is a flowchart illustrating one embodiment of a process for calculating a step

value,

{0040] FIGS. 17A-178 show a comparison of results when command shaping to dampen

vibrations is used with results when command shaping to dampen vibrations is not used.

DETAILED DESCRIPTION OF THE INVENTION
{1041]  In the following description, various embodiments of the present invention will be
described. For purposes of cxplanation, specific configurations and details are set forth in order
to provide a thorough understanding of the embodiments. However, it will also be apparent to
one skilled in the art that the present invention may be practiced without the specific details.
Furthermore, well-known features may be omitted or simplified in order not to obscure the

embodiment being described.

{3042] The kinematic linkage structures and control systems described herein are particularly
beneficial in helping system users to arrange the robotic structure of a procedure on a particular
patient. Along with actively driven manipulators used to interact with tissues and the like during

treatment, robotic surgical systems may have one or more kinematic linkage systems that are
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configured to support and help align the manipulator structure with the surgical work site. These
set-up systems may be actively driven or may be passive, so that they are manually articulated
and then locked into the desired configuration while the manipulator is used therapeutically. The
passive set-up kinematic systems may have advantages in size, weight, complexity, and cost.
Unfortunately, a plurality of manipulators may be used to treat tissues of each patient, the
manipulators may each independently benefit from accurate positioning so as to allow the
instrument supported by that instrument to have the desired motion throughout the workspace,
and minor changes in the relative locations of adiacent manipulators may have significant impact
on the interactions between manipulators (with poorly positioned manipulators potentially
colliding or having their range and/or ease of motion significantly reduced). Hence, the

chalienges of guickly arranging the robotic system in preparation for surgery can be significant.

i8043]  One option is o mount multiple manipulators to a single platform, with the
manipulator-supporting platform sometimes being referred to as an orienting platform. The
orienting platform can be supported by an actively driven support Hokage (sometimes referred fo
herein as a set-up structure, and typically having & set-up structure linkage, etc.) The system may
also provide and control rootorized axes of the robotie set-up structure supporting the orienting
platform with some kind of joystick or set of buttons that would allow the user to actively drive
those axes as desired in an independent fashion. This approach, while usefid in some situations,
may suffer from some disadvaniages. Firstly, users not suffictently familiar with robotics,
kinematics, range of motion limitations and manipulator-to-manipulator collisions may find it
difficult to know where to position the orienting platform in order to achieve a good setup.
Secondly, the presence of any passive joints within the systermn means that the positioning of the
device involves g combination of manual adjustment {moving the passive degrees of freedom by
hand} as well as controlling the active degrees of freedom, which can be a difficult and time-

consuining iterative getivity,

{8844] To maintain the advantages of both manual and actively-driven positioning of the
robotic manipulators, embodiments of the robotic systems described herein may employ a set-up
mode in which one or more joints are actively driven in response to manual articulation of one or
more other joints of the kinematic chain. In many embodiments, the actively driven joints will

move a platform-supporting linkage structure that supports multiple manipulators, greatly
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facilitating the arrangement of the overall system by moving those manipulators as a unit into an
intial orientational and/or positional alignment with the workspace. Independent positioning of
one, some or all of the manipulators supported by the platform can optionally be provided
through passive set-up joint systems supporting one, some, or all of the manipulators relative to

the platform,

Minimally Invasive Robotic Surgery

[3045] Referring now to the drawings, in which like reference numerals represent like parts
throughout the several views, FIG. 1 is a plan view illustration of a Minimally Invasive Robotie
Surgical (MIRS) system 10, which can be, for example, a telesurgical system and/or a
telepresence system, typically used for performing a minimally invasive diagnostic or surgical
procedure on a Patient 12 who is lyving down on an Operating table 14, The system can include a
Surgeon’s Console 16 for use by a Surgeon 18 during the procedure. One or more Assistants 20
may also participate in the procedure. The MIRS system 10 can further include a Patient Side
Cart 22 (surgical robot) and an Electronics Cart 24, The Patient Side Cart 22 can manipulste at
least one removably coupled tool assembly 26 (hereinatier simply referred 1o as a “tool”) through
a minimally invasive incision in the body of the Patient 12 while the Surgeon 18 views the
surgical site through the Console 16, An image of the surgical site can be obtained by an
endoscope 28, such as a stereoscopic endoseope, which can be manipulated by the Patient Side
Cart 22 o orient the endoscope 28, The Electronics Cart 24 can be used to process the images of
the surgical site for subsequent display to the Surgeon 18 through the Surgeon’s Console 16, The
pumber of surgical tools 26 used at one time will generally depend on the diagnostic or surgical
procedure and the space constraints within the operating room among other factors. it is
necessary to change one or more of the tools 26 being used during a procedure, an Assistani 20
may remove the tool 26 from the Patient Side Cart 22, and replace it with another tool 26 froma

tray 30 in the operating room.

(08461 FIG. 2 is a perspective view of the Surgeon’s Console 16, The Sorgeon’s Console 16
includes s left eve display 32 and s right eve display 34 for presenting the Surgeon 18 with a
coordinated steree view of the surgical site that enables depth perception. The Console 16 further
includes one or more input control devices 36, which in furn cause the Patient Side Cart 22

{shown in FIG. 1} to manipulate one or more tools, The input contrel devices 36 can provide the

16



WO 2015/142784 PCT/US2015/020875

same degrees of freedom as their associated tools 26 (shown in FIG. 1) to provide the Surgeon
with telepresence, or the perception that the input control devices 36 are integral with the tools
26 so that the Surgeon has & strong sense of directly controlling the tools 26. To this end,
position, force, and {actile feedback sensors {not shown) may be emploved {o transmit position,
force, and tactile sensations from the tools 26 back to the Surgeon’s hands through the input

control devices 36,

{0047] The Surgeon’s Console 16 is usually located in the same room as the patient so that the
Surgeon may directly monttor the procedure, be physically present if necessary, and speak to an
Assistant directly rather than over the telephone or other communication medium. However, the
Surgeon can be located in a different room, a completely different building, or other remote

location from the Patient allowing for remote surgical procedures.

[8048] FIG. 3 is a perspective view of the Electronics Cart 24, The Electronics Cart 24 can be
coupled with the endoscope 28 and can include a processor to process captured images for
subsequent display, such as to a Surgeon on the Surgeon’s Consele, or on another suitable
display located locally and/or remotely. For example, where a stereoscopic endoscope is used,
the Electronics Cart 24 can process the captured images to present the Surgeon with coordinated
stereo tmages of the surgical site. Such coordination can include alignment between the opposing
images and can include adjusting the stereo working distance of the stereoscopic endoscope. As
another example, image processing can include the use of previously determined camera
calibration parameters to cornpensate for imaging errors of the image capture device, such as

optical aberrations.

{349]  FIG. 4 diagrammatically iHustrates a robotic surgery system 50 (such as MIRS
system 10 of FIG. 1), As discussed above, 8 Surgeon’s Console 52 {such as Surgeon’s
Consele 16 in FIG. 1) can be used by a Surgeon to control a Patient Side Cart (Surgical
Robot) 54 (such as Patent Side Cart 22 in FIG. 1) during 2 mintmally invasive procedure. The
Patient Side Cart 54 can use an imaging device, such as a stereoscopic endoscope, 10 capture
tmages of the procedure site and output the captored images to an Electronics Cart 36 {such a3
the Blectronics Cart 24 in FIG. 1). As discussed above, the Electronics Cart 56 can process the
captured Imnages in a variety of ways prior to any subsequent display. For example, the

Electronics Cart 56 can overlay the captured images with a virtual conirol interface prior to

il
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displaying the combined images to the Surgeon via the Sorgeon’s Console 32, The Patient Side
Cart 54 carns output the captured images for processing outside the Electronics Cart $6. For
exarnple, the Patient Side Cart 54 can ouiput the captured images to a processor 58, which can be
used to process the captured images. The images can also be processed by a combination the
Electronics Cart 36 and the processor 58, which can be coupled together to process the captured
images jointly, sequentially, and/or combinations thergof. One or more separate displays 60 can
aiso be coupled with the processor 58 and/or the Electronics Cart 36 for local and/or remote

display of inages, such as images of the procedure site, or other related images.

{B050]  Processor 58 will typically inclade a combination of hardware and sofiware, with the
software comprising tangible media embodying computer readable cods instructions for
performing the method steps of the control functionally described herein, The hardware typically
includes one or more data processing boards, which may be co-located but will often have
components distributed among the robotic structures described herein. The software will often
comprise a non-volatile media, and could also comprise a monolithic code but will more
typically comprise a number of subroutings, optionally running in any of & wide variety of

distributed data processing architectures.

[0051]  FIGE. 8A and 5B show a Patient Side Cart 22 and a surgical tool 62, respectively. The
surgical tool 62 is an example of the surgical tools 26, The Patient Side Cart 22 shown provides
for the mantpulation of three surgical tools 26 and an tmaging device 28, such as a stereoscopic
endoscope used for the capture of images of the site of the procedure. Manipulation is provided
by robotic mechanisms having a number of robotic joints. The imaging device 28 and the
surgical tools 26 can be positioned and manipulated through incisions in the patient so that a
kinematic remote center is maintained at the incision to minimize the size of the incision. Images
of the surgical stfe can include images of the distal ends of the surgical tools 26 when they are

positioned within the field-of-view of the imaging device 2€.

{88521  Surgical tools 26 are inserted info the patient by inserting a tubular canmula 64 through
a mintmally invasive access aperture such a8 an incision, natural orifice, percutansous
penetration, or the like. Cannula 64 is mounted {o the robotic manipulator arm and the shaft of
surgical tool 26 passes through the lumen of the cannula. The manipulator arm may transmit

signals indicating that the cannuls has been mounted thereon,

12
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Robetic Surgeryv Svstems and Modular Mapipulstor Supporis

{0083} FId. 6 is a simplified representation of a robetic surgery system 148, in accordance
with many embodiments. The robotic surgery system 140 includes a mounting base 72, a support
linkage 122, an orienting platform 124, a plurality of set-up linkages 126 {two shown), , and a
plurality of surgical instrument manipulators 82, Each of the manipulators 82 is operable to
selectively articulate a surgical instrument mounted to the manipulator 82 and insertable into a
patient along an insertion axis. Each of the manipulators 82 is gttached to and supported by one
of the set-up hnkages 126. Each of the set-up linkages 126 is rotationally coupled to and
supported by the orienting platform 124 by a first set-up linkage joint 84. Each of the set-up
linkages 126 is fixedly attached to and supported by the orienting platform 124, The orienting
platform 124 is rotationally coupled to and supported by the support linkage 122, And the
support linkage 122 is fixedly attached to and supported by the mounting base 72.

{6854} In many embodiments, the mounting base 72 is a movable and floor supperted, thereby
enabling selective repositioning of the overall surgery system 70, for example, within an
operating room. The mounting base 72 can include a steerable wheel assembly and/or any other
suitable support features that provide for both selective repositioning as well as selectively
preventing movement of the mounting base 72 from a selected position. The mounting base 72
can also have other suitable configurations, for example, a ceiling mount, fixed floor/pedestal
mount, a wall mount, or an interface configured for being supported by any other suitable

mounting surface.

{0038] The support linkage 122 is configured to selsctively position and orient the orienting
platform 124 relative to the mounting base 72 via relative movement between links of the
support linkage 122 along multiple set-up structure axes. The support linkage 122 includes a
columm base 86, a translatable column member 88, a shoulder joint 99, 4 boom base member 92,
a boom first stage member 94, and 2 wrist joint 98, The columun base 86 is fixedly attached to the
mounting base 72. The translatable column member 88 is selectively repositionable relative to
the column base 86 along a first set-up structure (S8US) axis 142, which s vertically oriented in
many embodiments. In many embodiments, the translatable column member 8% translates
relative to the column base 86 along a vertically oriented axis. The boom base member 92 is

rotationally coupled to the transiatable column mermber 88 by the shoulder joint 90. The shoulder
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joint 98 is operable to selectively orient the boom base member 92 relative to the translatable
column member 88 around a second S8US axis 144, which is vertically oriented in many
embodiments. The boom first stage member 94 is selectively repositionable relative to the boom
base mernber 92 along a third 8US axis 146, which is horizontally oriented in many
embodiments. Accordingly, the support linkage 122 is operable to selectively set the distance
between the shoulder joint 80 and the distal end of the boom first stage member 94. And the
wrist joirnt 98 is operable to selectively orient the orienting platform 124 relative to the boom first
stage member 94 sround a fourth SUS axis 148, which is vertically oriented in many

embodiments.

[08586] Each of the set-up linkages 126 is configured to selectively position and orient the
associated manipulator 82 relative o the orienting platform 124 via relative movement between
links of the set-up linkage 126 along multiple set-up joint (SUJ) axes. Each of the first set-up
Hukage joint 84 is operable to selectively orlent the associated set-up linkage base Hak 100
relative to the orlenting platform 124 arcund a first 3UT axis 130, which in many embodiments is
vertically oriented. Each of the set-up linkage extension links 102 can be selectively repositioned
relative o the associated set-up linkage base link 10 along a second SUJ axis 152, which is
horizontally oriented in many embodiments. Each of the set-up linkage vertical links 106 can be
selectively repositioned refative to the associated set-up linkage extension link 102 along a third
SUJT axis 154, which is vertically oriented in many embodiments. Each of the second sef-up
finkage joinis 108 is operable to selectively orient the mechanism support Hak 128 relative to the
set-up linkage vertical Hink 106 arcund the third SUJ axis 154, Bach of the joints 132 is operable

to rotate the associated manipulator 82 arcund the associated axis 138,

{0837] FIG. 7 illusirates rotational orientation limits of the set-up linkages 126 relative to the
orienting platform 124, in accordance with many embodiments, Each of the set-up linkages 126
is shown in a clockwise limit orientation relative to the orienting platform 124, A corresponding
counter-clockwise limif orientation is represented by a mirror image of FIG. 7 relative to a
vertically-oriented mirror plane. As iHlustrated, each of the two inner set-up linkages 126 can be
oriented from 5 degrees from a vertical reference 156 in one direction to 75 degrees from the

vertical reference 136 in the opposite direction, And as illustrated, each of the two outer set-up
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finkages can be oriented from 13 degrees to 95 degrees from the vertical reference 15610 8

corresponding direction,

{0058] FIG. 8 shows a center of gravity diagram associated with a rotational limit of a support
linkage for a robotic surgery system 160, in aceordance with many ernbodiments. With
components of the robotic surgery system 160 positioned and oriented to shift the center-of-
gravity 162 of the robotic surgery systormn 160 to a maximum extent to one side relative {o a
support linkage 164 of the surgery system 166, a shoulder joint of the support linkage 164 can be
configured to limit rotation of the support structure 164 around g set-up structure (SUS)
shoulder-ioint axis 166 to prevent exceeding s predetermined stability Hmit of the mounting

hase.

1005891 FIG, ¢ illustrates another approach for the implementation of a redundant axis that
passes through the remote center of manipulation (RC) and the associated redundant mechanical
degree of freedom. FIG. 9 shows a remote center manipulator 260, in accordance with many
embodiments, that includes a mounting base 262 that includes a curved feature 264 having a
consiant radius of curvature refative to the remote center of manipulation (RC) and along which
2 base link 266 of the outboard {proximal} linkage of the manipulator 260 can be repositioned.
The outboard linkage is mounted to the base link 266, which includes a “yaw” joint feature, for
rotation about a first axis 268 that intersects the remote center of manipulation {RC). The base
Hnk 266 s interfaced with the curved feature 264 such that the base Hnk 266 is constrained to be
selectively repositioned along the curved feature 264, thereby maintaining the position of the
remote center of manipulation (RC) relative to the mounting base 262, which is held in s fixed
position relative to the patient. The curved feature 264 is configured such that movement of the
base link 266 is limited to rotation about a second axis 270 that intersects the remote center of
manipulation {(RC). By changing the position of the base link 266 along the curved feature 264,
the orientation of the outboard linkage of the manipulator 260 relative to the patient can be
varied, thereby mroviding for increased range of motion of the surgical instrument manipulated
by the remote center manipulator 260. Parallelogram mechanism 272 provides rotation around
axis 274. It can be seen that as the entive paralielogram mechanism rotates arcund axis 268, axes

27% and 274 can be made coincident.
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10060]  FIG. 10 illustrates another approach for the implementation of a redundant axis that
passes through the remote center of manipulation (RC), providing an associated redundant
degree of freedom. FIG. 10 shows a remeote center manipulator 280, in accordance with many
embodiments, that includes a mounting base 282 that includes a closed-loop curved feature 284
inside which a base link 286 of the outhoard (distal} linkage of the manipulator 280 can be
reposttioned. As shown, central mount element 285 rotates inside closed-loop curved feature
284. Base hink 286 ts mounted on the ceniral mount element 285 to be oriented somewhat inward
toward the remote center of manipulation. The outboard linkage ts mounted to the basc link 286
tor rotation about a first axis 288 that intersects the remote center of manipulation (RC). The
closed-loop curved feature 284 is configured such that, for all positions of the base link 286
arcund the curved feature 284, the position of the remote center of manipulation (RC) remains
fixed relative to the mounting base 282, which is held fixed relative to the patient. The closed-
loop curved feature 284 is circular and is axially-symmetric about a second axis 290 that
intersects the remote center of manipulation (RC). By changing the position of the base link 286
around the closed-loop curved feature 284, the orientation of the outhoard linkage of the
mantpulator 280 relative to the patient can be varied, thereby providing for increased range of
motion, arm-to-anm or arm-fe-environment collision avoidance, and/or kinematic singularity
avoidance for the remote center manipulator 280, A “partial circle” feature or a full circular
feature where the mounting base only fraverses a portion of the cirele can also be used, It can be
soen that curved feature 284 and its assoctated central mount feature 285 act as a conical sweep

joint.

{0661} FIG. 11 is a side view of the remote conter manipulator 320 in which the instrument
holder 342 is pitched back to 2 maximum amount. In the configuration shown, the first
parallelogram link 330 has been swung {0 a position just past being aligned with the exiension
Huk 324 and the second parallelogram Hnk 336 has been swung to a position just past being
aligned with the first parallelogram Hnk 330, thereby orienting the insertion axis 366 to an
angular offset of 73 degrees from a perpendicular 374 to the vaw axis 348, While the remote
center manipulator 320 can be configured to achieve even greater maximum pitch back angle, for
example, by increasing the length of the extension link 324 such that the instrument holder 342
does not come into contact with the yaw/pitch housing 346, the additional pitch back angle
gained may not be of practical value given that the kinematics of the remote center
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manipulator 320 with regard to vawing of the instrument holder 342 relative to the remote center
of manipulation {RC) becomes increasingly poorly conditioned when the angle between the

msertion axis 366 and the yaw axis 34% is reduced below 15 degrees.

Command Shaning

{0662} FIG. 12 is a flowchart illusirating one embodiment of a process 600 for command
shaping to dampen vibrations. The process 600 can be used to smooth movemenis of a robotic
system, such as the MIRS system 10, and specifically of the Patient Side Caxt 22 | In some
embodiments, the process 600 can be performed when the robotic system, such as the MIRS
system 10 changes modes, and in some embodiments, the process 600 can be performed
regardless of any mode change by the robotic system. The process 600 can be performed using a
processor and/or control system that is part of the robotic system and/or connected to the robotic
system. In some embodiments, the process 600 can be performed by, for example, the processor

38,

[0063] The process 600 begin at block 602 wherein a degree of freedom (DOF) is identified. In
some embodiments, the degree of freedom, can be one of the degrees of freedom (DOFs) of the
MIRS system 10 and/or of a component, joint, or feature of the MIRS system 10, In some
embodiments, the identified degrees of freedom can relate to portions of the MIRS system 10
that are affected by the mode change. In some embodimenis, information relating to these
degrees of freedom can be stored in memory associated with the MIRS system 10, which
memory can be, for example, connected with the processor 58. In some embodiments,
information relating to the one or several of the degrees of freedom can be retrieved from the

mermory, and/or generated or collecied.

1B064]  After the degree of freedom has been identified in block 602, the process 600 proceeds
te block 606 wherein mode data is received. In some embodiment the mode data can identify one
or several modes of operation of the MIRS system 10. In one embodiment, for example, this
mode data can identify the current mode of operation of the MIRS system 10, one or several past
modes of operation of the MIRS system 10, and/or a future or requested mode of operation of the
MIRS system 10, In some embodiments, the identification of a requested mode of operation that

is different from the current mode of operation can result in a mode transition, which can, in
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some embodiments, and without the herein disclosed command shaping, generate significant
vibrations. In some embodiments, the mode data can be received from the memory, the

Surgeon’s Console 16, and/or the Electronics Cart 24,

[0063] After the mode data has been received, the process 800 proceeds to decision state 608,
wherein it is determined if a mode transition has ocourred and/or is cccurring. The determination
of whether a mode transition has ocowrred and/or is cccurring can include comparing information
relating to the operation of the MIRS system 10 with criteria for determining whether a mode
transition has ocowrred andfor is ocourring. In some embodiments, these criteria can include
determining whether any action, whether associated with a mode transition or not, has been
requested that will and/or is likely to generate vibrations and/or whether these vibrations are
greater than, less than, or equal to some threshold valoe. In some embodiments, a requested
action will and/or is likely to generate vibrations when the requested action is achieved through
accelerations of one or several components of the MIRS system 10 that are greater than the
threshold value. In some embodiments, the threshold value can vary based on a number of
factors inchuding, for example, the sowrce of the force giving rise to the accelerations, the degree
of rigidity of the portion of the MIRS system 10 experiencing the forces and/or accslerations,
and/or the like. In some embodiments, this determination can further include determining
whether the requested action, including, for example, a requested mode transition will translate a
portion of the MIRS system 10 from being static to being dynamic, or from being dynamic to
being static. These determination can be made by the processor 58 and/or other component of the
MIRS system 10,

[0866] [In some embodiments, the determination of whether a mode transition has ocourred can
further include determining whether smoothing and/or comumand shaping has been requested, In
some embodiments this determination can be made based on one or several inputs received from
the surgeon and/or other user of the MIRS system 10. In one embodiment, this information can
be stored within the memory, and can be retrieved when the process 600 is performed by, for

exarple, the processor 58,

{00671  Afler it has been determined whether a mode transition has occurred and/or is
occurring, the process 600 proceeds to block 610 wherein position parameters are refrieved, In

some embodiments, the position parameters can define and/or identify the position of one or
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several components of the MIRS systern 10, In some embodiments, the position parameters can
define and/or identify the position of one or several components of the MIRS system 10
absolutely, such as, for example, with respect to a fixed coordinate system, and/or relatively with
respect to one or several other components of the MIRS system 10, In some embodiments, the

postiion parameters can be retrieved from and/or determined by the MIRS system 10,

[0068] Afier the position parameters have been refrieved, the process 600 proceeds to block
612, wherein velocity parameters are retrieved. In some embodiments, the velocty parameters
can define and/or identify the velocity of one or several components of the MIRS system 10, In
some embodiments, the velocity parameters can define and/or identify the velocity of one or
several components of the MIRS system 10 absolutely, such as, for example, with respect to a
fixed coordinate system, and/or relatively with respect {o one or several other components of the
MIKS system 10. In some embodiments, the velocity parameters can be reirieved from and/or

determined by the MIRS gsystem 10

{0069]  After the velocity parameters have been retricved, the process 600 proceeds to block
614, wherein acceleration parameters are retvieved. In some embodiments, the sceeleration
parameters can define and/or identify the acceleration of one or several components of the MIRS
system 1€, In some embodiments, the acceleration parameters can define and/or identify the
acceleration of one or several components of the MIRS system 10 absolhutely, such as, for
example, with respect to a fixed coordinate system, and/or relatively with respect to one or
several other components of the MIRS system 10, In some embodiments, the acceleration

parameters can be retrieved from and/or determined by the MIRS system 10,

[8976]  After the acceleration parameters have been retrieved, the process 600 procesds to
block 616 wherein a smoothing curve is caleulated. The smoothing curve can be made of g
plurality of steps that are iteratively calculated. In some embodiments, the smoothing curve can
define a transitional path between the current location, velocity, and/or acceleration of the MIRS
system 10 and/or component thereof, and the location, velocity and/or acceleration specified by
the reguested action and/or mode transition, In some embodiments, the transitional path can be a
path that minimizes and/or eliminates vibration. In one embodiment, the transitional path can be
free from discontinuitics such as, a discontinuity in the position, velocity, acceleration, jerk,

and/or other parameter of the MIRS systern 10 and/or component thereof affected by the
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requested action and/or mode transition. In one embodiment, a transitional path that has no
discontinuities in velocity is C1 continutous, a transitional path that has no discontinuities in
acceleration 1s C2 continuous, and a transitional path that has no discontinuities in jerk 18 C3
continuous. In some embodiments, the caleulation of the smoothing curve can include
calculating one or several next positions, velocities, accelerations, jerks, and/or other parameter
for the MIRS system 10 and/or component thereofl In some embodiments, these one or several
next posifions, velocities, accelerations, jerks andfor other parameters of the MIRS system 10
and/or component thereof can be caleulated indefinitely, until a triggering threshold has been
achieved, and/or until another action has been requesied that triggers re-initiation of the process
600, The smoothing curve can be calculated by the processor 58 or other component of the
MIRS system 18, The details of the caleulation of the smoothing curve will be discussed at

greater length below,

{6871} Afler the smoothing curve has been calculated, the process 600 procesds to block 618,
wherein the smoothing curve is applied, As discussed above, in some embodiments, the
smoothing curve can comprise one or several next positions, veloeities, accelerations, jerks,
and/or other parameter for the MIRS system 10 and/or component thereof, In some
embodiments, the smoothing curve can be applied to the MIRS system 10 and/or component
thereof including, for example, one or several motors that manipulate the MIRS system 10 and/or
components thereof. The application of the smoothing curve can be controlled by the processor

58 or other component of the MIRS system 10,

18872] After the soothing curve has been applied, the process 800 proceeds to decision stale
620 wherein it is determined if additional smoothing is required and/or desired. In some
embodiments, this can include determining whether to terminate the smoothing process by, for
example, comparing one or several parameters of the MIRS system 10 and/or component thereof
with the threshold identifying when smoothing can and/or should be terminated. In some
embodiments, the determination of whether to provide additional smoothing can comprise
determining whether an additional action has been requested which can include, for example, an
additional mode transition. This determination can be made, for example, by the processor 58. If
it is determined that additional smoothing is reguired, then the process 600 returns to block 610

and proceeds as outlined above,
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{0731 Process 600 can include parallel/simultanecus processing or sequential processing for
degrees of freedom of the MIRS system 10, In some embodiments in which the degrees of
freedom are parallel/simultaneously processed, decision state 622 as depicted in Figure 12 may
be omitied. Returning again 1o process 600, if it is determined that no additional smoothing is
required, then the process proceeds to decision state 622 wherein it is determined if there are any
additional degrees of freedom associated with the MIRS system 10, If it is determined that there
is an additional, a8 vet unidentified degree of freedom, the process 600 returns to block 602 and
proceeds as outlined above, If it is determined that there are no additional and/or identified
degrees of freedom associated with the MIRS system 10, then the process can, in some

embodiments, terminate.

{074]  FEG. 13 s a flowchart illustrating one embodiment of a process 640 for caleulating the
smoothing curve is shown. In some embodiments, the process 644 can be performed in the place
of block 616 shown in FIG, 12, Like the process 600 of FIG. 12, the process 640 can he

performed by the MIRS system 10 andfor components thereof,

[0075] The process 640 begins at block 642 wherein 2 command position is established. In
some embodiments, the conunand position can be the current position of the MIRS systerm 10
and/or component thereof subject to the requesied action. After the command position has been
established, the process 640 proceeds to decision state 644 wherein it is determined if the
requested action is a new action. In some embodiments, this determination can include
determining whether smoothing has already occwrred for the requested action and/or has already
been initiated for the requested action. If the smoothing has already occurred and/or has already
been initiated, then the process 840 proceeds to block 646 wherein the system is initialized. In
some embodiments, the initialization the system can include establishing one or several initial
parameters for generation of the smoothing corve. In some embodiments, this can include
establishing parameters specifving one or several damping coefficients, locations, velocities, or

the like.

{9076 After the system has been initialized, the process 640 proceeds to block 648 wherein a
step value is caleulated. In some embodiments, the step value can be a value defining one or

several next parameters of location and the/or velocity of 2 simulated damping system, the MIRS
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system 10 and/or components thereof that are affected by the reguested action. The details of

such a sumulated damping system will be discussed at further length below.

86771 In some embodiments, the step value can be calculated such that the MIRS system 10
and/or components thereof experience no jerk when moving from the command position to the
position specified by the step value in the manner specified by the step value, The step value can
be calculated using the processor 58. Details of how the step value can be caloulated will be

discussed at greater length below.,

[6078] After the step value has been calenlated, the process 640 proceeds to block 630 wherein
a new command position is set. In some embodiments, the new command position can be set to
the calculated step value, one of the calenlated stop valuss, or a combination of the initially
gstablished command position and the caleulated step value. The command position can be
stored in memory associated with the MIRE svstem 10, After the command position has been set,

the process 640 proceeds to block 832 and continues to block 618 of FIG, 12

[0079]  FIGS, 144 and 148 gre graphical illustrations of one embodiment of a mechanical
system and/or a simulated damping system 700 used for calculating a smoothing curve. In FIG.
144, the simulated damping system 700 is depicted as having a moving part, and in FIG. 148,
the simulated damping system 700 is depicted after all of the movermnent has been stopped and/or
effectively stopped. The same simulated damping system 700 can be used o determine a
smoothing curve o stop motion and/or to slow motion, and in some embodiments, the simulated
damping systern 700 can be used to determine a smoothing curve to start and/or accelerate

motion.

[0088] The simulated damping system 700 includes a system mass 702, The system mass 702
represents the mass of the MIRS system 10 and the/or the component of the MIRS system 10
that 1s affected by the requested action. The value of the system mass 702 can be stored in
memory associated with the MIRE system 10, and/or can be generated based on feedback
received from components of the MIRS system 10 such as, for example, one or several motors,
I some embodiments, the system mass can be determined based on the amount of force needed

to achieve a desired acceleration.
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[0081]  As depicted in FIGS, 144 and 14B, the system mass has a velocity indicated as vs(i),
which varies over time as a function of the interaction of the system mass 702 with other
components of the simulated damping system 700, The simulated damping system 700 includes
a first mass 704 that interacts with a second mass 706 via a first dashpot 708, and with ground
710 via a second dashpot 712, In some embodiments, the first and second masses 704, 706 can
have any desired value identifying the masses of the first and second mass 704, 706. In some
embodiments, the mass of the first mass 704 can be the same as the mass of the second mass, and
in some embodiments, the mass of the first mass 704 can be different than the mass of the second
mass 706, In some embodiments, the masses of the first and second mass 704, 706 can be
setected 30, in cornbination with the first and second dashpots 708, 712, the simulated damping
system 700 can create a C1, £Z, C3, T4, C§, and/or 2 C6 continuous smoothing curve for the
parameters of the system mass 702, In some embodiments, a variety of masses of the first and
second mass 704, 706 can result in the creation of a C1, C2, C3, €4, €8, and/ or a 6 continuous

smoothing curve for the parameters of the system mass 702,

{0082] Similarly, the first dashpot 708 and the second dashpot 712 can each be described by,
for example, a damping coefficient. In some embodiments, the damping coefficients of the first
dashpot 708 can be the same as the damping coefficient of the second dashpot 712, and in some
ernbodirnents, the damping coefficient of the first dashpot 708 can be different than the damping

coefficient of the second dashpot 712.

[G083]  In some embodiments, the damping coefficients of the dashpots 708, 712 can be
configured to mitigate and the/or eliminate {otal travel distance experienced by the MIRS system
10 and/or a component of the MIRS system 10 affecied by the requested action between the time
when the action is requested and the time when the MIRS system 10 and/or component of the
MIRS system 10 affected by the requested action completes the requested action and the/or
effectively completes the requested action. In some embodiments, the requested action is
effeciively completed when the MIRS system 10 and/or component of the MIRS system 10
affected by the requested action asymptotically approaches the position, velocity, and/or

acceleration specified in the requested action.

{8084} In some smbodiments, the damping coefficients of the dashpots 708, 712 can be

configured 50 as to mitigate and/or climinate vibrations arising by the execution of the requested

23



WO 2015/142784 PCT/US2015/020875

action. In some embodiments the values of the damping coefficients of the dashpot’s 708, 712
can be optimized so as to provide the outcome that least affects the ability of the surgeon to
control the MIRS system 10 and/or that least adversely affects the cutcome of the operation
performed by the MIRS system 10, In some embodiment a specific mass and/or specific masses
of the first and second mass 704, 706, as well as the damping coefficients of the first and second
dashpots 708, 712 can be simultancously selected to optimize desived performance and/or
response of simulated damping svstem 700 and/or the shape and/or trajectory of the smoothing

Lurve,

[6683] FIG. 15 is a flowchart llustrating one embodiment of a process 660 for initializing a
command shaping algorithm. The process 660 can be performed as part of), or in the place of
block 646 of FIG, 13, The process begins at block 662 wherein the position of the first mass is
designated as equal to the command position established in block 642 of FIG., 13. After the
position the first mass 704 is set as equal to the command position, the process 660 procesds to
block 664 when the velocity of the frst mass 704 is set equal to the command velocity, in other

words equal to velocity vs(t) of the system mass 702 immediately before the action is reguested.

{6886]  After the velocity the first mass 704 is set equal o the command velocity, the process
660 proceeds to block 666 wherein the position of the second mass 706 is set egual to the
position of the first mass 704, and thus set as egual {0 the command position established in block
642 of FIG. 13. After the position the second mass 706 is set as equal to the command position,
the process 660 proceeds to block 668 wherein the velocity of the second mass 706 is set equal to
the velocity of the first mass 704, or in other words is set squal to the command velocity, which
18 velocity vs{t) of the system mass 702 immediately before the action is requested. After the
velocity of the second mass 706 has been set to the velocity of the first mass 704, the process 660

proceeds to block 670 and continues to block 648 of FIG. 13,

{0087} TFIG 16 is a flowchart illusirating one embodiment of a process for caloeulating a step
value. The process 680 can be performed as part of, or in the place of block 648 of FIG. 13. The
mrocess 680 begins at block 682 wherein the next position of the first mass 704 is caleulated. In
some embodiments, the position of the first mass 704 can be caleunlated according to the

following equation, wherein x1 is the initial position of the first mass 704, v is the initial
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velocity of the first mass 704, T is the duration of a time period such as, for example, the

duration of a servo time step, and x17 is the next position of the first mass 704,
x3"=vi¥T +x1

{B0B8]  After the next position of the first mass 704 has been calculated, the process 680
proceeds to block 684 wherein the next velocity of the first mass 704 is calculated. In some
embodiments, the next velocity of the first mass 704 can be calculated according to the following
equation, wherein v1 is the initial velocity of the first mass 704, v2 is the initial velocity of the
second mass 706, bl is the damping coefficient of the first dashpot 708, b2 is the damping

coefficient of the second dashpot 712 and v17 is the next velocity of the first mass 704,
vi' = vl —~bi%*vi — b3¥vi + b2%vE

[BO89]  After the next velocity of the first mass 704 has been calculated, the process 680
proceeds to block 686 whersin the next position of the second mass 706 is caleulated. In some
embodiments, the next position of the second mass 706 can be calculated according to the
following equation, wherein x2 is the initial position of the second mass 706, v2 is the initial
velocity of the second mass 706, T is the duration of a time period such as, for example, the

duration of a servo time step, and X2’ is the next position of the second mass 706.

¥2% = 3% 4+ %2

G090} After the next position of the second mass 706 has been caleulated, the process 680
proceeds to block 688 wherein the next velocity of the second mass 706 is caleulated. In some
embodiments, the next velocity of the second mass 706 can be calculated according to the
following equation, wherein v1 is the initial velocity of the first mass 704, v2 is the initial
veloctty of the second mass 706, bl is the damping coefficient of the first dashpot 708, b2 is the
damping coefficient of the second dashpot 712 and v2’ is the next velocity of the second mass

706.

vE = vE A L%+ BIvE

Pod
L
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[0081]  In some embodiments, steps 682-688 can be performed by the processor 58 or other
component of the MIRS system 10, After the velocity of the second mass 706 has been
calculated, the process 680 proceeds to block 680 and continued with block 650 shown in FIG.
13,

[8092] FIGE 17A and 178 show a comparison of results when comumand shaping to dampen
vibrations is nsed with results when command shaping to dampen vibrations is not used. The
plots in FIG. 17A depict an abrupt mode transition as ocours without the smoothing described
herein, and the plots in FIG. 178 depict a smooth mode transition as ocours with the smoothing

described herein.

{H093]  With reference to FIG. 174, in the plot tiled “Takeoff and Landing of Pitch DOF,
Case: 5 (Servo}” data measured inside of the MIRS system 10 is depicted. The plot includes a
trace labeled “Crdpos” which identifies command position as a function of time, 2 trace labeled
“Actpos” which identifies the actual position of a portion of the MIRS system 10 as a function of
time, a trace labeled “Lockpos™ which identifies the instant of mode transition and the desired
final position of the portion of the MIRS system 10, a trace labeled “Cimdvel” which identifies
cornmand velocity as a function of time, a trace labeled *Actve!” which identifies the actual
velocity of the portion of the MIRS systern 10 as a function of time, 2 trace labeled “Brr” which
identifies the difference between the traces Cmdpos and Actpos as a function of time, and a trace
labeled “Torque Diff” which identifies the derivative of torque applied by the one or several
motors of the MIRS system 10 as a function of time. Although all of the traces are depicted
having the same scale, the trace Err does not have the same scale as the others as it has been

enfarged to clearly show oscillation in the actual position of the portion of the MIRS system 10,

{0094]  In the plot labeled *“Takeoff and Landing of Pitich DOF, Case: 5 (Polaris)” data
measured external to the MIRS system 10 is depicted. Specifically, the data depicted in the plot
labeled “Takeoff and Landing of Pitch DOF, Case: 5 (Polaris)” was generated with an external
measurement device. The data in the plot “Takeoff and Landing of Pitch DOF, Case: § (Polaris)”
depicts the actual position of a portion of the MIRS systern 10 as a function of time. This data in
the plot labeled “Takeoff and Landing of Pitch DOF, Case: 5 (Polaris)y” corresponds to the trace
Actpos in the plot labeled “Takeoff and Landing of Pitch DOF, Case: § (Servo).”
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[8095]  Asseen in FIG. 174, oscillation arises due to the mode transition occurring at t=1,
These oscillations are evident in all of the traces relating to actual position and velocity of the
portion of the MIRE system 10, As seen in FIG. 17A, failure to use command shaping as
putlined herein can result in overshoot and vibration. In the particular depicted embodiment, the
fatlure to use comunand shaping as ouilined herein resulted in an overshoot of approximately 10
mun for a component having an initial velocity of 1.04 radians/second. This overshoot is
measured as the distance between the desired stopping point (located at 0.75 radians) and the

maxtnun displacement bevond the desired stopping point.

{8096] With reference to FIG. 178, in the plot titled “Takeoff and Landing of Pitch DOF,
Case: 15 (Servo)” data measured inside of the MIRS system 10 is depicted. The plot includes a
trace labeled “"Cmdpos” which identifies commmand position as a fonction of time, a {race labeled
*Actpos” which identifies the actual position of a portion of the MIRS system 10 as a function of
time, 8 trace labeled “Lockpos™ which identifies the instant of mode transition and the desired
final position of the portion of the MIRS system 10, a trace labeled “Cmdvel” which identifies
command velocity as a function of time, & trace labeled “Actvel” which identifies the actual
velocity of the portion of the MIRS system 10 as a function of time, a trace labeled “Ev” which
identifics the difference between the traces Cmdpos and Actpos as a function of time, and 2 trace
labeled “Torgue DN which identifies the derivative of torgue applied by the one or several
motors of the MIRS system 10 as a function of time. Although all of the traces are depicted
having the same scale, the trace Err does not have the same scale as the others gs it has been

enlarged to clearly show oscillation in the actusl position of the portion of the MIRS system 10,

(66971  In the plot Iabeled *“Takeoff and Landing of Pitch DOF, Case: 15 (Polaris)” data
roeasured external to the MIRS system 10 is depicted. Specifically, the data depicted in the plot
iabeled “Takeoff and Landing of Pitch DOF, Case: 15 (Polaris)” was generated with an external
measurement device. The data in the plot “Takeoff and Landing of Pitch DOF, Case: 15
{Polaris)” depicts the actual position of a portion of the MIRS system 10 as a function of time,
This data in the plot labeled "Takeoft and Landing of Pitch DOF, Case: 15 (Polaris)”
corresponds to the frace Actpos in the plot labeled “Takeoff and Landing of Puch DOF, Case: 15

{Servo).”
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{6098]  As seen in FIG, 178, use of command shaping as outlined herein eliminated the
vibration shown in FIG. 17A. Specifically, as seen in the plot labeled “Takeoff and Landing of
Pitch DOF, Case: 15 (Polaris),” the position smoothly approaches a stable value (in the figure,
(.9 radians). In this erobodirment, the use of command shaping as disclosed herein has created a
smoothing curve that is O3 confinuous, and thus has no discontinuities in jerk. As further seen in
the plot labeled *“Takeoff and Landing of Pitch DOF, Case: 15 (Polarnis),” the use of command
shaping as outlined herein eliminates overshoot, but results in drifl, and specifically in the
depicted srobodiment, a drift of approximately 35 mun for a component having an initial velocity
of 1.04 radians/second. This deift is measured as the distance between the desired stopping point
{located at .75 radians) and the maximum displacement bevond the desired stopping point.
Surprisingly, however, while the use of command shaping herein resulis in a dnift that is
significantly larger than the overshoot created when no command shaping as disclosed herein is
used, the use of command shaping as disclosed herein provides better clinical results and

provides the user a greater feeling of control of the MIRS system 10.

{00991 Further, in some embodiments, the damping coefficients for the first and second
dashpets 708, 712 can be manipulated to create different outcomes. Thus, in one embodiment,
certain damping coefficients may result in significant overshoot and minimum drifl, and in other
embodiments, certain damping cosfficients can lead to minimum overshoot and significant drift.
Advantageously, the combination of certain damping coefficients can yicld desirable clinical
and/or control ontcomes. Similarty, it has been found that, in some embodiments, when the ratio
of drift to overshoot is approximately 1.5:1, 2.5:1, 311, 3.5:1, 4:1, 511, or any other intermediate
ratio, olinical outcormes and surgeon experience is maximized. In one embodiments, these ratios
can be achieve, for example, by & damping coefficient for the first dashpot 708 of bi=3 and by a

damping coefficient for the second dashpot 712 of h2=1.

[66198] Other varistions are within the spintt of the present invention. Thus, while the invention
is susceptible fo vartous modifications and aliemnative constructions, certain tHustrated
gmbodiments thereof are shown in the drawings and have been described above in detail. It
should be understood, however, that there is no intention to lirnit the invention to the specific

form or forms disclosed, but on the contrary, the intention is to cover all modifications,
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alternative constructions, and equivalents falling within the spirit and scope of the invention, as

defined in the appended claims.

[00101] The use of the terms “2” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) are to be construed to
cover both the singular and the plural, unless otherwise indicated herein or clearly contradicted

R N1 54

by context. The terms “comprising,” “having,” “including,” and “containing” are to be construed
as open~ended terms (1.e., meaning “including, but not limited to,”} unless otherwise noted. The
term “connected” is to be construed as partly or wholly contained within, attached to, or joined
together, even if there is something intervening. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individuslly to each separate value falling
within the range, unless otherwise indicated herein, and each separate value is incorporated into
the specification as if it were individually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context, The use of any and all examples, or exemplary language (e.g., “such
as”"y provided herein, is intended merely to betier illuminate embodiments of the invention and
does not pose a Hmitation on the scope of the invention uniess otherwise claimed. No language
in the specification should be construed as indicating any non-claimed element as essential to the

practice of the invention,

{001062] Preferred embodiments of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those preferred embodiments
may become apparent to those of ordinary skill in the art upon reading the foregeing description.
The inventors expect skilled artisans to employ such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and eguivalents of the subject matter
recited in the claims appended hereto as permitted by applicable law, Moreover, any
combination of the above-described elements in all possible variations thersof is encompassed by

the invention unless otherwise indicated herein or otherwise clearly contradicted by context.

[38103] All references, including publications, patent applications, and patents, cited herein are
hereby incorporated by reference to the same extent as if each reference were individually and

specifically indicated to be incorporated by reference and were set forth in its entirety herein.

29
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WHAT 15 CLAIMED IS

1. A system for smooth mode transition during a robotic surgery, the system
comprising;
a patient side cart comprising a robotic mechanism, wherein the robotic
mechanism is moveable; and
& processor configured to control the robotic mechanism, wherein the processor is
configured to:
determine a requoest for 8 mode transition, wherein the request for mode
transition designates a new mode that is different than a current mode;
determine initial parameters of the robotic mechanist, wherein the tnitial
parameters comprise a position and a velocity of the robotic mechanism;
calculate a smoothing curve, wherein the smoothing curve transitions
between the current mode and the new mode, and wherein the smoothing curve is C3
continuous; and

move the robotic mechanism according to the smoothing curve.

2. The systemn for smooth mode transition of claim 1, wherein the processor
is configured o identify degrees of freedom of the robotic mechanism affected by the mode

transition.

3. The system for smooth mode transition of claim 2, wherein the processor

is configured to calculate a smoothing curve for each of the identified degrees of freedom.

4. The system for smooth mode transition of claim 1, wherein calcolating the
smocthing curve comprises:

establishing a first comrmand position;

calculating a step value; and

setting a second command position.

5. The system for smooth mode transition of claim 4, wherein the second
command position comprises the first comymand position incremented by the caleulated step

value.

30
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6. The systemn for smooth mode transition of claim 4 comprising:
determining if additional smoothing is desired; and
establishing a third command position and calculating a second step value if

additional smoothing is desired.

7. The system for smooth mode fransition of claim 6, wherein the third

command position is sef io the second command position.

8. The system for smooth mode transition of claim 1, wherein the initigl

parameters further comprise an acceleration parameter.

9. The system for smooth mode transition of claim 1, wherein as a part of
determining the request for the mode transition, the processor is configured to determine if

smoothing of the mode fransition is indicated.

10, The system for smooth mode transition of claim 9, wherein smoothing of
the mode transition is indicated if estimated vibrations from the mode transition exceed a

threshold value,

11, The system for smooth mode transition of claim 9, wherein determining if
smoothing of the mode transition is indicated comprises:

determining post-mode-transition parameters of the robotic mechanism, wherein
the post-mode-transition parameters comprise a position and a velocity of the robotic
mechanism;

determining the difference between the initial parameters and the post-mode-
transition parameters; and

comparing the difference between the initial parameters and the post-mode-

transition parameters {o a threshold.

12, The system for smooth mode transition of claim 11, wherein smoothing of
the mode transition is indicated if the difference between the initial parameters and the post-

mode-transtiion parameters is greater than the threshold.
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13, A method for mode transition during a robotic surgery, the method
COmprising:

determining a request for a mode transition, wherein the reguest for mode
tramsition designates a new mode that is different than a current mode;

deterrnining initial parameters of a portion of a patient side cart, wherein the
imnitial parameters comprise a position and a velocity of the portion of the patient side cart;

calculating a smoothing curve, wherein the smoothing curve transttions between
the current mode and the new mode, and wherein the smoothing curve is C3 continuous; and

moving the portion of the patient side cart according o the smoothing curve.

i4.  The method for mode transition of claim 9, wherein calculating the
smoothing curve comprises:

gstablishing a first command position,;

calenlating a step value; and

setting a second command position.

15, The method for mode transition of claim 14, wherein the second command

position comprises the first command position incremented by the caleulated step value.

16, The method for mode transition of claim 14 comprising:
determining if additional smoothing is desired; and
establishing a third command position and caleulating a second step value if

additional smoothing is desired.

i7. The metheod for mode transition of claim 16, wherein the third command

position is set to the second command position.

18, The method for mode transition of claim 13, wherein the smoothing curve

comprises a plurality iferatively calculated steps.

19, The method for mode transition of claim 18, wherein the calcuiation of the

stnoothing curve is tenminated when a second request for a mode ransition is received.



WO 2015/142784 PCT/US2015/020875

28, The method for mode transition of claim 13, whersin the initial parameters

further comprise an acceleration parameter,

21, A method for vibration elimination during a robotic surgery, the method
COIMPTiSing:

receiving a requested action, wherein the requested action comyprises a change in g
velocity or position of a portion of a patient side cart;

calculating a smoothing curve, wherein the smoothing curve is caloulated
according to a simulated damping system, whersin the simulated damping system comprises a
first mass connected to a second mass via a first dashpet and a second dashpot connecting the
first mass {0 ground; and

moving the portion of the patient side cart according to the smoothing curve.

i
&

The method of claim 21, wherein first and second masses have the same

ITass,

23 . The mothod of claim 21, wherein the first dashpot is defined by a first

damping coefficient and the second dashpot is defined by a second damping coefficient.

24, The method of claim 23, wherein the first and second damping

costficients are the same.

25, The method of claim 21, wherein calculating the smoothing curve includes
identifying an initial velocity of the portion of the patient side cart, a first initial velocity of the

first mass, and a second initial velocity of the second mass.

26. The method of claim 25, wherein the first and second initial velocities are

set equal to the initial velocity of the portion of the patient side cart.

27.  Themethod of claim 21, further comprising identifying a desired stopping
point which identifies a location of the portion of the patient side cart when the requested action

ia received.

ta0
e



WO 2015/142784 PCT/US2015/020875

28, Themethod of claim 27, wherein the portion of the patient side cart drifts
beyond the desired stopping point when the portion of the patient side cart is moved according to

the smoeothing curve.

28, A system for vibration elimination during a robotic surgery, the system
comprising:
a patient side cart comprising movable manipulator; and
a processor configured to control the manipulator, wherein the processor is
configured to:
receive a requested action, wherein the requested action comprises a
change in a velocity or position of the manipulator;
calenlate a smoothing curve, wherein the smoothing curve is calculated
according to 8 simulated damping system corresponding to 8 first mass connected to a
second mass via # first dashpot and & second dashpot connecting the first mass to ground,;
and

move the manipulator according to the smoothing curve.

38, Thesystem of claim 29, wherein the first and second masses have the

SaMme mass.

31.  The system for vibration climination of claim 29, wherein the first dashpot
is defined by a first damping coefficient and the second dashpot is defined by a second damping

cosfficient,

32.  The system for vibration elimination of claim 31, wherein the first and

second damping coefficients are the same.

33, The system for vibration elimination of claim 29, wherein calculating the
smnoothing curve includes identifying an initial velocity of the portion of the patient side cart, a

first initial velocity of the first mass, and a second initial velocity of the second mass.

34.  The system for vibration elimination of claim 33, wherein the first and

second initial velocities are set equal to the initial velocity of the portion of the patient side cart,

34
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35, The system for vibration elimination of claim 29, wherein the processor is
further configured to identify a desired stopping point which identifies a location of the portion

of the patient side cart when the requested action is received.

36,  The system for vibration elimination of claim 35, wherein the portion of
the patient side cart drifts & distance bevond the desired stopping point when the portion of the

patient side cart is moved according to the smoothing curve.

37.  The system for vibration elimination of claim 36, wherein the portion of
the patient side cart overshoots the desired stopping point when the portion of the patient side

cart ts not moved according o the smoothing curve,

38, The system for vibration elimination of claim 37, wherein a ratio of the

drift distance to overshoot is at least 1.5:1,
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