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HBYPERDEXTEROUS SURGICAL SYSTEM USER INTERFACE DEVICES

INCORPORATION BY REFERENCE TO ANY PRIORITY APPLICATIONS

[Baa1] This application claims the priority benefit onder 35 U.S.C. §11%e) of
U.S. Provisional Application No. 62/151596 filed April 23, 2015, which is hereby
incorporated by reference i its entirety and should be counsidered a part of this
specification. This application incorporates by reference in its entirety International
Application No. PCT/US2014/026115 filed March 13, 2014 designating the US and
published in English on September 25, 2014 as WO 2014/151621, which should be
considered a part of this specification. This application incorporates by reference in s
gntirety ULS. Provisional No. 62/120,128, filed February 24, 2015, which is hercby
ncorporated by reference herein in its entirety, which shoold be considered a part of this

specification.

BACKGROUND
[Baa2] Surgical robots allow surgeons 1o operate on patients in a minimally
mvasive manner. The present application relates to surgical systems and methods, and
more particularly to user interface devices for hyperdexterous surgical systems with one
or more hyperdexterous surgical arms and one or more end effectors, and methods of

operating the same.

Description of the Related Axt

10643] The use of robots is growing and proliferating in all aspects of life.
Some robots are autonomous in that human intervention is not nceded beyond just
starting the robot and instructing the robot to do a set of tasks. Some other robots are
controlled by a human operator. The on-market robotic systems used for surgery are an
cxample of the later kind, where an operator condrols the robot.

10684] Typically such systems have a conscle from which an operator can
manipulate the robot. Theretore, the surgeon is located remotely from the paticnt when
using on-market robotic surgical systers, often siiting at a remote console. Typically on-

market systems use mechanically grounded user imterface devices. Typically these

-
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grounded user interface devices are fixed in space o a user console. The grounded user
mierface devices convey a sense of orientation and divection. The grovnded user interface
devices are not manipulated in free space.

T In on-market systems, the grounded user interface devices can provide
feedback in various situations such as when the robotic system reaches a joint himit.
Feedback may be provided by the user -simply feeling that the user input devices are hard
to move. In more advanced methods the robotic system may deliberately impose 2 motion
on the grounded user interface device to provide the feedback.

{63861 The main function of the grounded user interface device is to provide
the operator with the capability of manipulating tools and end effectors with dexterity. In
on-market robotic surgical systems, a large robotic arm controls a robotic tool The tool is
inseried into a small incision, The distal end of the rebotic tool typically includes an end
cftector {c.g., a grasper, stapler, eic.) for performing a procedure within the body of the
patient. The end effecior is translated in space, within the constraints of the capabilities of
the robotic arm. The surgeon typically controls the robotic arm from an immersive
conscle that is remote from the patient. The robotic tool can do certain surgical tasks
well, but is not well-suited for other sorgical tasks.

{68871 In on-market surgical robotic systems, the motions of the robotic tool
arg generally viewed via a robotic camera. The motions of the robotic camera are
controlled by a robotic arm, also under control of the surgeon like other robotic tools. The
movements of the surgeon’s hand controlling the groonded vser interface device can be
mapped to the movement of the robotic tool in the frame of reference of the camera. The
motions of the grounded oser interface device are mapped to the distal end effectors of
the robotic tools within the frame of reference of the robotic camera. The reference
information provided to the surgeon is therefore limited to the view provided by the
camera. The display typically shows the motion of the distal end of the robotic tools
strictly from the point of view of the camera held by the rabot.

{6688] The surgeon must therefore create a mental model of the anatomy with
the himited information provided by the camera to control the robotic tools as desired for
a particular task. Due to his remote location at the console, the surgeon cannot acquire
additional views of the patient in ovder to augment his understanding of the surgical
space. The Himited point of view from the robotic camera makes aspects of the surgery

less natoral, For example, making large movements from one quadrant of the abdomen to
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another, especially motions that involve the camera sweeping through an arc that inchides
the madhne of the patient, are very challenging.

{H609] Typically, the surgeon views the surgery site and tools through a
viewer which provides an tnwmersive experience. In some cases, conununication between
the surgeon and the supporting staff is constrained or fmpeded due to the surgeon’s
position over the conscle. Teams that perform robotic surgery need to be highly trained
and skilled sinee the surgeon is remote from the paticnt and unable to communicate with
the staff divectly. It takes months, in some cases years, of practice to achicve z high level
of efficiency iu situations where robotic surgery is performed. This makes # difficult for
members of the team to be replaced. Additionally, from this remote location (at the
consclel, the surgeon cannot sinwltancously use manual tools while controlling the robot
arn,

[0814] A drawback of the current systems is that they provide limited
information to the surgeon. Typically this mformation is limited to the view of a robotic
camera. The surgeon cannot view the patient while using the grounded user interface
devices. The surgeon cannot receive foedback about the patient’s anatomy. The surgeon
cannot use manual tools or fouch the patient while using the grounded user inferface
devices. Ancther drawback with on-market robotic surgical systems is that they do not
allow the surgeon the ability to reposition him or herself during surgery. The surgeon
must remain at the imumersive console to manipulate the grounded wvser interface device to

perform a surgical task with the end effectors of the robatic tools.

SUMMARY

108111 There is a need for user inierface devices thal overcome the
deficiencies discussed above with on-market robotic surgical systems and provide
flexibility 1o surgeons when perfornming surgical procedures.

{8812} The user interface devices provide advantages over on-market user
interface devices described above. One aspect of the groumdless and body grounded user
interface devices is that these devices are manipulated in free space. The groundless and
body grounded user interface devices are advantageously not constrained o a console.
The groomdless and body grounded user interface devices can be manipulated at a natural

cight for the user while standing or sitting, and can advantageously be mamipulated

while the surgeon moves about the operating theater,
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10813] One aspect of the groundless and body grounded user interface devices
1s that these devices can be wired or wircless. Wireless groundless and body grounded
user interface devices may advantageously allow the wser to freely move about the
operating arena without the constraint of wires. Wired groundless and body grounded
user interface devices may provide & more rehiable connection to convey signals and
mtormation from the groundless and body grounded user interface devices.

10614] One aspect of the groundless and body grounded user interface devices
is that these devices can have shape that provides a sense of orientation. The groundless
and body grounded user interface devices can include an interface ot surface upon which
the user can place bis or her fingers. The groundless and body grounded user interface
devices can have an clongate shape. For instance, the onds of the elongate shape can
provide a sense of orientation (e.g., fromt, back). For instance, the surface of the
groundless and body grounded user interface devices can provide a sense of oricntation
{c.g., top, bottom}.

{0015} One aspect of the groundless and body grounded user interface devices
is that these devices provide versatility on where the groundless and body grounded user
interface devices can be operated. The groundless and body grounded user interface
devices arc advantageously portable and movable with the surgeon. The groundless and
body grounded user interface devices can be used from any position and/or orientation
relative to the patient within the operating arena. The groundless and body grounded aser
interface devices can be operated adjacent to the patient. The groundless and body
grovmded user interface devices can be operated at a location apart from the patient, such
as at a console. The groundless and body grounded user interface devices can be operated
as the user reorients himself or herself relative to the patient.

[86816] One aspect of the groundless and body grounded user interface devices
is that these devices can provide feedback to the user. The groundless and body grounded
user interface devices can provide feedback on movement himits of, for example, a
hyperdextorous surgical system. The groundless and body grounded user interface
devices can provide feedback of a joint limit. The groundless and body grounded vser
interface devices can provide feedback about the surgical space. The groundless and body
grounded user interface devices can provide feedback when the end effector collides with
or has the potential to collide with a hard object. The groundiess and body grounded user

interface devices can provide feedback on the hardness or sofiness of objects that the end

4.
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effector 1s touching. The groumdless and body grounded user mterface devices can
provide feedback in the form of pressure. The groundiess and body grounded user
mntertace devices can provide feedback in the form of sound. The groundiess and body
grounded user mterface devices can provide visual feedback, such as in the form of hight.

10817] One aspect of the groundless and body grounded user interface devices
is that these devices cau inhibit injury to the patient. The groundless and body grounded
user nterface devices can advantageously fo prevent the cud effector from following the
groundless and body grounded user interface devices, such as when the groundless and
body grounded user interface devices are inadvertently dropped. The groundiess and body
grounded user interface devices can provide impedance information. The impedance
value will change when the user drops the groundless and body grounded user interface

evices. The hyperdexterous surgical system can prevent the end effector from following
the motion of the groundless and body grounded user interface devices when the
impedance value crosses a threshold. The groundless and body grounded user interface
devices can provide acecleration information. The acceleration will change when the user
drops the groundless and body grounded user interface devices. The hyperdexterous
surgical sysier can prevent the end effector from following the motion of the groundiess
and body grounded user interface devices when the acceleration value crosses a
threshold.

{68138} in some embodiments, a handheld portable user interface device is
disclosed. The device can include a body configured to be held in a user’s hand. In some
cmbodiments, the body comprises a proximal portion and a distal portion and cxtending
along a length defined by a longitudinal axis between a proximal end and a distal end of
the body. In some embodimonts, the body extends along a width defined along a
fransverse axis that extends transverse to the longitudinal axis. In some embodiments, the
length is greater than the width of the body. In some embodiments, the body comprises an
outer surface configured to be gripped by fingers of the vser’s hand and to facilitate
franslation and rotation of the body by the user’s hand. The device can inclode onc or
more sensors disposed within the body. In some embodiments, the one or more sensor is
configured to provide onc or both of postiion and orientation information of the body o a
control system. In some embodiments, the body is configured to receive control inputs

from the user via one or morg of translation of the body, rotation of the body, pressing of
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the outer surface with the aser’s fingers, and changing of the angular ovientation of the
longitudinal axis of the body.

{B319] In some embodiments, the body is configured to provide tactile
feedback to the vser via the cuter surface of the body that is gripped by the fingers of the
user’s hand. In some embodiments, the user interface device is supported solely by the
user’s hand. In some embodiments, the user interface device is configured to provide an
input to the control system to transform motion of the user interface device info motion of
an cud effector of a robotic arm. In some embodiments, the one or more sensors provide
redundancy of function. In some embodiments, the one or more sensors are of different
types. In some crobodiments, the one or more sensors include a proximity sensor. In sone
embodiments, the outer surface is configured to be depressed by the user. In some
cmbodiments, the body conmprises a chamber configured to be filled with a fluid, wherein
depression of the outer surface by the user causes sensed pressure in the chamber to
change, said change in sensed prossure communicated to the control systers to convert the
scused prossure into a force applied by an end effector of a robotic arm controled with
the body. In some embodiments, the body further comprises a pump configured to change
the pressure of the chamber to provide tactile feedback to the user.

{0026} In some embodiments, a handheld user interface device is disclosed.
The device can include 2 body configured to be held in 3 user’s hand and supported solely
by the user’s hand. Optionally, the body can also be supported by the user’s arm. In some
embodiments, the body comprises an exterior surface configured to be gripped by fingers
of the user’s hand to facilitate translation and rotation of the body by the user’s hand. The
device can include one or more sensors disposed within the body. In some embodiments,
the onc or more sensor configured to provide one or both of position and oricutation
information of the body to a control system. In some cmbodiments, the body is
configured to provide feedback to the user via the exterior surface of the body that is
gripped by the user’s fingers.

10021 In some embodiments, the body is configured to receive control inputs
from the user via one or morg of transiation of the body, rotation of the bedy, pressing of
the exterior surface with the user’s fingers, and changing of the angular orientation of the
longitudinal axis of the body. The device can optionally include an imternal chassis
configured to move within an outer skin of the body o adjust an orientation of the

longitudinal axis of the user interface device. In some embodiments, the mternal chassis
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moves refative to the outer skin to attain a destred pitch and/or yvaw orientation and
communicates this to the user haptically. In some cmbodiments, the internal chassis
moves i one of the following ways selected from the group consisting of expansion,
retraction, pulsing, and rotation. In some embodiments, the internal chassis has one or
more actuators that effect the motion of the internal chassis. In some embodiments, the
one OF more actiators comprise a ring actuatable to attain a desired roll orientation. In
some embodiments, the internal chassis adjusts pitch, vaw and/or roll orientation to
maintain alignment of the longitudinal axis of the user interface device axis with an axis
of a device, such as an end effector, controlled by the user interface device. In some
embodiments, the internal chassis adjusts pitch, yaw and/or roll orientation in response to
forces on the device (e.g., end effector) controlled by the user interface device. In some
embodiments, the body comprises one or more actuators for changing of the shape of the
body. In some embodiments, the body comprises one or more pressure chambers for
changing of the shape of the body.

16022} Io seme embodiments, a method of using 2 handheld portable user
interface device is disclosed. The method can include the step of holding a body of the
user interface device with the user’s hand. In some embodiments, the body corprises a
proximal portion and a distal portion and extends along a length defined along the
longitudinal axis between a proximal end and a distal end of the body. in some
cmbodiments, the body extends along a width defined slong a transverse axis that extends
transverse to the longitudingl axis. In some embodiments, the length is greater than the
width of the body. Tn some ermshodiment, the device includes one or more sensors
disposed within the body that provides orientation informaticn of the body 1o a control
system. The method can include the step of generating control signals from one or more
of translating of the body, rotating of the body, pressing of the outer surface with the
user’s fingers, and changing of the angular orientation of the longitudinal axis of the
body.

{6023 The method can inchude the stop of communicating said control signals
to a control system to control the operation of a device, such as an end effector of a
robotic arm, with the user interface device. The method can inclode the step of
transforming the motion of the user interface device into motion of the device {e.g., end
cftector} controlled with the user interface device. The method can include the step of

receiving control signals to move a chassis within the body of the user interface device.
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The method can include the step of moving the chassis within the body to adjust an
orientation of the longitudinal axis of the user interface device. The method can include
the step of moving the chassis to attain a desived pitch and/or yaw orientation of an axis
of an end cffector contvolled by the user interface device. The method can include the
step of moving the internal chassis in one of the following ways selected from the group
consisting of expansion, retraction, pulsing, and rotation. The method can include the step
of actuating a ring to attain a desired voll orientation of an axis of an end effector
controlled by the user interface device. The method can include the step of adjusting a
pitch, yaw and/or roll orientation of the chassis to maintain alignment of the longitudinal
axis of the user mterface device axis with an axis of a device (e.g., an end effector)
controlled by the user interface device. The method can include the step of adjusting a
pitch, vaw and/or voll orientation of the chassis in response to forces on said device (e.g.,
the end effector). The method can include the step of operating the user interface device
n a drive mode wherein the end effector is moved by the user interface device. The
method can include the step of operating the user interface device in a non-drive mode
wherein the chassis of the user interface device maintains alignment of the longitudinal
axis of the user interface device axis with an axis of the end effector despite movements
of the user nterface device by the user. In some embodiments, movement of the chassis
provides feedback on a joint Himit. In some embodiments, movement of the chassis
provides feedback on the force experienced by an end-effector. In some embodiments,
holding the body comprises supporting the body solely with the user’s hand. In some
embodiments, pressing of the outer surface with the user’s fingers gencrates a pressure
signal that a control system converts into a force applied by an end effector of a robotic
arm. In some embodiments, pressing of the outer surface with the user’s fingers further
comprises pressing of the outer surface at any rotational position of the body.

10624] According to an aspect of the present n jnvention, there is provided a
handheld portable user interface device, comprising a body configured to be held in a
user’s hand, the body comprising a proximal portion and a distal portion and extending
along a length defined by a longitudinal axis between a proximal end and a distal end of
the body, the body extending along a widih defined slong a transverse axis that cxtends
transverse to the longitudinal axis, the length being greater than the width of the body,
the body comprising an outer surface configured to be gripped by fingers of the user’s

hand and to facilitate translation and rotation of the body by the user’s hand; and one or
¥ oy 5
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more sensors disposed within the body, the one or more sensors configured 1o provide
one or both of position and orientation information of the body to a control system,
wherein the body s configured 1o receive control inputs from the user via one or more of
translation of the body, rotation of the body, pressing of the outer surface with the user’s
fingers, and changing of the angular orientation of the longitudinal axis of the body.

10825] The device may be arranged such that the body is configured to
provide tactile foedback to the user via the outer surface of the body that is gripped by the
fingers of the user’s hand.

10626] The device may be arranged such that the user juterface device is
supported solely by the user’s hand.

[0827] The device may be arranged such that the user iunterface device is
configured to provide an input to the conirol system to transform motion of the user
interface device into motion of an end effector of a robotic arm.

16028] The device may be arranged such that the one or more sensors

provides redundancy of function.

[0829] The device may be arranged such that the one or more sensors are of
different types.
[0830] The device may be arranged such that the one oy more sensors inclades

3 ProxXinyity sensor.

0831} The device may be arranged such that the outer surface is configured
o be depressed by the user.

[6832] The device may be arranged such that the body comprises a chamber
configured to be filled with a fluid, wherein depression of the outer surface by the user
causcs sensed pressure in the chamber to change, said change in sensed pressure
commumnicated to the control system o convert the sensed pressure into a force applied by
an ¢nd effector of a robotic arm controlled with the body.

[B433] The device may be arranged such that the body forther comprises a
pump configured to change the pressure of the chamber to provide tactile feedback to the
USEr.

{B034] According to another aspect of the present invention, there is provided
a handheld user interface device, comprising: a body configured to be held in a user’s
hand and sapported solely by the user’s hand, the body comprising an exterior surface

configured to be gripped by fingers of the user’s hand to facilitate translation and rotation

Q.
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of the body by the user’s hand; and one or more sensors disposed within the body, the one
or more sensors configured to provide one or both of position and onentation information
of the body o a control system, wherein the body is configured to provide feedback to the
user via the exterior surface of the body that s gripped by the user’s fingers.

16835] The device may be arranged such that the body is configured to receive
condrol inputs from the user via one or more of translation of the body, rotation of the
body, pressing of the exterior surface with the user’s fingers, and changing of the angular
oricntation of the longitudinal axis of the body.

10836] The device may be amranged such that the device further comprises an
intemal chassis configored to move within an outer skin of the body to adjust an
oricntation of the longitudinal axis of the user interface device,

0837} The device may be arranged such that the internal chassis moves
relative to the outer skin to attain a desired pitch and/or yaw orientation and
communicates this to the user haptically.

188381 The device may be arranged such that the internal chassis moves in
one of the following ways selected from the groop consisting of expansion, retraction,
pulsing, and rotation.

{80391 The device may be arranged such that the internal chassis has one or
more actuators that effect the motion of the internal chassis.

[0844] The device may be amranged such that the one or more actuator
compriscs a ring actuatable to attain a desived roll otientation.

00411 The device may be arvanged such that the internal chassis adjusts pitch,
yaw and/or roll orientation fo maiotain alignment of the longitudinal axis of the user
wterface device axis with an axis of an cud cffector countrolled by the user nterface
device.

{0042} The device may be arranged such that the internal chassis adjusts pitch,
yaw and/or roll oricntation in response to forces on the end effector.

[B343] The device may be arranged such that the body comprises one or more
actuators for changing of the shape of the body.

[Bid4] The device may be arvanged such that the body comprises one or more
pressure chambers for changing of the shape of the body.

{B045] According to another aspect of the present invention, there s provided

a method of using a handheld portable user interface device, comprising: holding a body

-10-
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of the user interface device with the user’s hand, the body comprising a proximal portion
and a distal portion and extending along a length defined along the longitudinal axis
between a proximal end and a distal end of the body, the body extending along a width
defined along a transverse axis that extends transverse to the longitudinal axis, the length
being greater than the width of the body, wherein one or more sensors disposed within the
body provides orientation information of the body 1o a control system, and generating
control signals from one or more of translating of the body, rotating of the body, pressing
of the outer surface with the user’s fingers, and changing of the angular ovientation of the
longitudinal axis of the body.

6046] The method may inchide communicating said control signals 1o a
condrol system to control the operation of an end effector of 2 robotic arm with the user
interface device.

{68471 The method may include transforming the motion of the user interface
device into motion of the end effector.

[0848] The method may ioclude recciving control signals to move a chassis
within the body of the user interface device.

[6849] The method may include moving the chassis within the body to adjust
an orientation of the longitudinal axis of the user interface device.

U The method may include moving the chassis to attain a desired pitch
and/or yaw orientation of an axis of an end effector controlied by the user mterface
device.

0851 The method may include moving the internal chassis in one of the
following ways sclected from the group cousisting of expansion, retraction, pulsing, and
rofation.

[0052] The method may include actuating a3 ring to atiain a desired roll
orientation of an axis of an end effector controlled by the user interface device,

[B853] The method may be include adjusting a pitch, vaw and/or roll
orientation of the chassis to maintain alignment of the longitudinal axis of the wuser
interface dovice axis with an axis of an end cffector controlied by the user interface
device.

[B354] The method may include adjusting a pitch, yaw and/or roll orientation

of the chassis in response to forces on the end cffecion

A1i-
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16885] The method may include operating the user interface device in a drive
mode wherein the end effector is moved by the user interface device.

10856] The method may include operating the user inderface device in a non-
drive mode wherein the chassis of the user interface device maintains alignmend of the
longitudinal axis of the user interface device axis with an axis of the end effector despite
movements of the user interface device by the user.

[0857] The method may be arranged such that movement of the chassis
provides feedback on a joint limit.

10858] The method may be arranged such that movement of the chassis
provides feedback on the force experienced by an end-effector.

{80591 The method may be asrranged such that holding the body comprises
supporting the body solely with the user’s hand.

[B868] The method may be arranged such that pressing of the outer surface
with the vser’s fingers generates a pressure signal that a control system converts into &
force applied by an end effector of a robotic arm.

80611 The method may be arranged such that pressing of the outer surface
with the user’s fingers further comprises pressing of the outer surface at any rotational
position of the body.

[0862] Unless otherwise stated, or unless clearly incompatible, cach
embodiment of this invention may comprise, additional to s essential features described
herein, one or more features as described herein from each other embodiment of the

inveniion.

BRIEF BESCRIPTION OF THE DRAWINGS

[B363] Figure 1A schematically illostrates an embodiment of a groundless
user interface device.

{B064] Figure 18 schematically illustrates a user interacting with the
groundless user interface device of Figure 1A,

[3865] Figure 2 is a cross-sectional view of the groundless user mterface
device of Figure 1A along plane B-B.

10866] Figure 3 is a cross-sectional view of an embodiment of a groundless

user mnterface device.
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160671 Figure 4 schematically illustrates an cmbodiment of a groundless user
mterface device,

16868] Figire 5 schematically illustrates an embodiment of a body grounded
user interface device.

{06069] Figure 6A is a cross-sectional view of an embodiment of a groundless

pser interface device.

{80761 Figure 6B schematically illostrates the chassis of Figure 6A.
180711 Figure 7 is 2 cross-sectional view of a2 ring of the groundless oser

interface device of Figure 6A.
{80724 FIG. § ilustrates a hyperdexterons surgical system having multiple
sensors 1o decouple the coupled motion of the hands of the operator, in accordance with

some embodiments.

DETALLED DESCRIPTION

{08731 International Apphication No. PCT/US2014/026115 filed March 13,
2014 designating the US and published 1o Enghish on September 25, 2014 as WO
2014/151621 describes various hyperdexterous surgical systems. This application is
ncorporated by refercnce herein. This application describes a new type of robotic syster.
The hyperdexterous surgical system overcomes deficiencics of typical on-market robotic
systems. However, the versatility of the user interface device needs to match the
versatility of the movement of the tools or end effectors of the hyperdexterous surgical
systems. Thus disclosed herein arc user interface devices that are able to countrol the
hyperdexterous surgical systems with versatility. The user interface device can condrol
end effectors or tools. Examples of end effectors include graspers or jaws. An ond
effector, as used hercin, should be understood to include any of the following: (1) the
most distal portion of a robotic arm, typically the portion which is interacting with the
operative cnvironment; (2) a siowmlated or virtual version of {1} and/or (3} 2 2D or 3D
mouse, stylus, pointer, ectc. designed to facilitate user interaction with a virtpal
environment or any other 3D or 2D dataset, such as MR or CT scan data. The user
interface devices described hercin 15 2 multi-purpose 3D input device. In some
embodiments, the user interface devices described herein can control a physical robot.

[6874] Drsclosed herein are at least two new types of user interface devices.

Ome new category of user interface devices is body grounded user interface devices, Body
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WO 2016/171757 PCT/US2015/052354

grounded user nterface devices are advantageously coupled to a portion of the vser’s
body. This portion can be movable with the body of the user, such as the hand of the
surgeon. Another new category of user miterface devices is groundless user mterface
devices. Grovndless user interface devices may be wired or wireless. These two new
categorics may be contrasted with user interface devices found in typical on-marke
systems, which may be categorized as grounded user interface devices. These new two
categorics provide a way to control the hyperdexterous robotic system in a versatile
manner.

{B075] Body grounded user interface devices or groundless user interface
devices introduce a very different paradigm for controlling 2 robotic system, especially
one that is used for surgery. One difference between a grounded user interface devices
and a body grounded user interface devices or a groundless user interface devices is that
the latter two are advantageously manipulated in free space unlike the grounded user
intertace devices. While conveving @ sense of orientation and direction, the body
grounded user interface devices and the groundiess user imterface devices provide the
operator the capability to manipulate tools and end effectors with dexterity - the main
function of the user interface devices. There is a need to provide feedback for various
situations exists for the body grounded user intertace devices and for the groundless uvser
intertace devices,

10076} There are other needs that are brought about due to the ungrounded
nature of both the body grounded user interface devices and the groundless user interface
devices. Une need is related to safety cspecially as it relates to the groundless user
interface devices. For instance, if a groundless user interface device was to accidently
fall, protections need to be in place to prevent the hyperdexterous robotic arm from
following the falling user interface device and thus injuring the patient. These are some of
the needs for the user inlerface devices in order to take advantage of the versatility
offered by such systoms.

18677} As noted abave, two main types of user interface devices arg described
herein: groundless user interface devices and body graumded user interface devices. The
shape of the user mnterface devices can be selected to provide a sense of orientation and to
provide versatile manipulation. Low cost materials can be used so that the user interface
devices may be disposable. Disposable user interface devices also address the sterility

issue. If the user interface devices are low cost and disposable, stenility may be ensured
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when the operator opens the package and uses the user interface devices, just as any other
disposable tool. Thus the low cost design addresses the sterility need. Mechanisms are
also described that provide tactile feedback to user. Both types of user interface devices
may have sensors that provide real time information to the user and the hyperdexierous
robotic system. For example, in case one of the user interface devices were to fall, the
sensors may provide nformation to the hyperdexterous robotic system such that the
corresponding tool does not follow the movements of the user interface device thus
preventing injury to the patient.

16878] The benefits of groundiess user imterface devices and the body
grounded user Uderface devices are numercus. These user interface devices
advantageously allow the operator to be close to the patient. The operator can assume a
convenient location in relation to the patient’s anastomy during a surgical procedure.
Further, the operator can assumc a different location in relation to the patient’s anatomy
as the surgical procedure progresses. Duc to freedom of movement provided by such user
intertace devices, an operator, such as a surgeon, can operate one ot more user interface
devices to perform a combination of manual and robotic surgery, or perform just robotic
SUrgery.

[0879] Figure 1A shows an embodiment of 2 groundless user interface device
{UID) 10. The groundicss user interface device 10 can have a body with multiple
sections. The embodiment shown in Figure 1A has three sections, a first section 20, a
second section 30, and a third section 40, The bedy can have any number of s¢ctions. The
sections can have differcnt configurations. The sections can have the same configoration.
The first scction 20 can be tapered. The first section 20 can provide a surface for the
fingers of the user to grasp the user interface device 10. The first section 2{ can be
contoured. The first section 20 can inclode grooves for the fingers. The first section 20
can be a bottom section of the groundiess user interface device 10, Other configurations
of the first section 20 are contemplated. The sccond section 30 can be tapered. The
second section 30 can be a top section of the groundless user interface device 10. The
third section 40 can housc a magnetic position secmsor, as described hevein. The
groundless user interface device 10 can be wired (not shown) or wireless. The wires may
be used for supplying power to the user interface device 10, The wires may be used for

carrying signals (¢.g., signals associaied with a magnetic position sensor of the UID 10).
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For instance, the wires may be used for camrving the signals to the control system,
described herein. In some embodiments, the user interface device 10 may be wireless.

{080 In some embodiments, the body can be an ovoid body. The body can
be egg-shaped. The body can have an oval form. In some embodiments, the body has at
least one axis of symmmetry. In some ershodiments, the shape of the body slightly departs
from the shape of the cliipse, with one end having a different curvature than the other
end. The first section 20 can approximate the shape of a prolate sphereid. The second
seetton 30 can approximate the shape of a spherical cllipsoid. The second section 30 can
approximate a slightly oblate spheroid. The first section 20 and the second section 30 can
have two different radii.

10881} The body of the groundless user interface device 10 can be portable. In
other embodiments, the user interface devices described herein are not portable. The user
interface device can be coupled to a support. The user interface device can be coupled to
a cord extending from a support. The user interface device can be coupled to a robotic
console.

[0882] Figure 1B illustrates how such a groundiess user interface device 10
may be held advantageously by a human hand 50. The user interface device 10 may be
wired or wirciess. For convenicnee, Figure IB does not show the wires. The shape of the
aser mterface device 10 is such that the user interface device 10 may be effectively
moved only with the user’s fingers in addition to being able to move the user interface
device 10 with the aser’s wrist. The ability of being able to move the user interface
device 10 only with the fingers provides enhanced dexterity.

B3] The elongated shape of the groundiess user interface device 10 may
alse provide a sense of direction and orientation. The grovndless user interface device 10
has a central axis 15 shown in Figure 1A. The central axis 15 extends from the first
section 20 to the third section 40. The central axis extends along the longitudinal axis of
the clongate groundless user interface device. In some embodiments, the conmral axis 1548
an axis of symmetry. In some embodiments, the longitudinal axis of a robotic tool can be
controlled by controlling the user interface device 10 along the central axis 15 of the user
mterface device 10. Also fn many cases, the central axis 15 of the user interface device 10
may be used to control the rolling motion of the tool.

{8084} The groumdless user interface device 10 can be bullet shaped. In some

embodiments, the first section 20 can be hemispherical or generally hemispherical. In
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some embodiments, the first section 20 is conical or generally comicall In some
embodiments, the first section 20 is parabolic or generally parabolic. The first section 20
can be divided nto one or more subsection. The subsections can have different shapes
and/or serve different fimetions. Figure 1A shows a subsection of the first section 20 near
the end of the groundless user interface device 10 and a subsection of the first section 20
near the Hp 25. The subsection near the lip can be positioned over a chamber as described
herein, The subsections ¢an have different radit of curvature. In some embodiments, the
second section 30 1s hemispherical or generally hemispherical. In some embodiments, the
third section 40 1s cylindrical or generally cylindrical.

{B885] The groundless user interface device 10 includes a proximal end that
can be held near the palm of the user’s hand. The groundless user interface device 10
inchides a distal end pomted away from the palm of the user. The central axis 15 of the
user interface device 10 extends from the proximal end to the distal cnd. The central axis
15 can also be called an clongate axis or an axis of synwnetry. The contral axis 15 1s along
the length of the groundless user interface device 10. The groundless user interface device
10 has a transverse axis extending transverse {e.g., at 90 degrees) to the elongate axis 15,
The transverse axis is along the width of the groundless user interface device 10, The
groundless user imterface device 10 has an elongate dimeunsion along the clongate axis
and a trangverse dimension along the transverse axis. In some embodiments, the clongate
dimension is greater than the transverse dimension. This creates an oblong shape of the
groundless user interface device 10. In some embodiments, the elongate dimension is
about twice the transverse dimension. Other dimensions are contemiplated (e.g., the
clongate dimension is about 1.5 times the transverse dimension, the elongate dimension is
about 3 times the transverse dimension, the clongate dimension is about 4 times the
transverse dimension, otc. ).

{B0R6] The central axis 15 optionally extends gencrally parallel to an axis of
a finger of the user when the user is holding the groundiess user inferface device 10, The
central axis 15 generally aligns with the axis of the user’s hand when the user is holding
the groundless user interface deviee 10, The central axis 15 can optionally generaily align
with the axis of the forcarm when the user is holding the groundless user mterface device
10

[B6887] The groumdless user interface device 10 includes a generally circular

cross-section along the transverse plane creating a rounded exterior surface. This can be
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the exterior surface of the first section 20, the second section 38, or the first section 20
and the second section 30. The first section 26 can have a different radius of curvature
than the sccond section 30, This different shape can allow the user to position the first
section 20 near the palm of the hand and the second section 30 away from the palm. The
exterior surface allows a user to rotate {e.g., about the central axis 15) the groundless user
mierface device 10 with a hand of the user. The exterior surface allows the user to rotate
the groundless user interface device 10 360 degrees. The user can turn the groundless
user mterface device 10 clockwise or coumterclockwise.

{B688] The exterior surface of the groundless user interface dovice 10 has at
least one surface to enhance grip of the interface device 10 by the user. The at least one
surface can be the lip 25. The lip 25 can extend arcund the entire groundless user
interface device 10 or a portion of the groundless user intertace device 10,

{0089] In use, the exterior surface of the groundless user interface device 10
can be depressed by the user, as described herein. For cxample, at least a portion of the
exterior surface of the groundiess user interface device 10 can be squeezed by the user’s
fingers. The groundless wuser imterface device 10 can optionally mchide a chamber,
described hercin, The chamber can be filled with fluid (e.g., 3 liquid). The user can
depress the chamber from the exterior surface {c.g., by pushing on the surface of the
interface device 10 with his or her fingers). The groundless user interface device 10 can
optionally include a pumyp. The pump can change the pressure of the chamber to provide
tactile foodback to the user, as described herein. The sensed pressure in the chamber from
the vser pressing on the exterior surface of the user interface device 10 is converted by
the control system to a force applied by the end effector.

16096} The size of the groundless user interface device 10 allows the user to
translate the groundiess vser interface device 10 with the hand of the user. In some
embodiments, the user interface device is supported solely by the hand of the user.

{8391 The groundless user interface device 10 can optionally include one or
more sensors. The sensors can provide orentation information about the groundless user
interface device 10 to a control system.  The groundless user interface device 10 can
provide an input 0 a control system to transform motion of the user interface device nto
motion of an end effector of a robotic arm.,

{8092} The method of using the device can be illustrated in Fig. 1B. The user

can hold the body of the user interface device 10 as shown. The user can rotate the
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exterior surface of the body with a hand. The user can rotate and translate the body with
the hand. The sensor disposed within the body can provide orientation information about
the user interface device to a control system during one or more of the holding, rotating,
ot transiating steps. The method can include the step of transforming the motion of the
user interface device into motion of an end effector of a robotic arm. The method can
melade the step of gripping the lip 25 of the body. The method can mclade the step of
depressing the exterior surface of the body. The method can include the step of
converting the pressure exerted on the exterior surface of the body by the user’s hand into
a force applied by an end effector of a robotic arm. The method can include the step of
depressing the exterior surface by the user at any rvotational position {e.g., about the
central axis 15) of the user nterface device. The method can inchude the step of filling a
chamber of the body with a fhuid (e.g.. 8 lquid). The method can include the step of
depressing the chamber from the exterior surface {e.g., the user depressing the chamber
by pressing on the exterior surface of the body). The method can nclude the step of
converting the pressure of the chamber into a force applied by an end effector of a robotic
arm. The method can include the step of changing the pressure of the chamber with a
pump to provide tactile feedback to the user {e.g., via a change in pressure exhibited in
the chamber and communicated to the user’s hand gripping the body).

106693] Figire 2 shows a cross scction along plane B-B illustrated in Figure
1A, As described herein, the groundless user interface device 10 can have three sections,
the first section 20, the second section 30, and the third section 40, In some embodiments,
features that enhance the grip may be provided on the cexternal surface of the uvser
intertace device 10. Figure 2 shows a lip 25. The user may use this lip 25 to grip the user
mierface device 10. Features such as the lip 25 may be used provide to position or
origntation information to the user.

[669%4] In the configuration illustrated in Figure 2, a wire 45 extends from the
third section 40. The wirc 45 can couple to a magaetic position sensor 130, The magnetic
position sensor 130 can be similar to magnetic position sensors known in the art. The
magnetic position sensor 130 can determine the position of the groundless user interface
device 10. The magnetic position sensor 130 can transmit the positional data {0 a control
system, as described herein. As noted herein, other types of sensors including but not
Himited to wireless sensors may be used. Another set of sengors may be coupled o a

sensor and electronics base 120, The sensor and clectronics base 120 can optionally house
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one or more sensors. The sensor and clectronics base 120 serves as a base for one or more
sensors. The sensor and electronics base 120 holds one or more sensors in a fixed position
relative to cach other. In some embodiments, the sensor and electronics base 120 is
disposed within the body of the groundless user interface device 10, The sensor and
clectronics base 120 can be disposed in the first section 20, the second section 30, and/or
the third section 40. In some embodiments, one or move sensors can optionally be
disposed outside of the body of the groundiess user interface device 10. Sensors that may
be coupled to the sensor and clectronics base 120 include but are not bLmited to
gyroscopes and accelerometers. Gyroscopes and accelerometers are able to measure the
rotation and orientation {c.g., angular orientation} of the user mterface device 10, The
sensor and clectromics base 120 can mclode at least one gyroscope. The sensor and
clectronics base 120 can include at least one accelerometer. The sensor and electronics
base 120 can include at least one magoetometer. The sensor and clectronics base 120 can
mclude at least one 6 DOF {degree-of-freedom) sensor. The sensor and electronics base
120 can mclude at least one inertial measurement onit (IMU).

{6695] Any sensor known in the art can couple to the sensor and electronics
basc 120. The groundless user interface device 10 can include one or more sensors. The
one of mote sensors can deternyne the position and/or orientation of the groundless user
mterface device 10. The one or more sensors can detect motion of the groundless user
mterface deovice 10. The one or more sensors can determine if the user is holding the
groundless user interface device 10 {(e.g., by measuring tmpedance of a surface of the
groundless user interface device 10, as described herein). The one or more sensors can
determing if the user is applying pressure to the groundless user nterface deviee 10 {e.g.,
by measuring pressure of a chamber of the groundless user interface device 10, as
described hercin).

[0696] In some embodiments, the groundless user interface device 10 includes
a motor 100, Tactile feedback may be provided to the user by countrolling the operation of
the motor 100. For instance, the on-off times and speed of the motor 100 may provide
information to the user. The motor 100 can optionally be a radial motor, as shown. Tactile
feedback may also be provided by using rotating masses or vibrating motors instead of, or
in addition to, the radial motor. The groundless user interface device 10 can include one
or more mechanisms to provide tactile feedback. Tactile feedback can be provided by the

motor 100, Tactile feedback can be provided by changing the pressure of a chamber, as
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described herein. Tactile feedback can be provided by vibration of the groundless user
mierface device [0. Other types of feedback are contemplated. The grovndless user
mierface device 10 can produce sounds. For instance, the groundless user interface device
14 can produce a sound when the end effector is near a joint hmit. The groundiess user
mierface device 10 can emit light. For instance, the groundless user interface device 10
can emit Hight when m communication with a control systern and/or the end offector.

{0697] In some embodiments, the motor 100 can convey a force or a torque 1o
the user. The motor 100 can convey a force o the user so that the user can reorient the
central axis 15 of the groundless user interface device 10 with a longitudinal axis of the
end ctfector controlled by the groundiess user interface device 10. As the user moves the
groundless user futerface device 10, the central axis 15 can become misaligned with the
longitudinal axis of the ond effector. The motor 100 can be activated 1o rotate within the
groundless user interface device 10. In some embodiments, the moter 100 controls a
rotating mass. A torque, oment, ot force can be produced by the motor 100, This tactile
feedback can indicate that the user should reoriend the groundless user interface device
10. This tactile feedback can alse provide information of the direction in which the user
should move the groundiess user interface device 10 to reorient the groundless user
intertace device 10. The motor 100 can convey information to the user when the
groundless user interface device 10 is misaligned or starting to become misaligned with
the end effector.

{6098] The faster the motor 100 spins within the groundless user interface
device 14, the bigger the gyroscopic effect. The motor would apply a torgue to the fingers
of the user in the direction toward aligning the central axis 15 of the groundless vser
interface device 10 with the longitudinal axis of the ond effector. The motor 160 would
counteract or partially counteract the movement of the user when the user is moving the
groundless user interface device 10 in 8 way that misaligns the axes. The motor 100
would encourage the user not to move a direction that misaligns the axes of the
groundless user interface device 10 and the end offector. In this way, the groundless user
interface device 10 would be more resistant to any disturbing forces that misalign the
central axis 15 with a longitudinal axis of the ond effector. The motor 100 can convey
other information by providing a force or torque to the user. In some embodiments, the

motor 100 can convey a joint Himit by applying a force or torque.
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16899] One function commmonly provided by the user interface devices is the
ability to grasp, hold, or pinch an object. The groundless user interface deviee 10
described i Figures 1 and 2 can advantageously provide the ability to grasp, hold or
pinch in a unique way. Referring to Figure 2, a chamber 140 is illustrated in cross-
seetton. The chamber 140 may be prefilled with fluid at a certain pressure. Jn some
emibodiments, the fluid is air. The chamber 140 may also have a pressure sensor 150, The
chamber 140 can be civcumterential within the groundless user interface device 10. In
other crobodiments, chamber 140 can be disposed abeut 2 portion of the circumference
{e.g., 45° of the civcumicrence, 90° of the circumference, 135° of the circumference, 180°
of the circumterence, 225° of the circumiorence, 270° of the circumicrence, ctc.).

16180] With this configuration, a grasping or holding motion can be
implemented. The user may apply external pressure anywhere along the external surface
of the chamber 140. In some embodiments, the chamber 140 is contained within a portion
of the first section 20. In some embodiments, the chamber 140 is spaced away from the
second seciion 30 and/or the third section 40. In some embodimenis, the chamber 140 is
spaced away from a tapercd end of the first section 20. The pressurc sensor 150 may
sense the pressure change from the user pushing on the chamber 140. The pressure sensor
150 may convey the pressure change to the control system of the hyperdexterous robotic
system. Subsequently, a proportionatec amount of grasping or pinching force may be
applied by the end effector associated with the user interface device 10,

81611 In some embodiments, the chamber 140 may be used for providing
tactile feedback. Figure 3 shows user interface device 107, The user interface device 187
can have some or all of the features described herein in relation to user interface device
10. The user interface device 11 can include a micro-pump 160, The micro-pump 160
can be coupled to the sensor and electronic base 120, The micro-pump 160 can be
conmected to the chamber 140 via a lumen as shown. The pressire within the chamber
140 may be controlled and modulated with the micro-pump 160, The micro-pump 160
can fill the chamber 140 with fluid to imcrease the pressure of the chamber 140. This can
result in the user feeling the increase in pressure. The user mterface device 1Y can vent
the chamber 140 to decrease the pressure of the chamber 140, In some embodiments, the
piicro-pump 160 can decrease the pressure. This can result in the oser fecling the

decrease in pressure.
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{61821 In some methods of use, the end effector (not shown) is coupled 1o one
ot more force sensors. The force the end effector experiences may be translated t0 a
proportionate pressure in the chamber 140, Thus if the end effector were to be in contact
with a hard anatomical feature, the pressure within the chamber 140 can be increased.
The operator may then find it harder 1o squeeze the user interface device 107, Similarly, if
the end effector was in contact with a2 soft anatomical feature, the pressure within the air
chamber of the user interface device 107 may be decreased so that the operator finds it
casy to squecze the user interface device 107, Thus, in this way by modulating the
pressure m the chamber 140, tactile feedback may be provided to the operator.
Additionally, if the end effector were 1o be in comtact with another end effector or portion
of the byperdexierous robotic system, the pressure within the chamber 140 can be
increased as well.

161831 in related concepts, the method of modulating the pressure may be
used to convey other types of information than specified above. In some methods of use,
during the course of manipulating the hyperdexterous robotic system, the operator may
mancuver one or multiple joints of the system such that these joinis are operating at or
close to their limits of operation. The pressure within the chamber 140 may be countrolied
and modulated to indicate such Himiis of operation. For instance, the pressure within the
chamber 140 of the user interface device 107 can be made to be vibratory, The vibration
may alert the operator that the sysiem configuration may 1ot be optimal at that time. Thus
it can be seen that the chamber 140 may be used for conveying varicus types of
information to the user.

181841 The wser interface device 10, 10" may be made of nexpensive
materials such as but not limited to soft rubber and plastic. The sensor and the electronics
may also be inexpensive, thus making the entire user interface device 10, 10°
mexpensive. Another advantage of using inexpensive materials for the user imterface
device 10, 107 is that the design may be scalable in size. Thos aser interface device 14,
17 of differing sizes may be manufactured to accommodate the various hand sizes of
psers. In some embodiments, the user interface device 10, 147 may be a disposable
component {¢.g., for use in a single surgical operation). Before the surgery, the
preparation and set up of the system may include the step of opening a package

containing the sterile user interface device 10, 107,
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16185] The method may nclade the stop of ensuring that that the control
system of the hyperdexterous robotic system recognizes and accepts commmands from the
user interface device 10, 16°. The method may include additional steps to couple the user
intertace device 10, 107 to the hyperdexterous robotic system. In the case of a wired
groundless user irderface device, there may be 2 step of connecting a wire. The wire may
originate from the hyperdexicrous robotic system and thereafter couple fo the uvser
intertace device 10, 107, Inthe case of & wircless groundless user intertace device 10, 107,
there may be a step similar to pairing of headphones to a smartphone. For instance, the
hyperdexterous robotic system may veed to recognize the user interface device 10, 107 as
a countroller. The user may be required to cnter an input or otherwise link the vser
intertace device 10, 107 with the hyperdexterous robotic system. Further, there may also
be a calibration step where the user is required to do certain manipulations with the user
intertace device 10, 107 so that the hyperdexterous robotic systom may interpret the
commands appropriately.

{0186} Figures 1-3 describe user interface device 10, 107 that may be
described as seif-contained in that all the elecironic and the sensors may be contained
within the body of the user interface device 10, 107, In some embodiments, the power
source is also contained within the body of the user interface device 10, HY. A number of
clectronic components such as but not limited to sensors {gyroscopes, accelerometers,
ctc.), motors, pumps, power source may be disposed within the body of the user interface
device 10, 1", This may make the user interface device 10, 1 heavy which may lead o
a loss of dexterity,

181871 Figure 4 shows an embaodiment of the user interface device 107, The
aser mnterface device 1) can have some or all of the features described herein in relation
to user interface device 10, I0°. The user imterface device 107 advantageously
redistributes the weight of the user interface device 107 so that dexterity may be
maintained.

[0188] In Figure 4, the operator 1s wearing a device 200 on his or her body,
The device 200 may inchide an enclosure for various components of the user interface
device 107, For instance, the device 200 may house various components including, but
not himited to, a power source such as a batiery pack, a processor, sensors and other
electronics. The device 200 may also contain a micro-pump, similar to the micro-pump

160 shown n Figure 3. The device 200 may be coupled to the user in a variety of ways.
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Figure 4 shows a strap 210 coupling the device 200 to the body of the user. The device
200 may be coupled to the wrist of the user.

{6189] A cable 220 may extend between the device 200 and the first section
20 of the user interface device 1077, The cable 220 may be composed of one or more
wires {not shown). The wires may be used for carrying power to the user interface dovice
107, The wires may be used to transport signals or information between the user interface
device 107 and the electronics or sensors within the device 200. The cable 220 nay
condain a flexible lamen for the passage of fluid {c.g., it} from the micro-pump. In this
configuration, the user interface device 107 may be Hghtweight. The user intorface device
10" can have the functionality as described herein in relation to user intorface device 10,
10" due to the components that roay be placed within the device 200,

{0116} In some cmbodiments, since the user interface device 10, 107, 107
discussed hercin are not grounded as in 3 typical on-market sysiem, they may be prone {o
accidental falls. This situation may arise when the operator mistakenly drops the vser
interface device 10, 17, 107, The user interface device 10, 107, 10”7 would be subject o
rapid acceleration. Releasing the user interface device 10, 107, 107 may lead to injury to
the patient if the end effector follows the user interface device 10, 107, 10” and rapidly
accelerates.

{111y To prevent injury to the patient, several techniques may be
implemented, The aceeleration of the user mnterface device 10, 107, 1"’ can be monitored
{c.g., by one or more sensors, such as an accelerometer, in the UID 1, 107, 1077) As
noted hercin, the acceleration can indicate if the user has dropped the user interface
device 10, 107, 107, In some techniques, if the acceleration 1 higher than a prescet value,
the control system of the hyperdexterous robotic system can prevent or limit movement of
the end effector. In another technique, the fmpedance across the user interface device 10,
1, 10”7 may be monitored (e.g., by one or more sensors in the UID 10, 107, 1077}, The
impedance can be measured constantly or at regular intervals. The impedance can
mdicate if the user has contact with the user inderface device 14, 107, 107, If the
impedance crosses a threshold valoe mdicating that the operator has lost contact with the
aser interface device 1{}, 10°, 107, the hyperdexterous robotic system can prevent or himit
movement of the end effector. For instance, if the impedance indicates that the user is not
in contact with the user interface device, the hyperdexterous robotic system can Hmit any

input of motion from the user interface device 10, 167, 147, These techoiques may be
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used in combination so that multiple {e.g., redundant) techniques may prevent unwanted
motion of the end effector due to motion of the user interface device 10, 107, 107,

68112} Figure S shows another embodiment of a user interface device 300,
The user interface device 300 can have some or all of the features described herein in
relation to user imterface device 10, 107, 107, The user interface device 300 is not
grounded to a platform or a console. Rather, the user inderface device 300 is grounded to
the body of the operator. The user interface device 300 is an enbodiment of the body
grounded user mnterface device describe herein. Figure § illustrates how the user interface
device 300 may be held advantageously by a human hand 50. In some embodiments, the
hand of the operator provides the grounding. The user interface device 300 may include a
grounding device 310. The grounding device 310 can be portable. The grounding device
310 may be coupled to or otherwise carried by the body of the operator. In some
embodiments, the grounding device 310 is coupled to the band of the operator. Tn some
cmbodiments, the grounding device 310 is coupled to the palm of the operator. Figure 5
shows the grounding device 310 may be wrapped around the palo. The grounding device
310 can be a strap. The grounding device 310 can be a partial glove., The grounding
device 310 can be a jacket that surrounds a portion of the hand.

{0113 The grounding device 310 can be stiff or flexible. The grounding
device 310 may be made of materials including, but not himited to, plastic. In some
embodiments, the plastic may be custom molded to each operator’s hand. OUne or more
links may be coupled in a serial or pavallel fashion to the grounding device 310, The
paralicl configuration is not shown in Figure 5. In Figure §, a first link 320 is coupled to
the grounding deviee 310, The first Hink 320 is coupled o a second link 330 in serics. The
tinks 320, 330 may be composed of lightweight but stiff rods. The links 320, 330 may be
able to move relative to each other and/or relative to the grounding device 310, The links
320, 330 may be considered supporting structures that support the oser interface device
300.

[6114] The second link 330 can be coupled to a section 340. The section 340
is shown in black in FIG. 5. The section 340 can have a hemmispherical shape as shown,
The section 340 may serve as a support for the user interface device 300. In some
embodiments, the user interface device 3060 may be in the shape of a ball. The section 340
may partially surround the user interface device 300, The user interface device 300 may

be rotated freely within the section 340, In some embodiments, the section 340 inclades
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an internal surface and the user interface device 300 is rotatable relative to the internal
surface. With this configuration, the operator can roll the aser interface device 300, The
movement of links 320, 330 relative to each other may increase the degrees of freedom.
More generally due to the ability of the hinks 320, 330 to alse move relative to one
another, the operator may be able to move the user interface device 300 i all six degrees
of freedom. In addition, since the links 320, 330 may allow the operator to pull the user
mterface device 300 towards the palm, a seventh degree of freedom may also be
available. This may be used for various purposes including but not Hmited to applying the
grasping force to the end effector. The user interface device 300 may be a hollow and/or
include one or more chambers as deseribed herein. In some embodiments, the device 200
may include an enclosure for various components of the user interface device 300, as
described herein. The device 200 may be coupled to the grounding device 310. The user
mtertace device 300 may be lightweight, The user interface device 300 may be
mexpensive as described hercin. The user interface device 300 or parts of the user
mierface device 300 may be disposable. For example, user interface device 300 and the
section 340 may be disposable. The grounding deviee 310 and/or the links 320, 330 may
be reusable and/or not disposable. Tn some embodiments, convenient ways of coupling
second fink 330 and section 310 may be provided such as but not mited to magnetic
coupling.

i6115] The configuration shown in Figure 5 bas many advanmtages. One
advantage is that since it is a body grounded system, the chances of accidental fall of the
user interface device 300 are mintnized or climinated. Another advantage is that the
grounding device 310 may be used as a location to attach device 200 including
components such as, but not limited to, clectronics, sensors and a power source. Yet
another advastage is that the grounding device 310 may be coupled with an optical
tracking sensor as described in a compantion disclosure International Application No.
PCT/US2014/0261158 filed March 13, 2014, incorporated by reference. The optical
fracking sensor can provide the position of the grounding device 310 and/or user interface
device 300 relative to a reference point (not shown). The optical tracking sensor can be
utilized to track the position of the grounding device 310 and/or user interface device
300. Ome skilled in the art may utilize others suitable sensors, mechanism or methods of

fracking components of the user interface devices described herein.
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16116} Figimes 6A, 6B, and 7 show another embodiment of the groundless
user interface device. The groundless user mnterface device 400 mecludes a proximal end
that can be held near the palm of the user’s hand, similar to the device shown n Figure
1B. The groundiess user interface device 400 includes a distal end pointed away from the
palm of the user. The central axis 475 of the user interface device 400 extends from the
proximal end to the distal end. The contral axis 475 can also be called an clongate axis or
an axis of syouuetry. The central axis 475 is along the length of the groundless user
intertace device 400, The groundiess user interface device 400 has a transverse axis
cxtending transverse (€.2., at 90 degrees) to the clongate axis 475, The transverse axis
along the width of the groundless user interface device 400, The groundless user interface
device 400 has an clongate dimension along the elongate axis and a transverse dimension
along the transverse axis. In some embodiments, the elongate dimension is greater than
the transverse dimeunsion. This creates an oblong shape of the groundless user interface
device 400.

63171 The groundless user interface device 400 includes a generally circular
cross-section along the transverse axis creating a rounded exterior surface, as shown in
Figure 7. The exterior surface allows a user to rotate the groundless user interface device
400 with a hand of the user. The exterior surface allows the user to rotate the groundless
user interface device 400 360 degrees. The user can furn the groundless user interface
device 400 clockwise or counterclockwise.

ip118] The groundless user interface device 400 can attain a specific pitch,
yaw and/or roll orientation in response to a paramecter. In some embodiments, the
parameter is the pitch, yaw and/or roll orientation of a robotic tool or end effector. In
some embodiments, the parameter is the forces on the robotic end effector. In some
embodiments, the parameter 1S a one or more system inputs. The system mputs can
mchide whether the device 18 i drive mode or non-drive mode, as described herein. In
the non-drive mode, the end effector is not responsive to commands from the user
interface device as described herein.

181197 The groundless user tnterface device 400 can include one or more
actuators located inside the groundless user interface device 400. The actuators can be
arranged so that they effect a motion of the cxternal surface or a skin 425 of the
groumndless user interface device 400 relative to an internal chassis 440, The skin 425 is

deformable, so that the motion of the chassis 440 within the skin 425 can change the
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shape of the skin 425. The ability to change the shape of the skin 425 permits the
orientation of the groumdless user interface device 400 to be conrollable by software. The
groundless user interface device 400 has a software-controllable orientation.

{6120] The one or more actuators located inside the groundless user interface

evice 400 can be arranged such that their coordinated movement causes a change in the
overall shape of the groundiess user interface device 400. The movement can be
cxpansion or confraction. The movement can be any movement relative to the skin 425,
The movements are a result of the software-conirollable orientation of the groundiess user
intertace device 400.

16121} The groundless user interface device 400 can mamtzin alignment
between the central axis 475 and the axis of an end-effector or wol of the robotic system.
In some methods of operation, the orientation of the groundicss user interface device 400
is actively modified to preserve the alignment of the groundless user interface device 400
and/or alignment of the central axis 475 with the cnd-cffector that the user interface
device 400 is associated with. The groundless user interface device 400 can include an
cxtemal surface or skin 425, The groundless usor mterface device 400 can inclede a
chassis 440. The chassis 440 can be disposed within the skin 425. The groundless user
interface device 400 can have an ovoid shape, as shown in Figure 6A. The groundiess
user interface device 400 can bave a distinct longitudinal axis or contral axis 475, The
chassis 440 can move inside the skin 425. When the chassis 440 moves inside the skin
425, the user can perceive a change in the orientation of the central axis 475 of the
groundless user interface device 400. In this way, the user can obiain information or
feedback from the groundless user interface device 400,

{81227 Referring to Figure 6A, the grovndless user interface device 400 can
have one or more wheels. In the illustrated embodiment, the groundless user interface
device 400 has two wheels, 430A, 4308, but other configurations are contemplated {(c.g.,
one wheel, two wheels, three wheels, four wheels, ete.). The groundless user interface
device 400 can have one or more motors, In the tllustrated embodiment, the groundless
aser interface device 400 has two motors 435A, 435B for driving the two wheels 430A,
4308. Gther configurations are contemplated. The wheels 4304, 430B can optionally be
coupled to one end of the chassis 440, The other end of the chassis 440 can optionally be
coupled to a ball caster 450. Gther devices or amrangement of devices that permit the

chassis 440 to move are contemplated (e.g., rollers, wheels, casters, ete.). The groundless
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user interface device 400 s shown without the skin 4235 in Figure 6B. The configuration
of wheels 430A, 4308 and the caster 450 is one of many ways of implementing a two-
degree-of-freedom system which is capable of being oriented inside an enclosed skin 425.
{6123) In some methods of use, the motors 4354, 4358 are driven
independently by countrol electronics. The groundiess user interface device 400 can
mclude one or more sensors such as but not limited to accelerometers, gyroscopes,
pressure sensors. The control electronics and the sensors are shown as a single unit 460,
but other configurations are contemplated. The groundless user interface device 400 can
inchide a power source (not shown). The control electronics and the seusors can be
disposed within the groundless user imterface device 400, and i some embodiments,
within or on the chassis 440, In some embodiments, the movement of the groundless user
intertace device 400 is controlled by the unit 460 within the groundless user interface
evice 400. The chassis 440 can be self-driven by the control clectronics within the
groundless user interface device 400. In some embodirents, the unit 460 receives control
signals from an cxternal control system. The control signals can operate the actuators 1o

7
7

change the orientation of the central axis 475 or perform other movements as described
herein. The chassis 440 can be driven by a system external to the groundless user
intertace device 400. The chassis 440 can be driven by control signals within or external
to the groundless user interface deviee 400.

181241 The chassis 440 can be moved within the skin 425, The two arrows
465 and 470 indicate that the chassis 440 can be tilted (arrow 465} or spun {arrow 470}
about the central axis 475, The wheels 430A, 4308 can allow the chassis 440 1o be
oriented in two degrees of freedom relative to the skin 423 of the groundiess user
nterface device 400. As the chassis 440 moves within the skin 428, the central axis 475
can be tilied or rotated. During movement of the chassis 440, the skin 425 is stretched and
deformed. The wuser can perceive that the orientation of the groundiess user interface
device 40 changes when the chassis 440 moves. In some methods of use, the user would
perceive that the structare he or she is holding is pointing in a different direction.

iB125] The skin 425 of the groundless user interface device 400 can be
deformable. The skin 425 can be made of flexible material. One example is 1/16” thick
cast silicone rubber. The deformability allows the groundless user interface device 400 to
assume any destred orientation. The deformability allows the central axis 475 to point in

any direction. The deformability allows the groundless wser interface device 400 to
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assume any pitch, yaw and/or roll of the central axis 475. The groundless user interface
device 400 is ungrounded but capable of these functions.

{8126} In addition to the two degrees-of-freedom described above, the
groundless user interface device 400 can optionally include another degree-of-frecdom.
The chassis 440 can be coupled to a ring 480. The groundless user fnterface device 400
can have one or more moetors. In the tlustrated embodiment, the groundless user mterface
device 400 has a motor 495 for rotating the ring 480, The ring 480 can rotate about
chassis 440 which resulis in movement of the ring 480 inside the skin 425, The ring 480
can have an outer surface which contacts the inner surface of the skin 4235, The outer
surface of the ring 480 can have a lower cocfficient of friction than the coefficient of
friction of the wheels 4304, 4308, When the ring 480 is votated, the chassis 440 will not
rotate with respect to the skin 4235, but instead the ring 440 will rotate with respect to the
skin 425,

{81271 The ring 480 can have features 490 on the outer surface of the ring.
The features can include ridges or detents. The features 490 may be felt by the user while
the groundless vser interface device 400 is being held. The features 450 may be rollers or
balls to create a low cocefficient of friction between the ring 480 and the skin 425. Figure
7 shows a cross-section of the groundless user interface device 400 through the ring 480,
The featurcs 490 are shown as balls that contact the skin 425, The ring 480 can include an
internal gear 480. The internal gear 485 can be driven by the ring motor 495, The features
499 can be rotationally asymmetric or rotationally symmetric, The additional degree of
freedom can allow the groundless user interface device 400 to be positioned in any
desired orientation. The additional degree of freedom can allow the groundiess wvser
interface device 400 to provide user feedback about position including roll position of the
end effector. In some methods of use, the ring 480 may rotate inside the skin 425. The
user can feel the position of the feature 490. The user can derive position information
inchuding roll mformation from the position of the feature 490, The groundless vser
interface device 400 can reflect or mimic the orientation of the end-effecior to provide
information or feedback to the user.

1812381 In an alternative embodiment, not shown, the skin 425 can be fixed to
an internal stracture with one or more actuators. The acteators can include an array of
actuators in contact with the skin 425 of the groundiess user interface device 400. The

actuators can be solencids, lead screws and motors, pressurized chambers, etc. The
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actuators can be small. The actuators can be controllably extended ov retracted m
response to the sensed orientation of the groundless user interface device 400, The sensed
orientation can be provided by the sensors in the unit 460. The seused orientation can be
provided by the state of the system (e.g., drive mode, non-drive mode, ete.). The actuators
can be extended and retracted in coordination to create an external skin 4235 shape with
the central axis 475, The actuators can be extended and retracted in coordination to create
a shape, such as an ovoid shape. The actuators can be controlled to create the illusion that
the orientation of the shape is fixed in space. The shape can appear fixed, despite the user
rotating the groundless user interface device 400,

10129] The groundless user interface device 400 can be controlled v many
ways, As one cxaraple, the groundless user interface device 400 can operate in a drive
made. In the drive mode, the user is actively commanding the end effectors to perform
some action. The groundless user mierface device 400 can be moved by the user to move
the end effector, as described herein with respect to other dovices.

{0136] As one exampie, the groundless user interface device 400 can operate
in a non-drive mode. In non-drive mode, the end-effector does not follow the orientation
of the groundless user interface device 400 associated with the groundless uvser interface
device 400. In non-drive mode, the end-cffector is statiopary. The end effector only
moves while the groundless user interface device 400 18 in drive mode. The chassis 440
can be driven in order to maintain slignment between groundless user interface device
400 and the end effecior. In some methods of use, the chassis 440 can orient the central
axis 475 in order to maintain alignment between groundless user interface device 400 and
the end effector. When the groundless user interface device 404 is in non-drive mode, the
user can reposition his or her hand to return to & more comfortable operating position and
origntation. In the nen-drive mode, the wheels 430A, 4308 can be driven by the motors
435A, 43358 such that the central axis 475 of the groundless user interface device 400
would maintain alignment {e.g. pitch and yaw) of the end cffector. If the ring 480 were
included, the wheels 430A, 4308 can be driven by the motors such that the central axis
475 of the groundless user interface device 400 would maintain alignment (c.g. piich,
vaw, and roll} of the end effector. The user is free to move the groundless user nterface

3

device 400 in 3D space {e.g., X, v, z iranslation). As the user moves the groundless vser

interface device 400 in non-drive mode, the chassis 440 would move 1o orient the central

axis 475. The effect is similar to a compass, as the ceniral axis 475 would contimie to
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align with the axis of the end effector. The central axis 475 or the axis of the ovoid body
would remain pointing in the comrect oricntation to maintain alignment between the
groundless user interface device 400 and the stationary end effector.

10131} During drive mode, the groundless user imterface device 400 can
provide feedback regarding joint limits. The ability of the groundless user interface
device 400 to reposition the central axis 475 in pitch, vaw, and roli can indicate the joint
tuott of the end effector. When the robotic tool is operating within the joint luwits, the
groundless user mierface device 400 can be o drive mode. The motors in the groundless
user interface device 400 are not active when the groundless user interface device 400 s
operating within the joint limits. The six degree of frecdom motions of the vser would
cause movement of the end-effector.

181321 When one of the joint limits is reached, one or more motors of the
groundless user interface device 400 would be actively driven. The chassis 440 of the
groundless user interface device 400 would be driven in a direction that aligus the central
axis 475 with the axis of the end-effector despite the user’s attempis to further move the
groundless user interface device 4060, The groundless user interface device 400 can resist
forther movement in any of the roll, pitch or yaw directions.

i6133] For example, if the user atierapts to roll the robotic tool past the joint
Hmit, the motor controlling ring 480 on the chassis 440 may be activated. The motor may
keep the ring 480 stationary in space with respect to the operator’s frame of reference.
The user would feel that the skin 425 of the groundless user interface device 400 was
rotating around a stationary ring. This would provide feedback that the end-effector has
reached a joint limit for rotation. The other motors 435A, 4358 of the groumdless aser
interface device 400 which control the wheels 430A, 430B can be driven when the end-
effector encounters a joint Bmit in the pitch and yaw joints of the wrist of the robotic tool.
As the user attempts to angle the end-effector past a joint limit, the chassis 440 would
cease rotation in the direction the user desives. The motors controlling the chassis 440
would become active when the joint lmit was reached. The chassis 440 can move such
that the absolote orientation of the chassis 440 was constant, despite the changing
orientation of the skin 425 held by the user. The absohute orientation of the chassis 440
can be given by the magnetic tracker, IMU, ete. This would provide feedback that the

end-effector has reached a joint Hmit for pitch or yaw. In this mode of operation, the
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groundless user interface device 400 provides a direct haptic sense that the robot had
reached a himit of travel in a particular angular direction.

{6134] Similar methods could be used to provide feedback to the user about
force encountered by the end effector. For example, the jaw of the rebotic tool may be
used to palpate tissue by rotating the jaw undil it presses on the tissue. Ouvee the jaw
encounters resistance, the groundless user nterface device 400 may be driven in 2 way
that communicates the force o the user. In some embodiments, the magnitude and/or
orientation of the force are provided as feedback. The drive motors inside the groundliess
user interface device 400 may be pulsed to provide feedback. Tn some embodiments, the
chassis 440 presses on a user’s fingers and then retreats to the origina! orientation of the
chassis 440, The motion of the chassis 440 can be in the direction of the force vector on
the ond effector. The motion of the chassis 440 can be in the frame of reference of the
user., The motion of the force vector can be in the frame of reference of a robotic camera
The forward motion may be carried out in a shorter peried of time, with higher
acceleration, than the return of the chassis 440 1o its original position. The user’s fingers
can be sensitive to the momentum of chassis 440 as the chassis 440 impact the skin 425,
rather than the position or vibration of the chassis 440. o some mcthods of use, the
groundless user interface device 400 ncreascs the velocity of the chassis 440 in the
direction of the applied force on the ond cffector and decreases the veloctty when the
chassis 440 returns to the actual position of the end cffector. The groundless user
intertace device 400 may be able to comuwnicate a force vector in a way that is casily
interpreted by the user through the user’s fingers. The magnitude and/or frequency of the
pulsed motion may increase with increased foree on the end effector.

{0135] In some embodiments, the user interface devices described herein can
have a device for changing the shape of the body. The device can be a chassis 440
described hercin. The device can be one or more actuastors (g.g., one actuator, two
actuators, three actuators, four actuators, a plurality of actuators, eic.). The one or more
actuators can change the shape of the body of the user mtorface device. In some
embodiments, the device can be one or more pressure chambers. The prossure chambers
can be selectively filled with a fluid to change the shape of the user interface device. The
volume of the pressure chambers can be increased or decreased based upon fluid entering
the one or more chambers. In some embodiments, the shape change includes reorienting

an axis of the body of the user interface device. In some embodiments, the shape change

4.



WO 2016/171757 PCT/US2015/052354

melades aligning the central axis of the user terface device with an axis of an end
etfector controlied by the user interface device.

{68136} The user interface devices described herein can control the motion of
an cnd effector. The user interface devices described herein can be mapped to any section
of the hyperdexterous surgical system. The user interface devices described herein can
comirol different sections of the robetic arm or robotic tools. As one example, the user
intertace device can be used fo reposition a handic midway along the robotic arm. The
user interface devices described herein can have different modes of operation to control
various components of the hyperdexierous surgical system. The user mtertace devices
described herein may be mapped to virtual simulated tool motion. The user interface
device can control a virtual end effector or any other virtual compouvent of the
hyperdexterous surgical systems. The user rderface devices described herein can be
mapped to a non-robotic object. Examples of non-robotic objects include an organ or
other body structure. The surgeon may map the user interface device 1o the non-robotic
object to receive haptic feedback about the non-robetic object.

{0137} The user interface devices describe horein may have non-surgical uses.
The user interface device can be used for interacting with 3D virtual worlds. The user
interface device can be mapped to any object within these worlds. The user interface
device can provide the user with haptic feedback about the object that the user is virtually
touching. The user interface devices can be used for a Computer Aided Drafting (CAD)
program ioput. The user interface device can provide a virtual stylus or mapped to
another tool The ability of the user interface device to change shape, as described herein,
may provide additional functionality for the user interface device in non-surgical uses.
The changing of the shape may provide feedback related to the non-surgical use. The
changing shapc may provide feedback about objects encountered in the virtual worid. The
changing shape may provide feedback on the success or failure of a task. The changing
shape may provide a sense of orientation or position within a virtual world. Other modes
of feedback such as lights and scunds may also provide feedback to the user.

{138} The method of asing the groundless user interface device 400 can
inchide controlling actuators within the groondless user mnterface device 400. The
actuators can be motors that control one or more moveable features. The actoators can be
ased to orient a contral axis of the groundless user mterface device 400, The orientation

of the central axis 475 can correspond with the orientation of the central axis of the end-
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etfector. The orientation of the central axis 475 of the groundless user interface device
400 can be in the frame of reference of the user. The orientation of the axis of the end-
etfector can be in the frame of reference of a camera feed.

10139] The method of using the groundiess user interface device 400 can
inchude providing feedback to the user. The orierdation of the central axis 475 can
provide tnformation of the joint limits of the end-effector. The groundless user interface
device 400 can provide feedback on the forces that the end effector encounters,

{6140] In somc cmbediment, the system may utilize optical sensors. The
optical sensors can be used to sense proximity of objects, nmwuch like a proximity sensor,
described below. o some emboduments, the optical sensor can track the user interface
device. Other uses for optical sensors are contomplated. For instance, in some
embodiments, the optical sensor can be located on user interface device 300. The hand of
the user may obstroct the optical sensor mounted on the user interface device 300, The
section 340 may partislly surround the user inierface device 300. The section 340 may
obsiruct the optical sensor mounted on the user interface device 300. In some
embodiments, an optical sensor can be mounted to another portion of the bedy. The
optical sensor can be mounted to the hand of the user. In some embodiments, the optical
sensor can be mounted to the grounding device 310, The position of the grounding device
310 can serve as a proxy for the position of the user interface device 300. The grounding
device may have fewer obstructions. The movement {(c.g., translation, rotation) of the
grounding device 310 can serve as a proxy for movement of the user interface device 300.
In some embodiments, the optical sensor can be mounted to the links 320, 330,

6141} As described earlier, the user interface devices 10, 107, 107, 300 have
multiple sensors including but not limited to proximity sensors and a sensor array. The
sensor array is a plurality of sensors. The sensor array can have the same or different
types of sensors. Redundancy can be achieved by cither doplication of the same sensor or
different sensors. The same type of sensor measures the same parameter and achieves
redundancy. Redundancy can also be achieved by osing different types of sensors with
different parameters are measured. After the measurements are taken, analysis can allow
dertved parameters to be checked.

[0142) A proximity sensor is a sensor that senses objects that are close but not
necessarily touching the sensor. In some embodiments, the proximity sensors are optical

sensors. The proxinity sensors do not need to be optical, and other types of sensors are
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contemplated. Proximity sensors are commercially available. Proximity sensors are
capacitive in nature. Proximity sensors provide the ability to sense if an object is near the
user interface devices 10, 107, 107, 300 . This may be advantageous in many situations. In
some embodiments, the proximity sensors may sense the presence of fingers that hold the
user interface devices 10, 107, 107, 300, If no objects (such as fingers) are sensed, the
control system may command the hyperdexterous robotic system to enter a safe state. In
the safe state, the hyperdexterous robotic system can limit any input of motion from the
user interface device 10, 1, 107, 300. For instance, the end effectors can be held
stationary in a position rather than follow the motion of the user interface device 10, 107,
107, 300, This can prevent harm to the patient from nadvertent movement of the end
etfectors {e.g., if the user inadvertently drops the user interface device 10, 107, 1077, 200).
In some embodiments, the proximity sensors may sense how the user interface device 10,
1, 107, 3001s being held. For instance, the proximity sensors may sense what gestures
are being performed by the user. The gestures then may be mapped into system
commands for the control system. For example, a gesture such as squeering the user
mterface device 10, 107, 107, 300 may be used to zoom the camera in.

{6143) The multiple sensors of the user interface device 10, 107, 107, 300 can

¢ used to provide redundant readings. In some emibodiraents, the redundancy may ensure
safety operation of the hyperdexterous robotic system. For instance, the use of the
proximity sensor and the umpedance semsor may provide redundancy for detecting
whether a user is holding the device.

{0144} The multiple sensors of the user interface device 14, 107, 107, 300 can
be used to provide redondancy of function. In some embodiments, the sensors associated
with the user interface device 10, 107, 107, 300 are different types. The user interface
device 10, 10°, 147, 300 can utilize the concept of split redundancy. As an example, a 6
DOF sensor can be disposed inside the user interface device 10, 107, 107, 300, , The user
interface device 10, 10, 107, 300 can also include 2n inertial measurement unit (IMU}
that measurcs orientation and an optical tracker that mcasures transiation. In some
embodiments, one or more of the sensors can be disposed cutside of the body of the user
iterface device 10, 107, 107, 300, For instance, the optical tracker can be coupled to
grounding device 310,

[0145] The failure of the 6 DOF sensor may lead to undesived bebavior of the

end effector. To provide redumdancy of function, ancther 6DOF sensor may be placed
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nside the user interface device 10, 107, 107, 300 . However, the inertial measurement unit
and the optical wwacker, can provide the same fumetion as the failed 6 DOF sensor. Hach of
the inertial measurement unit and the optical tracker can provide split redundancy.
Together the inertial measurement unit and the optical tracker may provide the complete
redundant functionality as the failed 6 DOF sensor. The inertial measurement unit and the
optical tracker fimction as if a second 6DOF sensor were present. The inertial
measurement unit may provide redundancy for the orientation readings of the 6 DOF
sensor. The optical tracker may provide redundancy for the translatory component of the
6 DOF sensor. In some embodiments, a sensor can provide a redundant reading for the
reading of ancther sensor. In some embodiments, a sensor can provide a redundant
reading for part of the reading of another sensor. In some embodiments, each sensor can
provide a vedundant reading for the reading of another sensor. In some embodiments,
each sensor can provide a redundant reading for part of the reading of another sensor. In
some embodiments, a second sensor of the same type of sensor need not be included for
redundancy.

h146] Each scusor has different pitfalls. For instance, accelerometors may
experience drift. The line of sight of the optical scosor may be obstructed. o some
cmbodiments, the user interface device 10, 107, 107, 300 advantageously mitigates pitfalls
by combining oune or more different types of sensors. In some embodiments, the control
system takes info account the geometry of the huran band. The control system can make
assumptions based on the movement or position of the user interface device 10, 107, 107,
300 in relation to the hand.

{0147} Additional features of the system are described in U.S. Provisional Neo.
62/120,12¢, filed Febwwary 24, 2015, and International Application No.
PCT/USZ015/042991 filed July 30, 2015, cach of which is hereby incorporated by
reference herein in its entirety, which should be considered a part of this specification,
These applications describe methods to decouple the coupled motions of the operator’s
hands. In some embodiments, the decoupling may be achieved by the uvse of additional
fracking devices. For example, FIG. B illustrates a hyperdexicrous surgical system baving
multiple sensors to decouple the coupled motion of the hands of the opersior, n
accordance with some embodiments.

{B148] As illastrated in FIG. 8, the operator 20 is seen operating the system

with user interface device SU. The user interface device 50 can be groundless. The user
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mierface device SO can have any of the features of the user interface devices described
herein, such as user interface device 16, 107, 107, 300, 400. The operator can also be seen
coupled to devices 14007 and 14007, In some embodiments, these devices are situated on
the back of the palms of the operator. In other embodiments, these devices may be
sitpated at some other location along the operator’s arm. In some embodiments, devices
1400° and 1400 may comprise one or more sensors (for example, sensors for magnetic
tracking, sensors for inertial sensing, and/or the hike). In other embodiments, such as
those that use optical tracking, devices 1400 and 14007 may not contain any sensors, and
may instead comprise one or more lights and/or reflective surfaces. The devices 1400°
and 14007 can have any of the features of the devices described herein, including dovice
200 and grounding device 300.

{0149] Also seen in the FIG, R are two cameras 14107 and 14107, In some
cmbodiments, camera 14107 is seen to have a direct line of sight to device 1400° and
camera 14107 15 scen to have a divect line of sight to device 14007, Devices 14007 and
14007 may have reflective surfaces, lights, pins or balls which slong with the cameras
1400° and 1410” form the optical tracking system. Thus camera 14107 and device 1400°
may track the position of the left hand of the operator 20 whereas camera 14107 and
device 14007 may track the posttion of the right hand of the operator. Although devices
1400° and 14007 are illustrated at the back of the operator’s hand, other locations may be
chosen {(for example, on user interface device 50, or on other locations of the operator’s
body}. In some cmbodiments, the locations of devices 14007 and 1400 and cameras
1410° and 14107 may be reversed {for example, the cameras are located on the back of
the operator’s hand, while the devices are mourded with direct line of sight fo the
cameras). In some embodiments, other types of sensors may be utilized, such as magnetic
tracking systems or visual tracking systems which are configured to recognize the shape
of the operator’s hand vather than a particular device or fnstrument affixed to the hand or
body of the operator. Additionally, inertial sensing may be used (such as accelerometors),
which would not require the presence of external tracking devices such as 14107 and
14107

{6156] With this embodiment, the coupled translatory motion that the user
interface device 30 may be subject to when the operator rolis the user interface device 50
with his or ber fingers, may be decoupled and reduced or climinated when the motion of

the user interface device 50 is applied to the motion of the end-effectors. To explain this
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further, if the operator rolls the user interface device 50 (in some embodiments, it is
immaterial if one or both hands are used) for example to apply a stitch to tissue, from the
above discussion, it is expected that some translatory motion may couple into the user
interface device 50. However using the supplemental tracking system described above or
other tracking systems, the translatory motion can be measured. Assuming that the tracking
system measures the same translatory motion that the user interface device 50 experiences,
then the coupled translatory motion can be removed or eliminated from the motion applied to
the end-effectors. In mathematical terms, if the motion of any one of the user interface device
50 is depicted by ;;p pal2T | then if the user interface device 50 experiences a roll and a

translatory motion, in some embodiments it may be written as:

UID UID
uibr — Ui Base®  uID Basel Eqn. 1
UID base 0 1

[0151] The devices 1400° and 1400 may not experience any rolling motion when
the user interface device 50 is subject to rolling motion by the operator using his or her
fingers although it may experience the same translatory motion. It may also experience a
motion which is mathematically related to the translatory motion of the user interface device
50 by a function determined by the kinematics of the human hand. Thus, assuming that the
translatory motion of the user interface device 50 is the same as the translatory motion of the
sensors on the back of the palm, the following equation may be written as:

UlDp __ back_sensor
UID BaseP - sensor_baseP Eqn' 2

where y;pgaoP denotes the translatory motion of the user interface device 50 and

back_sensor
sensor_base

P denotes the translatory motion of the sensors 1400’ or 1400”. Now, the final
applied motion of the robotic tool may be written as some general function ¢ of the two
parameters: the motion of the user interface device 50 (which has coupled motion) and the
motion of the sensors 1400° and 1400” in the back of the palm. Thus,

Grasper _ UID UID
Arm baseMFinal - (p(UlD BaseTl UlDBaseP) Eqn' 3

[0152] As specified in Eqn. 2, the translatory motion of the user interface device
50is the same as the translatory motion of the device on the back of the palm. While

calculating the final output in Eqn. 3, this component can be eliminated. Thus
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having an independent device that experiences only the transiatory mwotion, allows
decoupling of this motion from the user interface device motion.

{153] In some embodiments, while two cameras 14107 and 14107 are
illustrated in FIG. &, only one camera may be needed. Other embodiments may inclade
using scnsors that are not optical in nature. Thus sensors 14007 and 1400” may be of
various types including but not Hmied to clectromagnetic sensors. In addition, while the
illustration of the user interface device 50 in the figure looks like a long tubular structure,
it is understood that in other embodiments, other shapes are possible,

{0154] It can be thus seen that with the above concepts, a method for
oricutation may be provided. In addition, a method to map the operator’s natural motions
to specific motions of the robotic tool is provided. Embodiments of these methods may
advantageously improve the case of use of system.

161551 The method of use can include one or more of the following steps. The
user may unwrap the user imterface device from sterile packaging. The user may insert a
wire into the user interface device. The user may insert a wive into a control system of a
byperdexterous robotic system. The user may connect 3 wire between the user interface
device and the hyperdexterous robotic sysiem. The user may wirclessly connect the user
interface device and a control system of a hyperdexicrous robotic system. The user may
calibrate the user interface device with an end effector. The user may practice moving the
end effector outside the body of the patient. The user may grasp the user interface device,
The user interface device may measure the tmpedance on the surface of the user interface
device when the user is contacting the aser interface device. The user may move the oser
interface device from one location to another location. The motion of the oser imterface
device from one location to ancther location may move an end effector from one location
to another location. The movement may be the same distance or a proportionate distance.
The vser may move the user interface device about the central axis of the user interface
device. The motion of the user mterface device may move an end effector about the
longitudinal axis of the end effector. The movement may be the same degree of rotation
about the longitedinal axis or a proportionate degree. The user may apply a foree to the
aser interface device. The application of force may cause the end effector to apply a
force. The force may be a grasping force. The application of force may be the same
amount of foree or a proporticnate amount of force. The user interface device may

measure force with a pressure sensor.
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10156] The user interface device may provide feedback to the user. The user
mierface device may increase the pressure of a chamber of the user nterface device. The
user interface device may decrease the pressure of a chamber of the user interface device.
The user foterface device may increase the pressure when the end effector contacts hard
materials such as bone or components of the hyperdexterous rebotic systen. The vser
intertace device may decrease the pressure when the end effector contacts soft materials
such as tissue. The user interface device may produce sounds. The user interface device
may produce a warning sound when the end effector reaches a movoment limit. The vser
intertace device may produce @ warning sound when the end effector is colliding or bas
the potential to collide with another object. The user interface device may produce a
warning sound when the user interface device is moving too fast. The user interface may
cnit light. The user interface device may et light when in comamunication with the end
cftector. The user interface device may onit light as a warning.

161871 The user may couple a device to a portion of the body. The device may
house various componends of the user interface device. The device may reduce the weight
of the user interface device. The user may couple the device to his or her wrist. The vser
may couple the device to his or ber body with a strap.

[0188] The wser may couple the user interface device with a portion of the
body of the user. The user may rotaie the user interface device within a section of an
assembly. The user may couple the section to one or more links, The one or more lnks
may have relative motion there between. The user may coople the one or more links to a
grovmding device. The user may couple the groumding deviee with a portion of the body
of the user. The grounding device may be wrapped around the palm of the user. The
grovmding device may be a strap. The user intorface device may have at least three
degrees of freedom. The user interface device may have at least four degrees of freedom.
The vser interface device may have at least five degrees of freedom. The oser interface
device may have at least six degrees of freedom. The user interface device may have at
least seven degrees of freedom. The user interface device may have as many degrees of
freedom as the end effector ander its control.

{B159] It may now be evident that the user interface devices described in this
disclosure extend the utility of the hyperdexterous robotic system. The operator is not
required to be stationary at one location. With the advanced user interface devices

disclosed herein, the operator may assume the most optimal position m relation to the
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patient. Further, the operator can change his or her position during surgeon in relation to
the patient. Many of the benefits of the hyperdexterous robotic system are enhanced due
to these user interface devices such as the ability to perform manual and robotic surgery.

{B160] Although this disclosure has been described in the context of certain
cembodiments and examples, i will be understoed by those skilled in the art that the
disclosure exiends beyond the specifically disclosed embodiments to otheor alternative
cmbodiments and/or uses and obvious moedifications and cquivalends thereof. 1o addition,
while several variations of the cmbodiments of the disclosure have been shown and
described i detail, other modifications, which are within the scope of this disclosure, will
be readily apparent to those of skill in the art. It is also contemplated that various
combinations or sub-combinations of the specific foatures and aspects of the
cmbodiments may be made and still fall within the scope of the disclosure. For exanple,
features described above in connection with one embodinent can be used with a different
embodiment described herein and the combination still fall within the scope of the
disclosure. It should be understood that various features and aspects of the disclosed
cnibodiments can be combined with, or substituted for, one another in order to form
varying modes of the embodiments of the disclosure. Thus, it is intended that the scope
of the disclosure herein should not be Hmited by the particular ermbodiments described
above.  Accordingly, unless otherwise stated, or unless clearly imcompatible, each
cmbodiment of this invention may comprise, additional fo its essential features described
herein, one or more features as described herein from cach other embodiment of the
invention disclosed herein.

{8161} Features, materials, characteristics, or groups described in conjunction
with a particelar aspect, embodiment, or example are o be vnderstood (o be applicable to
any other aspect, cmbodiment or example described in this section or elsewhere in this
specification unless incompatible therewith.  All of the features disclosed in this
specification (including any accompanying claims, abstract and drawings), and/or all of
the steps of any method or process so disclosed, may be combined in any combination,
cxcept combinations where at Ieast some of such features and/or steps arc mutually
exclusive. The protection is not restricied to the details of any foregoing embodiments.
The protection extends to any novel one, or any novel combination, of the features

disclosed in this specification (including any accompanying claims, absiract and
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3, of to any novel one, or any novel combination, of the steps of any method or

drawings
process so disclosed.

{6162] Furthermore, certain features that are described in this disclosure in the
condext of separate implementations can also be implemented in corhination in a single
implementation. Conversely, various features that are deseribed in the context of a single
implementation can also be implemented in multiple mplementations separately or in any
suitable subcombination. Moreover, although features may be described above as acting
in certain combinations, one or more features from a claimed combination can, In some
cases, be excised from the combination, and the combination may be claimed as a
subcombination or variation of a subcombination.

10163] Moreover, while operations may be depicted in the drawings or
described in the specification in a particular order, such operations need not be performed
in the particular order shown or in sequential order, or that all operations be performed, to
achieve desirable results. Other operations that arc not depicted or described can be
incorporated in the example methods and processes. For example, one or more additional
operations can be performed before, after, simultancously, or between any of the
described operations. Further, the operations may be rearranged or reordered in other
implementations. Those skilled in the art will appreciate that in some embodiments, the
actual steps taken in the processes illustrated and/or disciosed may differ from those
shown in the figures. Depending on the embodiment, certain of the steps described above
may be removed, others may be added. Furthermore, the features and atiributes of the
specific cmbodiments disclosed above may be combined in different ways o form
additional embodiments, sl of which fall within the scope of the present disclosure.
Also, the separation of various system components in the tmplementations described
above should not be undersiood as requiring such separation in all implementations, and
it should be understood that the described components and systems can generally be
integrated together in g single product or packaged into mudtipie products.

{B1s4d] For purposes of this disclosure, certain aspects, advantages, and novel
featires are described herein, Not necessarily all soch advantages may be achieved in
accordance with any particular embodiment. Thus, for example, those skilled in the art
will recognize that the disclosure may be embodied or carried out in a manner that
achieves one advantage or a group of advantages as taught herein without necessarily

achieving other advantages as may be taught or suggested herein.
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{6165] Conditional language, such as “can,” “could,” “might” or “may,”
unless specifically stated otherwise, or otherwise understood within the context as used, s
generally ntended to convey that certain embodiments include, while other embodiments
do not include, certain features, clements, and/or steps. Thus, such conditional language
is not generally intended to imply that features, clements, and/or steps arc n any way
cequired for one or more embodiments or that one or more ershodiments necessarily
inchude logic for deciding, with or without user imput or prompting, whether these
features, clements, and/or steps are included or are to be performed in any particular
cmbodiment.

{0166] Conjunctive language such as the phrase “at least one of X, Y, and 2,7
unless specifically stated otherwise, s otherwise understood with the context as used in
general to convey that an ttom, term, ofc. may be either X, Y, or Z. Thus, such
conjunctive language is not generally intended to imply that certain cmbodiments require
the presence of at least one of X, at least one of Y, and at least one of Z.

[0167] Language of degree used herein, such as the terms “approximately,”
“about,” “generally,” and “substantially” as used herein represent a vahie, amount, or
characteristic close to the stated value, amount, or characieristic that still performs a

(19

desired function or achicves a desired result. For example, the terms “approximately”,
“about”, “generally,” and “substantially” may refer to an amount that is within less than
10% of, within less than 5% of, within iess than 1% of, within less than 0.1% of, and
within less than 0.01% of the stated amount. As another example, in certain
embodiments, the terms “generally paraliel” and “substantially paralle!” refer to a value,
amount, or characteristic that departs from exactly parallel by less than or equal to 15
degrees, 10 degrees, S degrees, 3 degrees, 1 degree, .1 degree, or otherwise.

[B168] The scope of the present disclosure is not intended to be imited by the
specific disclosures of preferred embodiments in this section or elsewhere in this
specification, and may be defined by claims as presented in this scction or elsewhere in
this specification or as presented in the future. The language of the claims is to be
interpreted broadly based on the language employed in the claims and not limited to the
examples described in the present specification or during the prosecution of the

application, which examples are to be construed as non-exclusive.
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WHATIS CLAIMED IS:

1. A handheld portable user interface device, comprising:

a body configured to be held in a user’s hand, the body comprising a
proxtmal portion and a distal portion and extending along a length defined by a
longitudinal axis between a proximal end and a distal end of the body, the body
extending along a width defined along a transverse axis that extends fransverse to
the longitudinal axis, the length being greater than the width of the body,

the body comprising an outer surface configured to be gripped by fingers
of the user’s hand and to facilitate translation and rotation of the body by the
user’s hand; and

ong or more sensors disposed within the body, the one or more sensors
configured to provide one or both of position and orientation information of the
body to a control system,

wherein the body is configured to receive control inputs from the user via
one or more of translation of the body, rotation of the body, pressing of the outer
surface with the user’s fingers, and changing of the angular orientation of the
longitudinal axis of the body.

2. The handheld portable user interface device of Clamm 1, wherein the
body 1s configured to provide tactile feedback to the user via the outer surface of the
body that is gripped by the fingers of the user’s hand.

3. The handheld portable user mtorface device of Clain 1, wherein the user
interface device is supported solely by the user’s hand.

4. The handheld portable user interface device of Claim 1, wherein the
user interface device is configured to provide an imput to the condrol system to
transform motion of the user imterface device into motion of an end cffector of a
robotic arm.

3. The handheld portable user interface device of Claim 1, wherein the one
or mere sensors provides redundancy of function.

6. The handheld portable user interface device of Claim 5, wherein the one
ot more sensors are of difforent types.

7. The handheld portable user interface device of Claim 1, wherein the one

or more sensors includes a proximity scusor.
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8. The handheld portable user interface device of Claim 1, wherein the
outer surface is configured to be depressed by the user.

$. The handheld portable user interface device of Claim &, wherein the
body comprises a chamber configured to be filled with a fhud, wherein depression
of the outer surface by the user causes sensed pressure in the chamber to change,
said change in sensed pressure communicated to the control system to convert the
sensed pressure into a force applied by an end effector of a robotic arm controlled
with the body.

18, The handheld portable user mterface device of Claim 9, wherein the
body further comprises a pump configired to change the pressuve of the chamber to
provide tactile feedback to the user.

11. A handheld user interface dovice, comprising:

a body configured to be held in 4 user’s hand and supported solely by the
user’s hand, the body comprising an exterior surface configured o be gripped by
fingers of the user’s hand to facilitate translation and rotation of the body by the
user’s hand; and

ong or more sensors disposed within the body, the one or more sensors
configured to provide one or both of position and orientation information of the
body to a control system,

wherein the body is configured to provide feedback to the user via the
exterior surface of the body that is gripped by the user’s fingers.

12. The handheld user interface device of claim 11, wherein the body s
configured to receive control inputs from the user via one or more of transiation of
the body, rotation of the body, pressing of the exterior surface with the user’s
fingers, and changing of the angular oricntation of the longitudinal axis of the body.

13. The bandbeld uscr wnderface device of clabn 11, further comprising an
intornal chassis configured to move within an outer skin of the body to adjust an
oricutation of the longitudinal axis of the user interface device.

14, The handheld user interface device of claim 13, wherein the internal
chassis moves relative to the outer skin to aftain 2 desired pitch andior yaw

origntation and communicates this to the user haptically,
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15, The hendheld user mterface device of claim 13, wherein the internal
chassis moves in one of the following ways selected from the group counsisting of
expansion, retraction, pulsing, and rotation.

16. The hendheld user mterface device of claim 13, wherein the internal
chassis has onc or more actuators that effect the motion of the internal chassis.

17. The handheld user mterface device of ¢lamm 16, wherein the one or more
actuator compriscs a ring actuatable to attain a desired roll orientation.

18. The hendheld user mterface device of claim 13, wherein the internal
chassis adjusts pitch, vaw and/or voll orientation to maintain aligoment of the
longitudinal axis of the user mterface device axis with an axis of an end effector
controlied by the user interface device.

1%, The hendheld user mterface device of claim IR, wherein the internal
chassis adjusts pitch, yaw and/or roll orientation in response to forces on the end
effector.

20, The handhbeld user nterface device of claim i, wherein the body
comprises one or more actuators for changing of the shape of the body.

21. The handheld user interface device of claim 11, wherein the body
comprises one or more pressure chambers for changing of the shape of the body.

22.A method of using a handheld portable user interface device,
comprising:

holding 2 body of the user interface device with the user’s hand, the body
comprising @ proximal portion and a distal pertion and extending along a length
defined along the longitudinal axis between a proximal end and a distal end of the
body, the body cxtonding along & width defined along a transverse axis that
extends transverse to the longitudinal axis, the length being greater than the width
of the body, wherein one or more sensors disposed within the body provides
orientation information of the body to a control system, and

gencrating conirol signals from one or more of translating of the body,
rotating of the body, pressing of the outer surface with the user’s fingers, and
changing of the angular oricutation of the longitudinal axis of the body.

23, The method of Claim 22, further comprising communicating said control
signals to a control system to control the operation of an end effector of a robotic

arm with the user jnterface device.
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24, The method of claim 23, further comprising transtforming the motion of
the user interface device into motion of the end effector.

25, The method of Claim 22, further comprising receiving control signals to
move a chassis within the body of the aser interface device.

26. The method of Claim 28, fimther comprising moving the chassis within
the body to adjust an ovientation of the longitudinal axis of the user interface device.

27. The method of Claim 25, further comprising moving the chassis to attain
a desired pitch and/or yaw orientation of an axis of an end effector controlled by the
user interface device.

28, The method of Claim 25, further comprising moving the internal chassis
m one of the following ways selected from the group consisting of expansion,
retraction, pulsing, and rotation.

29, The method of Claim 25, further comprising actuating a ring fo attain a
desired roll orientation of an axis of an end effector controlled by the user interface
device.

30. The method of Claim 23, further comprising adjusting a pitch, yvaw
and/or roll orientation of the chassis to maintain alignment of the longitudinal axis
of the user mterface device axis with an axis of an end effector controlled by the
user interface device.

31. The method of Claim 30, further comprising adjusting a pitch, yvaw
and/or roll oriendation of the chassis in response to forces on the end effector.

32. The maethod of Claim 30, further comprising operating the user interface
device i a drive mode wherein the end effector 18 moved by the user interface
device,

33. The method of Claim 30, further comprising operating the user interface
device in a non-drive mode wherein the chassis of the user interface device
mainiains alignment of the longitudinal axis of the user intertace device axis with an
axis of the end effector despite movements of the user interface device by the user.

34, The method of Claim 25, wherein movement of the chassis provides
feedback on a joint Hioit,

35, The method of Clatra 25, whercin movement of the chassis provides

cedback on the force expericnced by an end-cffector,
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36. The method of Claim 22, wherein holding the body comprises
supporting the body solely with the user’s hand.

37. The method of claim 22, wherein pressing of the outer surface with the
user’s fingers generates a pressure signal that a control system converts into a force
applied by an end effector of a robotic arm.

38. The method of Claim 22, wherein pressing of the outer surface with the
user’s fingers further comprises pressing of the outer surface at any rotational

position of the body.
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