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STAGED FORCE FEEDBACK TRANSITIONING
BETWEEN CONTROL STATES

CLAIM OF PRIORITY
[0001] This application claims the benefit of priority to U.S. Provisional
Patent Application No. 62/277 820, filed on January 12, 2016, which is hereby

mcorporated by reference herein in its entirety.

FIELD
[8602] The present mnvention is directed towards systems and methods for
providing haptic feedback to the operator of a surgical system, and more
particularly o maintaining an intuitive bhaptic profile for the user when the

control state of the system changes.

BACKGROUND
[0003] Tele-operated surgical systems are often ntended to enhance surgeon
procision and/or reduce patient travma durmg a medical procedure. In such
systems, a surgeon interacts with input devices {(somgetimes referred 1o as
"masters” or "master controllers") to control surgical mmstruments that arc
actuated by dnve mechanisms such as motors. Because the surgeon is not
directly manipulating the surgical instruments, it can sometimes be beneficial to
provide haptic feedback at the mput devices that indicates or rephicates the forces
felt at the surgical instruments. To provide a good user experience, the surgeon
would ideally experience a seamless haptic expenence through system state and
configuration changes. However, this can be difficult to accomplish, particularly
when a given input device is used in multiple diffcrent control states.  For
example, a single mput device may be used to control muitiple different
stnments (requiring switching control between those different instruments),
may be used to control an overall positioning of the surgical system (cg.,
changing the viewpoint of an endoscope looking at the anatomical region of
mterest), may be used to change settings of the surgical system, and/or may be
simply be disassoctated from any control effects.
{0004] Sumply activating/deactivating/changing baptic feedback in response to

such control state changes can create jerky and unintuifive interactions. If a force
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is being applied to a user in one state and will not be applied to the user in the
next state, mmediately changing the force from full force on to no force is
disconcerting to the user. For example, when transitioning from controlling an
mstrument with haptic feedback to controlling an instrument without haptic

feedback {(e.g.

=

the endoscope} or otherwise entering a control state without
haptic feedback (or even a different haptic feedback), such as instrument
changes {(i.c., removal of an instrument from a manipulator), exit from following
(ie., disabling the control of the instrument by the nput device), or arm swap
(i.c., changing the surgical instrument/arm/manipulator under control by the
mput device), an immediate loss of haptic feedback would feel like an
unexpected loss of resistance to the user.

[8605] Usecrs find it simularly disconcerting if force feedback is immediately
enabled when a user transitions from an strument that is rendering no {or low)
force to an instrument with a (high) force. This can happen, for example, when
we transition from camera control back o an instrument with force feedback.
This also cccurs any time a user inthally takes control of an nstrument (e.g.
transitioning first going mto following with an instrument}.

[8606] Another problem arses when the user 1s changing control states to an
mtermediate state in which they remain associated with a particular instrument
{c.g. chitching, head-in Ul, ¢ic.} but control is not being applied. Tuming the
force feedback off duning the mtermediate state and back on again when
retuming to directly controlling the mnstrument 18 not 1deal for users. Ofien these
ntermediate control states are short in duration, so turning on/off the force
guickly can be problematic.

[8607] Note that the force feedback being presented to the user may be the
sum of the feedback from a sensor, from an algorithm, from a user interface cue,

collision detection, ctc.
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SUMMARY
10008)  To mitigate the discomfort of abrupt force transitions when changing
control states, a staged transition can be performed from the oniginal force being
displayed at the input device (and hence, to the user) to a level appropnate for
the new control state.
18009] In some embodiments, the haptic feedback force vector transitions
{over some non-zero time, in direction and/or magnitude) from force A to force
B. Force A magnitude can be greater than or less than force B (or m some
embodiments equivalent, where the transition 15 one of direction only). The
profile of the staged transition from the magnitudes of force A to force B can be
any profile that takes place over time, mcluding hinear or curvilinear transitions,
and can mchude discontinuitics {e.g., steps) as part of the transition.
10018} In some embodiments, for the control state changes that involve going
into an intermediate mode where the user remaing associated with a particular
mstrument, the force feedback can remain at the level it was last at when the user
stopping directly controlling the mstrament. For example, if the control state
transitions {rom instrument control (following) to non-instrument control {exit
following), the haptic feedback at the associated mput device can be maintained
at its current fevel for at least some period of time. In various embodiments,
after such stable period, a staged transition to a reduced force or no-foree state
could subsequently be applied.
[B011] It s to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory in nature and
are intended to provide an understanding of the present disclosure without
Iinuting the scope of the present disclosure. In that regard, additional aspects,
features, and advantages of the present disclosure will be apparent to one skilled

in the art from the following detatled description.

DRAWINGS
[0012]  Aspects of the present disclosure are best onderstood from the
following detailed description when read with the accompanying figures. It is
emphasized that, in accordance with the standard practice in the industry,
various features are not drawn to scale. In fact, the dimensions of the varous

features may be arbitrarily increased or reduced for clanity of discussion. In

3



WO 2017/123796 PCT/US2017/013237

addition, the present disclosure may repeat reference numerals and/or letters m
the various examples. This repetition is for the purpose of simplicity and clanty
and does not n itself dictate a relationship between the various embodiments
and/or configurations discussed.

[8013] FIGS. 1A-1B show methods of providing intuitive haptic feedback to a
user of a surgical system dunng control state changes, in accordance with
various embodiments of the invention.

[6014] FIG. 2A shows an exemplary haptic force vector transition during a
control state change, in accordance with various embodiments of the invention.
[0018] FiG. 2B shows exemplary haptic force feedback transition profiles in
accordance with various embodiments of the invention.

[8016] FIGS. 3A-3C show an exemplary surgical system providing a haptic
force feedback transition in response to a change in control state, in accordance

with vartous embodiments of the mvention.

DETAILED DESCRIPTION

[8617] In the following detailed description of the aspects of the invention,
numerous specific details are set forth in order to provide a thorough
paderstandimg of the disclosed embodiments. However, it will be obvious to one
skilled in the art that the embodiments of this disclosure mav be practiced
without these specific details. In other instances well known methods,
procedares, components, and circuits have not been described in detail so as not
to wnngcessarily obscure aspects of the embodiments of the mvention. Aand, to
avoid neediess descripfive repetifion, ong of more componenis or achions
described in accordance with one tustrative embodiment can be used or omitted
as applicable from other ilustrative embodiments.

{0018] By providing a staged transition between force feedback profiles when
the control state of a surgical system changes, an intuitive haptic experience can
be matntained for the user of the surgical system.

10019)  FIG. 1A shows an exemplary method for providing such a staged
haptic transition. In a PROVIDE HAPTIC FEEDBACK step 110, a surgical
system that allows a user {¢.g., surgeon) to control a surgical mstrument (and/or

other elements of the surgical system, such as a robotic arm, set up structure, or



WO 2017/123796 PCT/US2017/013237

positioning element such as a boom or cart) via an input device(s) (e.g.

P

fever(s),
gripper(s), jovstick{s), and/or any cother stracture capable of receiving user input)
and then provides force feedback to that input device based on a desired haptic
feedback profile (a set of one or more haptic feedback effects that at least
partially reproduce or represent the physical experience of a real or
virtual/modeled interaction}. The haptic feedback profile can be based on any
haptic model mput, such as sensed forces at the instrument {¢.g., tissue or other
mnstnment interactions) or robotic arm (¢.g., amm collisions with structures or
staffy, user gwidance (e.g.. haptic detents, fences, or other profiles to provide
guidance for the user to move the mput device(s) along a desired path or
trajectory), and user nterface (Ul) clements {e.g., presenting a virtual handle or
steering wheel to the user). The transformation applied to the desired haptic
feedback profiic to gencrate the haptic feedback at the input device can be
anvthing from direct replication of the haptic feedback profile, to scaling of the
haptic feedback profile, to applying a non-linear modification of the haptic
feedback profile, or any other transformation {e.g., force scaling that varies
depending on ong or more other factors such as nstrument state/specd, viewing
magnification, etc.). The haptic feedback m step 110 may also include forces
that are computed based on additional sensors of the surgical system such as
position sensors, buttons, or contact sensors.

[0020] Then in a CHANGE CONTROL MODE step 120, a conirol mode
change 1 the surgical svsiem occurs (typically in response to  user
command/action, but in other examples i response to external commands such
as svstem timer or warning, or third party action/command}, such that inputs at
the mput device are no longer providing the same effoct at the surgical
mstrament.  For example, in 8 surgical system that meludes both a sargical
mstrement and a camera {¢.g., endoscope), there can be instances where the
control state changes from one in which the input device 1s controlling the
surgical instrument, to a “camera control mode” where the nput device 1s
controlling the viewpoint of the camera/field of view of the surgical site. If the
mput device is providing haptic feedback to the uvser when such a control state
change occurs, then immediately removing the haptic feedback in response to
the change would result in an abrupt loss of force feedback at the mput device,

which could be disconcerting and/or disorienting to the user.
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[0021] Therefore, 1 an APPLY STAGED HAPTIC FEEDBACK
TRANSITION step 130, a staged transition 1s performed from the original haptic
feedback profile to the desired haptic feedback profile for the new control state.
In other words, the transition trom the original haptic feedback profile to the
desired haptic feedback profile includes at least one intermediate stage that
reduces the sudden change in haptic feedback that would occur from an
immediate switch between the old and new haptic profiles comresponding to the
awitch between control states.

10022]  Often, this transition from the onginal haptic feedback profile to the
desired {new)} haptic feedback profile will mvolve an adjustment to the force
feedback vector expressed at the input device. FIG. 2A shows an exemplary
haptic force feedback vector transition from an initial force Fa to a new force Fr.
Force Fa can be greater than or less than force Fe (or in some embodiments
cquivalent, where the transition is one of direction only). The staged transition
from force Fa to a new force Fr can take any path, including hinear or curvilingar
transitions, and can include discontinuities (2.g., steps) as part of the transition.
For example, FIG. 2B shows several exemplary staged transitions between
haptic feedback profiles that could occur i response o step 120, mcluding a
straight linear scaling (#1}, 3 monotomic scaling (#2}, a sawtooth bidirectional
scaling (#3), and a curvilinear multi-directional scaling {(#4}. In some instances,
the transition may move the force magnitude through a zero force state {e.g., #3
and #4}). In various other embodiments, the transition from force Fa to force Fr
could use several algorithms, mcluding summing scaled versions of forces Fa
and Fs to create intermediate direction vectors or remaining aligned with force
Fa for a period of time and then with force Fu.

[8023] Note that in some embodiments, a "phantom” haptic feedback can be
maintained when changing between a countrol state having haptic feedback and a
control state that normally would not generate haptic feedback. FIG. 1B shows
an exemplary method for providing this type of stable transition.

[8024] As described above with respect to FIG. 1A a PROVIDE HAPTIC
FEEDBACK step 110, the surgical system is in a control state that provides
force feedback to the mput device based on haptic model input, such as sensed
forces at the instrument and/or other system structure, or haptic feedback profiles

based on virtual or synthetic interactive clements (e g., user interface elements,
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virtual fences, and/or virtual control features, among others). Also as above, the
haptic feedback in step 110 may also include forces that are computed based on
additional sensors of the surgical system such as position sensors, buttons, or
contact sensors. And in a CHANGE CONTROL MODE step 120, the control
state of the surgical syvstem changes to a control state for which haptic feedback
is not associated {or is different than the origimal haptic feedback profile), such
as a system setfings mode, an arm change mode (i.c., switching control 1o a
different instrument on the surgical system)}, or an exat following mode (e,
simply disabling the control link between the mmput device and the surgical
mstrument), among others.

{8025] Then, in a MAINTAIN HAPTIC FEEDBACK step 125, the haptic
feedback profile s left unchanged even as the control state of the system
changes. Such haptic feedback counsistency can sometimes provide a more
ituitive expericnce for the user, compared to changing or chminating feedback
altogether.  For example, changing from an mstrument control state (having
haptic feedback) to a control state i which the nput device is used to change
system parameters (¢.g., selecting menu options) and therefore does not have any
logical haptic feedback velationship to the surgical instrument forces, it can be
beneficial to simply maintain the feedback profile from the mstrument control
state even during the system settings control state, so that when the countrol state
changes back to the instrument control state, the user is not surprised by a
sudden appearance of force feedback at the input device. Thus, even though the
haptic feedback profile in the new state 13 technically inconsistent with the
control actions performed at the input device for the new state, that haptic
meonsistency can actually provide a more consistent user experience.

18026] Note that m some embodiments, step 123 can inchude overlaying or
adding additional haptic feedback associated with the new control state o the
original haptic fecdback profile. For in the system settings example described
above, certain haptic feedback effects could be associated with the system
settings control state, such as haptic "clicks” or "bumps” when settings are
changed or sclected. In some embodiments, such haptic effects could be
provided along with the original force feedback from the previous control state.
[8027] Note further that in some embodiments, the haptic feedback
maintenance of step 125 can be followed by an APPLY STAGED HAPTIC
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FEEDBACK TRANSITION step 130, as described above with respect to FIG.
1A. In such case, the haptic feedback profile would be mitially unchanged after
the control state change of step 120, but would eventually undergo a staged
transition to a new haptic feedback profile.

18028] FIG. 3A shows a block diagram of a surgical system 300 meorporating
haptic feedback and means for providiog an intwitive haptic experience for the
user as described above with respect to FIGS. 1A and/or 1B, Surgical system
300 includes an instrument 310 for performing a sargical task {c.g., forceps,
cutter, retractor, vessel sealer, needle driver, catheter, etc)), an nput device 330
{c.g.. a lever(s), gripper(s), jovstick(s), or any other structure capable of
receiving user input) for receiving inputs from a user {e.g., surgeon), and a
controller 320 for receiving nput instructions from input device 330, controlling
the actions of instrument 310 accordingly via a manipulation structure 313, and
providing instructions to a hapiic feedback actuator 340 to provide haptic
cedback to input device 330 according to a desired haptic feedback profile. In
various embodiments, manipulation strocture 313 can include any mumber of
systems and structurcs for mancuvering, positioning, actuating, or othorwise
controlling  the behavior of instrument 3210, including a robotic
arm{s}/manpulator(s), set up stracture(s), and/or positioning clement(s) such as
a boom{s) or cart{s}, among others. Controller 320 ¢can inchude any combination
of hardware, software, firmware, and other modalitics for gencrating, managing,

controlling

g, and effecting the actions descnbed herein. In various embodiments,
controller 320 can be mtegrated with instrument 310, mput device 330, and/or
discrete control hardware {(e.g., a standalone processing umnit or computing
platform).

18029] For exemplary purposes, FIG. 3A shows surgical system 300 in a

.
o)

control state A, in which input deviee 330 is controlling mstrument 310, As
depicted in FIG. 3A, the surgeon has used input device 330 to grasp and retract a
portion of tissue 390 with an end effector 311 on shaft 312 of instrument 310,
This results i a downward force Fs at end effector 311, and in response
controtler 320 dehivers a haptic feedback force FA to input device 330 {e g, as
described with respect to step 110 above). In this manner, the surgeon would

"feel" the resistance being provided by tissue 390 ag it is being retracted.
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[6030] Note that this description of control state A s for exemplary purposes
only, as this initial control state A could be any state of surgical svstem 300. For
example, while the haptic feedback profile force FA is described as being
derived from a force FS scnsed at end effector 311 of instrument 310 for
exemplary purposes, in varnious other embodiments, foree FS could be sensed at
any location for which corresponding bhaptic feedback at input device 330 would
be bencficial, such as interactions at shaft 312 or any other clement of
manipuiation structure 313 (e g, arm pressure against struciures or staff).

10031} 1o various other embodiments, force FS can be defined according to
non-physical parameters, such as the synthetic mteractive elements described
above. For example, 1n some embodiments, surgical system 300 can mclude an
optional display 350 {¢.g., a monitor{s), a head-in viewer(s}, projections, video
glasses/helmet(s), and/or any other graphical presentation element}. In various
cmbodiments, display 350 can present a virtual or synthetic clement 361 that can
be mteracted with via input device 330, In some embodiments, synthetic
glement 361 can be used as a supplemental interface for interacting with a
physical component of surgical system 300, For example, as shown in FIG. 3A,
synthetic element 361 can be a virtual handle or knob that can be "grasped” and
dragged arcund using input device 330 to reposttion mstrament 310 at the
surgical site. In other embodiments, synthetic element 361 can provide a purely
virtual interaction element, such as a dial, toggle, lever, or any other structure for
controlling surgical system 300. In any case, by generating a haptic feedback
profile based on model forces FST associated with interacting with synthetic
clement 361 (o.g. radially outward resistive force produced with grasping a
round knob), controller 320 can then attempt to provide an appropnate haptic
feedback profile foree FA at input device 330.

18032} In vanicus other embodiments, surgical system 300 may provide
guidance to the user with respect to movenment of instrument 310 and/or mput
device 330. For example, a desired motion of instrument 310 {¢.g., a targeted or
safe dissection path, a desired retraction movement, or any other beneficial
articulation} could optionally be defined as a trajectory 362, By generating a
haptic feedback profile based on model forces FS2 associated with mamtaining
the position of mstrument 310 along trajectory 362 {(s.g., inwardly directed

forces produced upon deviations from trajectory 362), controller 320 can then

D
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attempt to provide an appropriate haptic feedback profile force FA at input
device 330

10633} Then, in an exemplary conirol state change to a new control state B
depicted m FIG. 3B (e.g., as described with respect to step 120 above) shifis
control by input device 330 from itz exasting element (e.g., onginal instrument
310 such as a retractor) to a new clement {e.g., instrument 310(2} such as a
needle driver for suturing tissue 390}, The control state change results in a force
Fs' at the new element (o.g., instrument 310(2)), different than the force Fs at
original element {c.g., mstrument 310), neceding to be expressed as haptic
feedback Fs at input device 330, Thus, over a time (12 — t1), a staged transition
from haptic force feedback Fa to Fr is performed, as described with respect to
step 130 above. As noted previously, because of the staged transition the user at
mput device 330 does not experience a sudden and disconcerting jump from
force feedback Fa to Fs that would otherwise occur if the force feedback
transformation applied to the sensed force switched concurrently with the control
state change. For example, the staged transition would ensure that haptic
feedback representative of supporting retracted tissue would not tmmediately
vanish, or that the sense of heolding a virtual knob or handle would not
mnmediately disappear.

{0034} In other embodiments, another exemplary control state change from
control state A in FIG. 3A to a new control state € depicted m FIG. 3C {e.z, as
described with respect to step 125 above) shifts input device 330 control from
mstriment 310 (or any other control state with haptic feedback) to a system
setting selection mterface 321 {or any other control state with no haptic feedback
{or different haptic feedback}). Here, the haptic feedback profile 13 mamtained
even as the control state 1s changed, and thus the feedback force at input device
330 1s mantained as force Fa, even though the settings selection menu is not a
force-gencrating cnvironment. As a result, the user is not surprised by a sudden
disappearance of force feedback at the input device {or a sudden reappearance of
force feedback once the selection mene 18 exited).

18035)  As noted above, in some embodiments the retained haptic foree Fa be
overlaid with additional haptic feedback associated with the new control state,

such as haptic "clicks” or "bumps" when settings are changed or selected. As

10
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further noted above, the maintained haptic feedback can be followed by a
subsequent staged transition o a new haptic feedback profile.

{0036] While certain exemplary cmbodiments of the mveuntion have been
described and shown in the accompanving drawings, 1t 1s to be undersiood that
such embodiments are merely Hlustrative of and not restrictive on the broad
mvention, and that the embodiments of the invention not be himited to the
specific constructions and arrangements shown and described, since various

other modifications may occur to those ordimarily skitled in the art.

I
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CLAIMS

1. A surgical systerm comprising:

an input device; and

a controller for receiving control inputs from the input device and for
providing haptic feedback at the input device,

the controller configured to apply a staged transition from a first haptic
feedback profile at the mput device to a second haptic feedback profile at the
mnput device when the surgical system transitions from a first control state
associated with the first haptic feedback profile to a second control state

associated with the second haptic feedback profile.

2. The surgical system of Claim 1, wherein the staged transition comprises at
least one of a lincar scaling, a curvilinear scaling, and a directional modification

of the first haptic feedback profile.

3. The surgical system of Claim 1 or Claim 2, wherein the staged transition

mmcludes a zero force state.

4. The surgical system of Claim 1 or Claim 2, wherein the staged transition

comprises scaling a force magnitude of the haptic feedback profile.

5. The surgical system of Claim 1 or Claim 2, wherein the staged transition

comprises changing a force angle of the haptic feedback profile.

6. The surgical system of Claim 1, further comprising an instrument, and

wherein the first control mode comprises an instrument conirol mode.

7. The surgical system of Claim 1 or Claim 6, wherein the first and second
control states comprise different ones of an instrument control mode, a clutching
mode, an mstrument exchange mode, a camera control mode, a system setiings
mode, an arm exchange mode, a tollowing exit mode, and a synthetic interactive

clement manipulation mode.
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3. The surgical system of Claim 1 or Claim 2, wherein the staged transition
comprises maintaining the first haptic feedback profile at the input device for a

predetermined mterval.

9. The surgical system of Claim 1 or Claim 2, wherein the confrolier ts further

configured to overlay at least one haptic effect onto the staged transition.

10. The sargical system of Claim 1 or Claim 2, wherein the controller is further
configured to restore the first haptic feedback profile at the 1input device when
the surgical system transitions from the second control state back to the first

control state.

11. A method comprising:

gencrating a first haptic feedback profile associated with a first control
state of a surgical system at an mput device of the surgical system;

detecting a change to a second control state of the surgical system
assoctated with a second haptic fecdback profile at the input device; and

applving a staged transition from the first haptic feedback profile to the

second haptic feedback profile.

12. The method of Claim 11, further comprising:
controlling a surgical mstrument with the surgical system in the first
control state according to mmput received the mput device; and
receiving sensed force data from the surgical instrument; and
generating the first haptic feedback profile based on the sensed force

data.

13. The method of Claim 11, wherein the first haptic foedback profile is based

on a synthetic miteractive clement generated by the controller.
14, The method of any of Claims 11, 12, and 13, wherein the staged transition

comprises at least one of a hinear scaling, a curvilinear scaling, and a directional

modification of the haptic feedback profile.

i3
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15. The method of any of Claims 11, 12, and 13, whercein the staged transition

includes a zero force state.

16. The method of any of Claims 11, 12, and 13, wherein the staged transition

comprises scaling a force magnitude of the haptic feedback profile.

17. The method of any of Claims 11, 12, and 13, wherein the staged transition

comprises changing a force angle of the haptic feedback profile.

18. The method of Claim 11, whercin changing the control state comprises
changing between any of an mstrument control mode, a clutching mode, an
mstrument exchange mode, a camera control mode, a system settings mode, an
arm exchange mode, a synthetic interactive element manipulation mode, and a

followmg exit mode.

19. The method of any of Claims 11, 12, and 13, wherein the staged transition

comprises maintaining the first haptic feedback profile at the mput device.
20. The method of Claim 19, wherein maintaining the first haptic feedback
profile at the input device comprises maintaining the haptic feedback profile for

a predetermined interval.

21. The method of any of Claims 11-13, 18 or 20, further comprising overlaymg

additional haptic effects onto the haptic profile.
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