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MICROSURGERY-SPECIFIC HAPTIC HAND CONTROLLER

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Patent Application
Serial No. 62/611,024 filed December 28, 2017, which is hareby incorporated by

reference.

BACKGROUND

[0002] Haptic hand-controfiers are typically used to command a virtual moving
object‘or a slave manipulator, eithsr industrial or medical. A haptic hand-controller is itself
often referred to as a master robot, which is connected fo a control station and
maneuvered by an operator. In a medical-grade hand confroller, besldes having a high
definition positional feedback, reproducing the force of tool-tissue interaction is important
for a surgeon to avoid applying excessive force and damaging the tissue.

[0003] A variety of different general-purpose serial, parallel and hybrid haptic
devices have been designed, developed and commercialized as master commanders for
their con;asponding slave manipulators. These tele-operating maripulation systems have
different specifications depending on their serial or parallel configuration. They are
generally used for virtual reality simulation, game joysticks, entertainment, training, ete.
with different degreés of freedom (DOF) associated with positional sensing and force
feedback. The history of haptic devices goes hack to the 1950s when the first master-
slave manipulator was developed in Argonne National L.ab, capable of communiéating
commutatively between a master arm and a slave manipulator, As fime progressed,
electrical, pneumatic, hydraulic and other sources of driving power were employed in
robotic systems.

[0004] Tactile feedback was pioneered at Massachusetts Institute of Technology
where a dexterous hand master exoskeleton as a tactile joystick was developed using
voice coil actuators, Subsequently, the first generation of desktop haptic systems with
force feedback was created at the Rutgers University CAIP Centre. That device,
demonstrated in 1992, consisted of a few pneumatic actuators to\sense the hardness of
the objects that were being manipulated virtually. It was followed by presentation of the
FHANTOM haptic interface in 19984, which enabled users to feel a wide variety of physlcal
objects in cybarspaée and control a remote manipulator,

[0005] Since that time, several general-purpose haptic hand-controllers have
been introduced; some of them could contribute to medical research labs and robot-

asslsted surgical systems. Haptic de\{ices employed in medical gpplications have the aim
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of making the operations easier and more accurate, besides minimizing the Invasion,
complications and painh while shortening the operation time. Currently, the most
commonly used haptic interfaces include: da Vinci (Intuitive-Surgical Inc., USA); Deltat
and Sigma? (Force Dimension, Switzerland); Geomagic® Touch™ (formerly Sensable
Omni); Geomagic® Touch™ X (formerly Sensable Phantom Desktop), and Geomagic®
PHANToM Premium™ families (Geomagic, USA); HD? (Quanser, Markham, Canada):
W3D and W6D haptic devices (Entact, Guelph, Canada); Novint Falcon (Novint
Techndlogias In¢., Albuquerque, USA); and Fraedom 7 (MPB Technologies Ing.,
Canada).

[0006] Impravements in haptic hand controllers, particularly those intended for
fine manipulation such as microsurgery, are desirable.

BRIEF DESCRIPTION OF DRAWINGS

[0007] FIG. 1 is a block diagram illustrating a local haptic hand controller
according fo an embodiment of the present disclosure for enabling an operator to
remotely perform microsurgery by controliing a remote robotic manipulator.

[0008] FIG. 2 illustrates a known hand controller in use.

[0008] FIG. 3 illustrates a local haptic hand controller according to an
ambodiment of the prasent disclosure in use and showing a refationship between
operator movement and device movement.

[0010] FIG. 4 illustrates a local hapiic hand controller according to an
ambodiment of the present disclosure.

[0011] FIG. 5 lllustrates a local haptic hand controlier according to an
embodiment of the present disclosure in right hand use by an operator.

[0012] FIG. & illustrates a local haptic hand controller according fo another
embodiment of the present disclosure configured for right hand use by an operator and
using a first type of gimbal and a first type of tool.

[0013] FIG. 7 illustrates a local haptic hand controller according to another
embodiment of the present disclosure configured for left hand use by an operator and
using a second type of gimbal and a secend type of tool.

[0014] FIG. 8 illustratea‘a system for remote microsurgery including the local
haptic hand controllers of FIG. 6 and FIG, 7 and further including associated devices.
[0015] FIG. 9is a top view of the system of FIG. 8, which illustrates the operator
right arm movementshown in FlG, 3.
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[0018)] "FIG, 10 illustrates a local haptic hand controller according to another
embodiment of the present disclosure including a spherical casing surrounding a portion
thereof.

[0017] Fi@. 11 illustrates another view of fhe [ocal haptic hand controller of FIG.
10 with part of the spherical casing removed., |

[0018] FIG. 12 illustrates a detailed view of a kinematic structure of a local haptic
-hand controller according to an example embaodiment of the present disclosure.

[0019] FIG. 13 illustrates a static counterbalance mechanism for use with a local
haptic hand controller according fo another embodiment of the present disclosure.

[0020] FIG. 14 illustrates a dynamic counterbalance mechanism for use with a
local haptic hand controller according to another embodiment of the present disclosure.
[0021] FIG. 15 illustrates a gimbal of a local haptic hand controller according to an
embodiment of the present disclosure for use with a dual prong surgical tool. |
[0022] FIG. 16 illustrates a gimbal of a local haptic hand controller according to
another embodiment of the present disclosure for use with a dual prong surgical tool.
[0023] FIG. 17 illustrates a gimbal of a local haptic hand controller according to an
embodiment of the present disclosura for use with a single prong surgical tool.

[0024] FIG. 18 illustrates a cross-section of a gimbal of a local haptic hand
controller according to an embodiment of the present disclosure, similar to FIG. 18, for
use with a single prong surgical tool shown detached from the gimbal,

[0025] FIG. 19 is a top front perspective view of a single prong surgical tool for
providing suction according to an embodiment of the preseant disclosure.

[0026] = FIG. 20 is a side view of the single prong suction tool of FIG. 19.

BRIEF DESCRIPTION |

[0027] It an embodirnent, the present disclosure provides a local haptic hand
controller for enabling an operator to remotely perform microsurgery by centrolling a
remote robotic manipulator, the local haptic hand controller comprising: a base: a
kinematic structure in communication with the base, the kinematic structure comprising a
gimbal provided as an end-effector; a local surgical tool provided at the gimbal and |
having a shape and construction substantially similar to a remote surgical tool provided at
the remotes robolic manipulator and with which the microsurgery is to be performed,'lhe
local surgical tool comprising a local surgical tool identifier; and a contro] system in
communication with the local surgical triol and with the remote surgical tool, the control
system configured to enable operation of the local haptic hand controller when a local

surgleal tool identifier matches a remot}a surgical tool identifier,
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[0028] In an example embodiment, the local surgical tool comprises a local
surgical tool type identifier identifying a type of surgical tool, and wherein the control
system is configured to enable operation of the local haptic hand controller when the local
surgical tool type identifier matches a remote surgical tool type identifier,

[0029] In an example embodiment, the local surgical tool comprises a local
individual surgical tool identifier identifying a spacific surgical tool, and wherein the control
system is configured to enable operation of the local haptic hand controller when the local
individual surgical tool identifier matches a remote individual surgical tool.identifier.

[0030] In an example ernbodimént, the control system is configured to generate‘ a
warning when the local surgical tool identifler does not match the remote surgical too!
identifier.

[0031] In an example embodiment, the control system ig configured to compare

the local surgical tool identifier with a remote surgical tool identifier, and to permit
operation of the local haptic hand controller only when the lacal surgical tool identifier
matches the remote surgical tool identifier,

[0032] In an example embodiment, the control system is provided in
communication with, but separate from, the jocal haptic hand controller,

[00332] In an example embodimeit, the control system comprises a local control
systetmn configured to communicate with the remote surgical tool via a remote contral '
systam associated with the remote robotic manipulator.

[0034] In an example embodiment, the local haptic hand controlier further
compriges a human-maching interface configured to provide an autput of the control .
system based on a comparison of the local surgical tool identifier with the remote surgical
tool identifier.

[0035] In an example smbodiment, the local haptic hand controller is configured
to perform self-diagnosis and to provide a result of the self-diagnosis,

[0038) In an example embodiment, the local haptic hand controller is configured
to pertorm a diagnosis of the local haptic hand controller and to provide a result of the
diagnosis.

[0037] In an example embodiment, the control system is configured to, based on

the remote surgical tocl identifier, provide information to the local hand controller to

compensate for the weight of the remote surgical tool to reduce inertia or provide haptic

force feadback. |

[0038] In an example embodiment, the local surgical tool comprises at least one-
. sensor, and wherein the/local haptic hand controller comprises a self-diagnosis module
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configured to detect an operational status of the at least one sensor in the local surgicai
fdol.

[0039] In an example embodiment, the local surgical tool comprises at least one
sensor in communication with the control system.

[0040] In an example embodiment, the at least one sensor is selacted from the
group consisting of: a magnetic sensor, a Hall-effect sensor, an optical sensor, a strain-
.gauge resistive sensor, a piezo-electric sensor, a piezo-resistive sensor, a capacitive
proximity sensor, and an induction sensor.

[0041] In an example embodiment, the at least one sensor Is configured to
‘measure a distance between first and second prongs of forceps.

[0042] In an example embaodiment, the at 1east one sensor is configurad to
determine a forge applied to the forceps by the operator based on the measured distance.
[0043] In an example embodiment, the local surgical tool comprises at least one
actuator in communication with the controi system.

[0044] In an example embodiment, the at least one actuator is selected from the
group consisting of, electric, slectromagnetic, piezoeslectric, pneumatic and hydraulic
actuator. |

[0045] In an example embodiment, the at least one actuator is configured to
pro\)ide high-definition force feedback to.enable the'operator to feel, at the local surgical
tool, force applied to the remote surgical tool.

[0046] in an examiple embodiment, the at least one actuator is configured to
generate at least 1-DOF pinching or coagulating haptic force feedback between forceps
prongs according to a real-time force applied to a fissue by the remote surgical tool.
[0047] In an example embadiment, the logal surgical tool comprises a sensorized
surgical tool, an actuated surgical tool or a powered surgical tool.

[0048] In an example ambodiment, the local surgical tool is selected from the
group consisting of forceps, bipolar forceps, a suction tube, a dissector, micro scissors,
micro dissactors, a power drill, endoscopy toals, tweezers, and a laser.

[0048] In an example embodiment, the local surgical tool comprises a dual prong
surgical tool having first and second prongs, the dual hrong surgical tool compriging at
least one position sensor configured to provide positional feedback with respéct toa
distance between the first and second prongs.

[0050] In an example embodiment, the at least ohe position sensor comprises a
Hall-effect sensor provided on either the first or second prong, and further comprising a
magnet bar provided on the oppogite prong from the Hall-effect sensor, the Hall-effect
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sensor and the magnet bar cooperating t& measure the distance between the first and
second prongs, ‘

[0051] In an example embodiment, the local surgical tool and the remote surgical
tool each comprises a dual prong surgical tool having first and second prongs, the dual
prong local surgical tool sornprising at least one actuation mechanism configured to
generate haptic force feedback at a local site based on a force sensed between first and
second prongs of the remote dual prong surgical tool. |

[0052] In an example embodiment, the local surgical tool comprises a measuring
device configured to measure a roll angle.

[0053] In an example embodiment, the [ocal surgical tool comprises, on at least
one end paint of the local surgical tool, a push-pull lacking connector to facilitate
installation and removal of the local surgical tool with respect to the gimbal,

[0054] in an example embodiment; the local surgical too! comprises at least one
sensor configured to measure operator parameters Including position, orientation and
forces applied by the operator, and the conirol system is configured to compare the
measured operator parameters to stored reference parameters to assess operator
performance.

[00&5] In an example embodiment, the local surgical tool comprises a suction
device including sensing actuator, the sensing actuator configured to; sense an amount of
pressure applied by the operator to the sensing actuator; and control a flow rate of the
suction device based on the sensed amount of pressure.

[00586] In an example embodiment, the local surgical tool comprises an encoding
connector in communication with the control system and configured to encode the local
surgical tool with the local surgical tool identifief. B

[0057] In an example embodiment, the encoding connector is configured to
encode the local surgical tool with a local surgical tool type identifier.

[0058] In an example embediment, the encoding connector is configured to
encode the local surgical tool with a local individual surgical tool identifier.

[0059] In an example embodiment, the encoding connector is configured to obtain
or measure local surgical tool status data and to provide the local surgical tool status data
ta the control system. | | \

[0060] In an example embodimerlit, the gimbal comprises an end-effector having
at least 3 degrees-of-freedom and having three independent rotational joints configured to
mimic wrist motion.
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[0061] In an example embodiment, the gimbal comprises a single-prong tool
connector including a prong holder configured for mating with a single-prong local
surgical tool. .

[0062] In an example embodiment, the single-prong tool connector is selected
from the group counsisting of: a push-pull locking connector, & bayonet connector, and a
threaded lock-type connector.

[0063] In an example embodiment, the gimbal comprises a dual-prong tool
conneétor defining at least one prong holder configured for mating with at least one prong
of a dual-prong local surgical tool.

[0064] in an example embadiment, the at least one prong holder comprises at
'Ieast one miniaturized clamp configured to fix the at least one prong of the dual-prong
surgical tool at a foal lower end.

[0065] In an example embodiment, the gimbal comprises a dual-prong tool
connector defining first and second prong holders configured for mating with first and
second prongs of a dual-prong local surgical fool.

[0066] in an example embodiment, the gimbal comprigses at least one positional
feedback sensor configured to measure roll, pltch or yaw.

[0067] I an examiple embodiment, the at least one positional feedback sensor
comprises three positional fesdback sensors configured to measure roll, pitch and yaw.
[0068] In an example smbodiment, the at least one positional feedback sensor
comprises one or more rotary encoders, one or more potentiometers, or one or more
resclvers, or a combination thergof.

[0069] In an example embodiment, the gimbal comprises a gimbal frame and a
tool connector, the tool connector provided below the gimbal frame and configured to
connect with the local surgical tool at a tool top end such that, in operation, the tool and
the operator’s hand are positioned underneath the gimbal frame,

[0070] In an example embodiment, the gimbal comprizes a gimbal frame and a
tool connector, the tool connestor provided above the gimbal frame and configured to
connect with the local surgical tool at a tocl lower end such that, in operation, the tool and
the operator's hand are positivned above the gimbal frame, '
[0071] In an example embodiment, the gimbal comprises gimbal joints and
wherein the gimbal provides at lsast 4 degrees-of-frsedom positional feedback, and at
least three degrees-of-freedom on the gimbal joints.

[0072] In an example embodiment, the gimbal is configured to provide at least
three rotetional degrees of freedom Including roll, pitch and yaw, to replicate finger, hand
and wrist motions.
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[0073] in an example embodiment, the gimbal comprises at least two gimbal
links, at least three gimbal joints and at least three measuring means configured fo
provide at least pronation/supination and flexion/extenslon degrees of freedom to the
operator’s handffinger relative to the operator’s forearm.
[0074] In an example embodiment, the kinematic structure comprises a plurality
of serial linkages, and wherein the plurality of serial linkageé and the gimbal cooperate, in
‘use, to mimic human upper limb and hand mofion.
[0075] In an example embodiment, the kinematic structure comprises a plurality -
of serial linkages shaped and constructed similar to a human upper extremity, -
[0076] In an example embodiment, the local haptic hand controller compriées at
least nine positional degrees of freedom, and at least four force degrees of freedom.
[0077] In an example embodiment, the kinematic structure comprises an
articulated structure including a plurality of serial linkages, the articulated structure having
at least three positional degrees of freedom, and at least four force degrees of freedom.
[0078] In an example embodiment, the kinematic structure comprises at least one
linkage arm having at least three translational degrees of freedom to replicate human
elbow and shoulder motion.
[0079] In an example embodiment, the kinematie structure comprises at least ong
linkage arm comprising at least three actuators installed on the linkage arm {o provide at
least 3 dagrees of force feedback.
[0080] In an example embodiment, the kinematic structure comprises a plurality
of serial linkages, the plurality of serial linkages and the gimbal cooperating, in use, to
translate operator arm movement into movament of at least one of the plurality of
Iinkages in a direction parallel to and side-by-slde with the operator arm movement.
[0031] In an example embodiment, the operator arm movement is caused by a
first séria[ link chain defined by the operator's arm, and the plurality of linkages comprise
a second serigl link chain configurad to move in parallel with, and together with, the first
serial link chain.
[oos2] - in an example embodiment, the kinematic structure comprises a shoulder,
which facilitates a flexion/extension dagree of freedom for the operator for physically
exchanging at least one component of a 3-dimensional force vector with an operator's
hand/finger. ‘
[0083] In an example embodiment, the kinematic structure comprises two links
and two joints which facilitate both the a;bduction/adduqtion and internal/external
rotational degrees of frasdom for physically exchanging at least twe components of a 3-
dimensional force vactor with an operafor’s hand/finger.
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[0034] In an example embodiment, the two links comprise an upper arm and a
forearm, and wherein the two joints comprise an upper elbow joint provided at a first end
of the upper arm, and a lower elbow joint provided betwsen a second end of the upper
arm and the forearm. /

[0085] In an example embodiment, the kinematic structure comprises: a shoulder
- assembly; an upper arm pivotally connected to the shoulder assembly; a lower elbow joint
pivotally connected'to a lower end of the upper arm; and a forsarm pivotally connected to

the lower elbow joint, and the gimbal is pivotally connected to the forearm, »

[0086] In an example embodiment, the shoulder assembly comprises: a rotary
joint; and an upper elbow joint coupled to the rotary joint. |

[0087] Inan exeimple embodiment, the local haptic hand controller further
comprises a power transmission device in communication with the upper and lower elbow
joints, wherein the power transmission device is configured to transimit powér from an
actuator of the upper elbow joint to an axis of the lower elbow joint,

[0088] In an example embodiment, the kinematic structure is adapted to exert
forces and/or torques for at least partial compensation of gravity relaled forces.

[0089] In an example embodiment, the kinematic structure is adapted to exert
torques acting in at least one of three translational degrees of freedom.

[0030] Ih an example embodiment, the kinematic structure comprises a shoulder,
an uppar arm and a forearm, and further comprising actuators configured to power three
independent freedoms of the upper arm and the forearm relative to the shoulder to
provide the at least partial gravity compensation.

[0091] In an example embodiment, the local haptic hand controller and the local
surgical fool comprise a master hand controller and a master surgical tool, and wherein
the remote robotic manipulator and the remote surgical tool comprise a slave haptic hand
controller and a slave surgical tool.

[0092] In an example embodiment, the local haptie hand controller further
comprises a static counterbalance assembly comprising: a pendulum fixed to a shaft; and
a counterwsight secured to the pendulum such that the counterweight swings around the
axis to which the pendulum s fixed.

[0093] In an example embodiment, the local haptic hand controller further
comprises a motorized dyhamic counterbalance assembly comprising: a dynamic
counterweight; a gear motor in communication with the control system and coupled to the
dynamic counterweight, the gear motor configured to iove the counterweight in response
to a dynamic counterbalance signal received from the control system.
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[0094) In an example embodiment, the local haptic hand controller further
comprises the motorized dynamic counterbalance agsembly comprises: a vertical motion
compartment configured to move the caunterweight up and down manually; and a
horizontal metion compartment configured to move the counterweight right and left
automatically.

[0095] - In another embodiment, the present disclosure provides a local haptic
hand controller for enabling an operator to remotely perform micresurgery by.controlling a
remote robotic manipulator, the local haptic hand controller comprising: a base; a -
kinematic structure in communication with the base, the kfnematic structure comprising a
plurality of serial linkages and comprising a gimbal provided as an end-effector, the
plurality of serial linkages and the gimbal coaperating, in use, to translate operator arm
movement into movament of at least one of the plurality of linkages in a direction paralle!
o and side-hy-side with the operator anm movement; and a control system in
communication with the remote surgical tool and with a local surgical tool adapted for
mating with the gimbal, the cantrol systern configured to enable operation of the local
haptic hand controller when a local surgical tool identifier associated with the local
suréical tool matches a remote surgical tool identifier associated with the remote surgical
tool. '

[0088] In an example embodiment, the operator arm movement is caused by a
first serial link chain defined by the operator's arm, and the plurality of linkeges comprise
a s‘e'cond serial link chain configured to move in parallel with, and together with, the first
sarial link chain.

[0097] In an example embodiment, the Kinematic structure comprises: a shoulder
assembly including a rotary joint and an upper elbow joint coupled to the rotary joint; an
upper arm pivotally connected to the shoulder assembly; a lower elbow joint pivotally
connected to a lower end of the upper arm; and a forearm pivotally connected to the
lower elbow joint, and wherein the gimbal is pivotally connected to the forearm.

[0028] in a further embodiment, the present disclosure provides a local haptic
hand controlter for enabling an operator to remotely perform microsurgery by conirolling a
remote robotic manipulator, the local I‘)’aptic hand controller comprising: a base; a
kinematic structure in communication{;Wlth the base, the kinematic sfructure comprising a
plurality of serial linkages and comprising a gimbal provided as an end-effector, the
pluralily of serial linkages and the ginﬁbal cooperating, in use, to translate operator armi
movement into movement of at Iast one of the plurality of linkages in a direction paraliel
to and side-by-side with the operatoriarm movemént, the plurality of serial linkages
comprising: a shoulder assembly including a rotézryjoint and an upper elbow joint coupled
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to the rotary joint; an upper arm plvotélly connected to the shoulder assembly; a lower
elbow joint pivotally connected to a lower end-of the upper arrﬁ; and a forearm pivotally
connected to the lower elbow joint; the gimbal being pivotally connected to the forearm;
and a local surgical tool provided at the gimbal and having a shape and construction
substantially simitar to a remote surgical tool provided at the remote robotic maniputator
and with which the microsurgery is to be performed, the local surgical tool configurad to
communicate over the network with the remote robotic manipulator to control operation of
the remote surgical tool based on operator movemént of the local surgical tool.

[0099] In an embodiment, the present disclosure provides a local haptic hand
controlier for enabling an operator to remotely perform fine manipulation by controlling a
remote robotic manipulator, the local haptic hand controller comprising: a base; a
kinematic structure in communication with the base, the kinematic structure comprising a
gimbal provided as an end-effector; a local fine manipulation ool provided at the gimbal
and having a shape and consfrustion subétantially similar to a remote fine manipulation
tool provided at the remote robotic manipulator, the local fine manipulation tool
comprising a local fine manipulation tool identifier; and a control system in communication
with the local fine manipulation tool and with the remote fine manipulation tool, the control
system configured to enable operation of the local haptic hand controller when a local fine
manipulation tool identifier matches a remote fine manipulation too! identifier.

DETAILED DESCRIPTION

{00100} A focal haptic hand controller is provided for enabling an operator to
remotely perform fine manipulation, such as microsurgery, in conjunction with a remotely
located robotic manipulator, for example at which the microsurgery is to be performed.
The local haptic hand controller includes a base, a kinematic structure in communication
With/ the base and comprises a gimbal as an end effector. A local surgical tool Is provided
al the gimbal and has a shape and construction subsiantially similar to & ramote surgical
tool provided at the remote robotic manipulator. A control system is in communication
with the local surgical tool and with the remote 'surgical tool, and configured to enable
operation of the local haptic hand controller when a local surgical tool identifisr matches a
remote surgical tool identifier, -

[00101] Microsurgery refers to a type of surgery in which a surgaon or operator
uses a visual output of a microscofe in order to perform the surgery. The visual output of
the microscope is typically provided on a sereen suitable for viewing while performing the
surgery. In the context of remote gurgery, at the remole site in an example
implementation, a microscope operates at the surgery side and the view of the
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ricroscape is transmitted to the logal site at which the operator manipulates a local hand
controller. As soon as a microscope is being used for surgery, such as in microsurgery,
the tools used for the surgery are different. The tools typically used for microsurgery are
bipolar forceps, suction, dissectar, and micro scissars, with bipolar forceps and suction
not being limited for use in microsurgery.
[00102] A microsurgery-specific haptic hand-controller is provided for Intuitive and
commutative haptic interaction with an operator, for example in a tele-operated
environment. Ih an implementation,'the haptic device comprises an articulated structure
and at least nine positional degrees of freedom, and at least four force degrees of
freedom. In an implementation, the device is designed such that a wide range of force is
secured with high position accuracy and repeatability. For an intuitive franslationai
manipulability, the system includes a linkage design similar to the human upper extremity.
Ease of motion is provided by a workspace comparable to that of conventional surgery,
considering optimal structural link lengths and global condltioning index. This is further
improved by the inclusion of a gimbal as a specific exchangeable end-effector, In
example implementations, the gimbal is configured to enhance rotational manipulability
and angagefnent with task-specific tool attachments to provide a similar mechanism for
actuation as in conventional surgery, In an embodiment, high definition force feedhack is
provided at the ool fevel to improve the safety aﬁd performance of robot-assisted
surgery, for example by avoidance of force errors in execution of delicate surgical tasks,
[00103] Embodiments of the present disclosure are also provided for other types of
fine manipulation outside of microsurgery, such as fine manipulation of objects in a
laboratory. For instance, a local haptic hand controller according fo an embodiment of the
present disclosure can be used to perform fine manipulation of laboratory objects at a
remote location, for example in a guarantined area. In such an implementation, a remole
fine manipulation tool is contrelled by the local haptic hand controller.
[00104] In an implementation, the logal haptic hand controller is configured to
provide minimal friction and inertia by means of one or more of; lightweight components,
revolute joints, low-friction bearings, and precise dimensional and geometrical tolerances.
In an implementation, an adjustable base is provided to further improve ergonomics. In
another implementation, mounting three actuators symmetrically on the shoulder frame

| improves gravity compensation; implementing a static counterbalance, and optionally
implementing a motorized dynamic counterbalance, further improves gravity '
compsnsation, Embodiments of the present disclosure accommodate encoded
exchangeable surgical or industrial tools, ideal for implementation in robot-assisted
microsurgery and other gaming/induétrial haptic applications.
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[00105] An ideal microsurgery-specific haptic hand-controller preferably has one or
more of the following characteristics: be intuitive, dexterous, stiff, sensitive and possesses
accurate motion mapping, high peosition and force feedback resolutions, motion
smoothness, small gimbal size, the minimum possible weight and mass inertia, high
manipulability, isotropy, and optimum kinematic performance,

[00108] FIG. 1 is & block diagram illustrating a local haptic hand controller
according to an ernbodiment of the present disclosure for enabling an operator to
remotely perform microsurgery by controlling a remote robotic manipulator. In an
ermbodiment, the local haptic hand controller 1-100 enables an operator 1o remotely
perform microsurgery in conjunction with a remote robotic manipulator 1-200 af which the
microsurgery is performed. In an implementation, the local haptic hand controlier 1-100 is
in communication with the remote robotic manipulator 1-200 over a network 1-1 50. The
local haptic hand confroller 1-100 comprises; a base 1-110; a kinematic structure 1-120in
communication with the base 1-110, the kinematic structure 1-120 comprising a gimbal 1-
122 provided as an end-effector; and a local surgical tool 1-130. The local surgical tool 1-
130 is provided at the gimbal 1-122 and has 2 shape and construction substantially ‘
similar to a remote surgical tool 1-230 provided at fhe remote robotic manipulator 1-200 at
which the microsurgery is to be performed. In an embodiment, the remote surgical tool 1-
230is fhe actual tool used in the procedure, and the local surgical tool 1-130 has
substantially the same shape and construction, in contrast to arrangements in which an
operator at a local or master robot manipulates a joystick or other controller that is very
dissimilar to the actual surgical tool. In an embodiment, the local surgical tool comprises a
local surgical tool identifier 1-132.

[00107] In an emhadiment, the local haptic hand controlier 1-100 further comprises
a control systern 1-140 in communication with the local surgical tool 1-130 and with the
remote vsurgicai tool 1-230. In an embodiment, the control system 1-140 is configured to
enable operation of the local haptic hand controller when a local surgical tool identifier
malches a remota surgical tool identifier. In an examp‘le embodimént, the local surglcal
tool comprises a local surgical tool typs identifier identifying a type of surgical fool, or
family of surgical tool; in such an implementation, the cantrol system is configured to
enable operation of the local haptic hand controller when the local surgical tool type
identifier matches a remote surgical tool type identifier. In an example embodiment, the
local surgical tool comprises a local individual surgical tool identifier identifying a specific
surgical tool, as opposed to a family of surgical tools or a type of surgical tool; in such an
implementation, the control systém is configured to enable operation of the local haptic
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hand controller when the lecal individual surgical tool identifier matches a remote
individual surgical tool identifier. '
[00108] In an embodiment, the control system 1-140 generates a warhing when '
the local and remote surgical tool identifiers do not match. tn another embodiment, the
control system 1-140 Is configured to compare the local surgical tool identifier with a
remote surgical tool identifier, and to permit operation of the local haptic hand controller
only when the local surgical tool identifier matches the remote'surgical tool identifier. In
an alternative embodiment, the control system 1-140 is provided in communication with,
but separate from, the focal haptic hand controlier 1-100. [n an example embodiment, the
control system comprises a local control system 1-140 configured to communicate with
the remote surgical tool via a remote control system 1-240 associated with the remote
robotic manipulater 1-200.
[00109] . The remote robotic manipulator 1-200 compriges a remote surgical iool 1-
230 including a remote surgical tool identifier 1-232. The remote robotic manipulator 1-
200 optionally includes a base, such as an adjustable hase. In an embodiment, the base
1-110 in the local haptic hand controller 1-100 comprises an adjustable base that
provides customization so that an operator is as comfortable as possible; such
customization may not be needed at the remote robotic manipulator.
(001101 Embodiments of the present disclosure provide a local (rmaster) haptic
device specifically designed for robotic tele-operated microsurgery in a non-local
anvironment to be paired with a remole (slave) manipulator to perform a surgical task for
surgeons of different training levels and experience. In an example embodiment, the local
haptic hand controller and the local surgical tool comprise a master hand controller and &
master surgical tool, and wherein the remote robolic manipulator and the remoate surgical
tool comprise a slave haptic hand controller and a slave surgical tool. '
[00114] Embodiments of the present disclosure provide a haptle devics that
realizes the aspirations of the end operator to address the 'challenges related to rabot-
assisted surgery. In spite of the application of several commercial general-purpose haplic
devices in surgery, known approaches have some limitations and are not designed to
éddress all the demands of microsurgery. Embodiments of the present disclosure can
benefit both the surgeons and the patients to eventually attain higher level of safely and
operating success rate.
[00112] Embodiments of the present disclosure are aimed at minimizing one or
~more of; the training time (for novicé operators), effort time to do & task, welght, and mass
inertia. This is achieved while moving towards one or more of: a higher level of
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ergonomlés, impraved kinematic performance, ease of motibn, intuifiveness,
manipulability, force resolution, safety, sensitivily, accuracy and precision.

[00113] Embodiments of the present disclosure generally provide & haptic hand
controller comprising a local side for a tele-operative local-remote or master-slave
surgical workstation, which can be used in a number of domains, for example the clinical
and educational domains, or tele-operative robotic system, where robolic manipulator is
the remote side. Embodiments of the present disclosure are equally applicable to both
clinical and educational applications, but are not fimited thereto, and are also applicable in
industrial, laboratory and gaming applications.

[00114] - FiG. 2 illustrates a known hand controller in use. In known hand-
controliers, the device and the end-effector (gimbal) are placed in front of the user,
creating & continuous long serial link ¢hain, which is difficult to maneuver when the size of
the deviceflinks increases, -

[00115] FIG. 3'illustrates a local haplic hand controller according to an
embodiment of the present disclosure in use and showing a relationship between
operator movement and device movement. According to an embodiment of the present
disclosure, the haptic device and end-effector or gimbal are placed side-by-side the user,
and user's upper limb; this makes two parallel serial link chains moving together, usually
in the same direction as the user's hand. Thig configuration advantageously reduces the
training time for operators, The desigh of the kinematic structure and the gimbal, as
further described and illustrated herein, can further improve the ergonomics, ease of

motion, and training time.

[00116] [ an example embbdiment. the kinematic structure comprises a plurélity
of serial linkages, and the plurality of serial linkages and the gimbal cooperate, in use, to
m\fmic human upper limb and hand motion. In another example embodiment, the
kinematic structure compriges a plurality of serialvlir.lkéges shaped and constructed similar
to @ human upper extramity. .
[00117] In an example embaodiment, the kinematic structure comprises a plurality
of serlal linkages, \the plurality of serial linkages and the gimbal cocperating, in‘use, to
translate operator arm movernent into movement of at least one of the plurality of
linkages in a direction parallel to and side-by-side with the operator arm movement. 1n an
example embodiment, the oparator anm movement Is caused by a first serial link chain
defined by the operator's arm, and the plurality of linkages comprise a second serial link
chain configured to move in parallel with, and together with, the first serial link chain,
[00118] In accordance with embodimeants of the present disclosure, the focal haptic
hand coniroller provides a remérkable intuitivé senge, for example providing ease of
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motion from the aspect of the apparatus in terms of kinematic and dynamic conditions,
and/or ease of maneuverlng from the aspect of the operator skills and performance. Many
axperts agree that intuition is related to mantal matching. Intuition gets better with
practice through recurring events or patterns. The more familiar one is with a certain
doméin, the faster their brain processes heuristic solutions for a certain situation. A
specific region of the brain thought to be Impottant for intuition is the ventromedial
prefrontal cortex, where the information regarding past events is stored. The brain
normally conducts a brief search of its existing files and presents the best solution for the
condition at hand. Implementation of embodiments of the present disclosure can
significantly diminish the human brain's searching and matching time and thus facilitate
the training process for novice surgeons and residents. Thereby, an operator of a local
haptic hand controller according to an embodiment of the present disclosure can conduct
a designated surgical task more quickly, with less effort time, and possibly with & shorter
trajectory path of the tool tip. » _

[00119] FIG. 4 illustrates a local haptic hand controller according to an
embodiment of the present disclosure. In the embodiment of FIG, 4, the base comprises
an adjustable base. In an example embodiment, the base is adjustable by movement of a
handle bar 285 provided on a base enclosura 294, The local haptic hand controller of
‘FIG. 4.is configured for right-hand use by an operator, The base can be moved by the
user through the handle bar 295. In an embodiment, a linear actuator Including a linear
actuatar rod is driven vertically, for exampla by a DG electromotor that facilitates the
height adjustment of the bage. The linear actuator can be driven by electrical, pneumatic,
hydraulic or other types of driving systems. In an embodiment, a steppar motor and
gearbox provide the user with pan rotational motion for further base adjustment.

[00120] In an example embodiment, the gimbal comprises a gimbal frame 254 and
a tool connector 250, and an encoder 252, In an embodiment, the'encoder 252 is
configured to encode the local surgical taol identifier. In another embodiment, the encoder
252 is configured to measure one or more displacement angles of the gimbal frame and
tool. The tool connector 250 is provided below the gimbal frame 254 and configured fo
connect with the local surgical tool 54b at a fool top end such that, in operation, the tool
and the operator's hand are positioned underneath the gimbal frame. As shown In the
example embodiment of FIG. 4, one or more portiens of the local haptic hand controller
¢an be covered, such as by enclosures 268, 269, detachable lower arm covers 200 and
201, detachable upper am covers 292 and 293.

[e0121] FIG. & illustrates & Jocal haptic hand controller similar to FIG. 4, using'a
different type of adjustable base, accarding to an embodiment of the present disclosure in
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right hand use by ah operator. The base 270 can be an édjustame base, or a fixed stand
placed on the floor, which does not provide the user with any additional ergenomic
degrees of freedom for pre—adjusthﬂents. In the example embodiment of FIG. §, the
operalor/end-user/surgeon 282 sits in a chair 283 provided with wheels 284, with the
operator's upper limb rested on arm rests 285 of the chair 283.

[00122] In example embodiments such as in FIG. 4 and FIG. §, the adjustable
basa can be implemented in different manners. In an example embodimen, the local
haptic hand controller comprises at least one human machine interface (HMI) ora
computer-based touch panel, which acts as a control station for the base. Inan
embodiment, the adjustable base Is controlled directly by the control system, which can
comptise control software, in conjunction with a graphical user interface (see, for
example, FIG, 8 and FIG, 11) through a touch screen or manually by force resistive
sensors disposaed on the base, which allow for the selection of a favorable posture in
manual state. In another embodiment, the deslred seltings can be adjusted manually
through a joystick or remote control connected to the control system. Individual users can
record preset settings and recall them when needed. This featurs allows for deﬁning a
home position for the base or recalling the preset home positions.

[00123]. In an exan%ple embodiment, the local haptic hand controller comprises at
least one sound module connacted to at least one speaker (see element 56 in FIG. 10) to
audibly guide the operator through the programmed interface module, for example to
guide the operator through the base setup, step by step; in an embodiment, the audible
guides of the sound module are generated based on a signal received from the control |
syatem. In an example embodiment, the control system comprises at least two push
buttons for moving the entire mechanism up or doWn, which can be pressed by the
operator to adjust the base height. In an alternate embodiment, a fixed base is a simple
stand useful for the users wheo do net need this level of adjustability/ergonomies.

[00124] In an example embodiment, the local h.aptic hand controller comprises a
graphical user interface fhrough which the loca! surgical tool is checked and monitored.
The control system is configured to warn, such as by providing an indication on the GUI, if
the local surgical tool on the hand controller is not matched with the corresponding
remote surgical tool on the remote robotic manipulator. In an example embodiment, the
local haptic hand controller comprises 2 human-machine interface configured to provide
an oulput of the control system based on a comparison of the local surgical tool identifier
with the remote surgical tool identifier. |

[00125] In an example embodiment, the local haptic hand controller is configured
to perform self-diagnosis and to provide a result of the self-diagnosis. In an embodiment,
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the control systetn is involved in diagnosis of tools to detect any damage or break down.
In an example embodiment, the local haptic hand controller is configured to perform a
diagnosis of the Iocél haptic hand controller and fo provide a result of tha diagnosis. In an
example embodiment, the control system of the local haptic hand-controller comprises a
self-diagnosis module configured to detect any damaged, broken-down or out-of-order
sensors, either in the hand controller or the attached tool, by performing a preliminary
checkup of any sensors. In an example embodiment, the local surgical tool comprises at
least one sensor, and the local haptic hand controller comprises a self-diaghosis module
configured to detect an operational slatus of the at least one sensor in the local surgical
toal. ’

[00126] Recognition of the attached surgical tool provides Information for the
control software 1o compensate for the weight of the aftached surgicat tool. In an example
embodiment, the control system is configured to, based on the remote surgical tool
identifier, provide information to the local hand controller to compehsate for the weight of
the remote surgical tool to reduce inertia or provide haptic force feedback.

[00127] FIG. 6 illustrates a local haptic hand controller according to an
embodiment of the present disclosure configured for right hand use by an operator and
using a first type of gimbal and a first type of tool. The type of gimbal used in FIG. 6 is
similar to FIG, 4 and FIG. 5, namely with the tool 54a connecting below the gimbal frame
254 at a top end of the local surgical tool 54a such that, in operation, the tool 54a and the
operators' hand are positioned underneath the gimbal frame 284. The type of tool
iustrated in FIG. 6 is a dual prong tool, such as forceps. In the example embodiment of
FIG. 6, the gimbal comprises a dual-prong tool connector defining at least one prong
holder configured for mating with at lsast one prong of a dual-prong local surgical tool. In
an example embodiment, the at least one prong holder comprises at least one
miniaturized clamp configured to fix the at least one prong of the dual-prong surgicat tool
at a tool lower end. In an example smbediment, the gimbal comprises a dual-prong tool
connector defining first and second prong holders configured for mating with first and
second prongs of thé dual-prong local surgical tool. ‘
[00128] As shown in the example embodiment of FIG. 6, one or more portions of
the local haptic hand controller can be covered,' such as by enclosuras 268, 269, pillow
tubes or pillaw blocks 260, 262, 264, 265 and a flanged tube 235. The local haptic hand
controller comprises a forearm link 261, a power transmitter (such as a timing
pulley/sprocket) 263, an upper arm link 266 and a transmitter (such as a timing belt or
synchronous chain) 267, Ih an eml}odiment, an encoder 251 is configured to encode the
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local surgical tool identifier. In another embaodiment, the encoder 251 is configured to
measure one or morg displacement angles of the gimbal frame and tool,
[00129] FIG. 7 illustrates a local habtic hand controller according to another
embodiment of the present disclosure configured for left hand use by an operator and
using a second type of gimbal and a second type of tool. In the example embodiment of
FIG. 7, the gimbal comprises a gimbal frame 224 and a tool connector 201, The tool
connector 201 is provided above the gimbal frame 224 and configured to connect with the
local surgical tool 198 al a tool lower end such that, in operation, the tool 168 and the
operator's hand are positioned above the gimbal frame 224. The type of tool illustrated in
FIG. 7 is a single prong tool, such as a suction tool. In the ekample embodiment of FIG.
7, the gimbal comprises a single-prong tool connector 201 including a prong holder 199
configured for mating with a single-prong local surgical tool. In an example embodiment,
the single-prong tocl connecfor is selected from the group consisting of: a push-pull
locking connector, a bayonet connector, and a threaded lock-type connector. As shown in
the exampls embodiment of FIG. 7, one or more portions of the local haptic hand
controller can be covered, such as by enclosures 279, 280, moveable with respect to the
. adjustable base 281, pillow tubes or pillow biocks 271, 273, 275, 276. The local haptic
hand controller comprises a forearm link 272, a power transmitter (such as a fiming
pulleyfsprockel) 274, an upper arm link 277 and a trané.mi‘tter {such as a timing belt or
synchronous chain) 278.
[00130] FIG. 8 illustrates & system for remote microsurgery including the local
haptie hand controllers of FIG. 6 and FIG. 7 and further Including associated devices. In
an embodiment, the surgeon or operator can operate, uaing' the local haptic hand
controller, both a right hand remote surgical tool and left hand remote surgical tool, using
simliar local surgical tools as at the remote site. Using two local haptic hand controllers
together, such as the example embodiment in FIG, 6 configured for right hand use and
the example emhodiment of FIG. 7 configured for left hand use, the operator can have
both right and left hands cperating at the same time, which most resembles regular
surgery. Even if one of the hands is free, the surgeon often prefers to use their left hand
to operate a portion-of the remote robotic manipulator to support the operating right hand,
similar to how the surgeon would perform the surgery locally.
[00131] The system shown in the example embodiment of FIG. § is configured to
meet large dexterous workspace, structural link length criterion within the whole
workspace, and high integrated conditioning index (IC1). Embodiments of the present
disclosure specifically meet the strJUctural link fength criterion within the w}ﬂole workspace,
while maximurm manipulability and;isotropy have been considered to achieve a desirable
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kinematic performance. Embodiments of the present disclosure concern an ergonormnic
system to provide comfort and flexibility for different operators and preferences. In an

- example embodiment, the system includes a base which supports the hand controller and
allows for adjusting at least two additional degrees of freedom.
[00132] Ermbodiments of the present disclosure enable the operator or surgeon to
either be seated or standing. A seated implementation is shown in FIG. 8. A standing
implementation can be achieved using the configuration shown in FIG. 4, or a similar
setup. As shown in FIG. 8, the end-user/surgeon 282, sits In a chair 283 with wheels 284
with the opearator's upper limb rested on arm rests 285 and viewing the remote surgical
site on the monitors 287, 288 Installed onto a workstation console 286, One hand-
controller or himanual hand-controllers (attached to a fixed or adjustable base) is/are
placed on ons or both side(s) of the end-user/surgeon 282. In an ernbadiment, the end-
user/surgeon 282 activates the remote robot manipulator through a tele-operative haptic-
feedback network via a foot pedal 289 altached to the workstation. The system of FIG. 8
includes additional components that enable the operator to have a 3D view of the
operating site, such that the surgical workstation is as informatlve/immersive as possible.
For example, a pre-operative scan ¢an be displayed on one menitor, and lab information
can be displayed on another screen. ,
[00133] The example embaodirment of FIG, 8 shows compact operation with af least
one moritor. In an emboediment, one monitor shows the virtual reality of the remote
manipulator, and the other one would show additional data, surgical zone, back view of
the robot. In an example embodiment, the display provided directly in front of the surgeon
is the work site, with the image being provided hy the fniéroscope camera at the remote
robotic manipulator. Such an example implementation provides depth perception and a
high resolution image, enabling the surgeon to operate while looking at the primary
monitor. The other monitor can show related information, such as a pre-op scan, vascular
imaging, etc.
[00134]  FIG. 9is a top view of the system of FIG. 8. The view in FIG. 9 provides an
additional perspective on the location of the operator with respect to the two local haptic
hand controllers in thig example implementation. FIG. 8 also iliustrates, in context, the
operator right arm :ﬁovement shown in FIG. 3, namely translating operator arm
mavement into movement of af least one of the plurality of linkages in the kinematic
structure in a direction parallel to and side-by-side with the operator arm movement.
[00135] FIG. 10 illustrates a local haptic hand controller according to another
embodiment of the present disclosure Iricluding a spherical casing surrounding a portion
thereof, The spherical casing includes a first casing portion 33a and & second casing

20



CA 03087094 2020-06-26

WO 2019/126863 PCT/CA2018/000243

portion 33b. in an example embodiment, the kinematic structure comprises an articulated
structure including a plurality of serial linkages, the articulated structure having at least
three positional degrees of freedom, and at least four force degrees of freedom. In an
example embodiment, the kinematic structure comprises a shouldsr assembly, and the
sphetical éasi‘ng is canfigured to cover the shoulder assembly. In an example
embodiment, the local haptic hand controller comprises af least nine positional degrees of
freedom, and at least three degrees of freedom force feedback.

[00136] As shown in FIG, 10, in an example embodiment, the kinematic structure
comprises at least one linkage arm having at least three translational degrees of freedom.
to replicate human elbow and shoulder motion. In an example embodiment, the kinamatic
structure comprises at least one linkage arm cormpriging at least three actuators installed
on the linkage arm to provide at least 3 degrees of force feedback. In the exampls
embodiment of FIG. 10, the kinematic structure comprises an upper arm assembly and a
lower arm assembly.

[00137] The example embodiment of FIG. 10 shows an example embodiment in
which the gimbal comprises a 4-DOF positional feedback RRR (three revoluts joints) fype
gimbal. The gimbal is éonnected to the forearm assembly to provide the required local
pitch, roll and yaw degrees of freedom to enable the local haptic hand controller to mimic
the elhow-wrist-finger motions of the operator in 30 epace. The gimbal as shown in FIG.
10 has been designed such that the tool is grabbed and held from the top end, thus the -
gimbal frame stands above the operator's hand. Based on this design, force application to
a virtual target in 3D space is carried out by pulling the tool-gimbal connection point
toWar.d the target. An advantage of this configuration is that the tool is thoroughly free of
any extra attachment, except the top dome, which is not used during a surgery. In an
example embodiment, the gimbal size, welght, mass inertia, stiffness, dexterity, umber of
supports and components are selected fo provide a befter sense of maneuverability.
[00138] In the example embodiment of FIG. 10, the gimbal comprises a large link
(G-L-Link) 43, large link encoder (G-L-Encoder) 44, small link {G-8-Link) 49, small link
encoder (S-L-Encoder) 45. The local surgical tool comprises two prongs 54a,54b, and a
tocl encoder {G-T-Encoder) 50 configured to encods the tool with a unigue tool identifier,
such as a tool type identifier or an individual tool identifier. The gimbal further comprises a
tool holder set 83b with corresponding portion (not shown), electric cylindrical connector
52, sleave coupling (G-5-Coupling) 47, threaded stud 48, tool connector sleeve coupling
(G-TC-Coupling) 51, and a counter balance weight (G-C-Weight) 46. In an example
embodiment, three rotary encoders 44,45,60 are used to measure the local pitch, yaw,
and roll angles of the gimbail joints. In an implementation, each encoder 44,45,50'is
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equipped with internal ball bearing supports (not shown}, multi-purpase pins, and low
friction torque, besides ignorable axlal and radial play. The fréely rotating shaft of the G-L-
Encoder 44 pivots the G-L-Link 43, such as through a male/female push-pull connection
(Joint V). |

[00138] The connectar 52 allows for swapping different surgical fools including
single-prong toals, &.g., suction fube, surgical dissectors, or laser head, and dual-prong
ones, e.g., bipolar forceps, micro scissors, or tweezers. Implementation of sensorized
tools, such as the ones equipped with magnetic or Hall effect sensors, flow rate sensors,
pressure sensors, and force sensors, is of high importance for a microsurgery-specific
haptic hand controller.'Regarding the dual-prong surgical tools, the controller is able to
measure the varlable distance between iwo prongs 54a,54b when performing a task by,
for example, utilizing a set of Hall effect sensor and permanent magnet installed
oppositely on the inner surfaces of the two prongs. Therefore, the operator is able to
control the opening/closing status of the corresponding actuator installed on the siave
robot in an analogue open or closed loop.

[00140] FIG. 10 and FIG. 11 are isometric views of a microsurgery-specific local
haptic hand controller according to an example embodiment of the present disclosure
showing most of the assembled components including the adjustable base, control box,
control panel, shoulder, elbow |, elbow |l and gimbal joints, arm, forearm, and gimbal
links, tool and tool attachment, calibration module, electrical measurement instruments,
and counter balance weight. As shown in the example embodiment of FIG. 10 and FIG.
11, one or more portions of the local haptic hand controller can be covered, such as by
enclosures 32a, 33b, detachable lower arm covers 41 and 42, detachable upper arm
covers 35 and 36, The local haptic hand controller as illustrated in this example also
includes a stopper shim block 40, a power transmitter (such as a {-pulley) 38, and pillow
blacks 153 and 155. As shown in the example embodiment of FIG, 10 and FIG. 11, the
base stand is a control box (CBOX) 1. The adjustable hase comprises at least two
cambined (rotational and/or prismatic) degrees of freedom; the base joints are of type
prismatic<joint (P type), revolute pan joint (R type), and/or tilt joint (R type), said PR, RR,
or PRR. The changes in the height and angles of the base joints are applied, either
indirectly (manually by means of mechanical elements installed on the workstation
console or the base) or directly (by means of a touch screen) by the user.

[Od’t 41] in an embodiment, CBOX 1 accommodates a main controller, a power
supply, On/Off toggle key, data acquisition board (DAQ), drivers, cables and all other
glements connected to the main controller. A dome-shaped housing, or shading foot, 18
{shown in FIG. 11) is fixed on the (?I,BOX 1. A pan driving assembly 21 is selfled on the
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CBOX on top of the shading foot by fixing the bottom motor end cap, such as by using a
bolt and nut. In an embodiment, a square profile spacer is laid in the interior space of the
shading foct 19 underneath the bottom motor end cap to adjust the height of the pan
assembly. A F'dle 20, which can include versatile quick connectors, is used to build a pan
mechanism. . ‘
[00142) In an embodiment, a force resistive sensor (FSR) is provided in a sensor .
casing fixed to the right sides of the pole. In an embodiment, a similar sensor casing is
also attached to the left side of the pole 20, The sensors are pushed by the operator to
spin the pole (pan motlon) to the right or left.
[00143] Attached to the front side of the pole 20 Is a tilt mechanism comprised of
an actuator which is itself assembled with a gearhead—similar to what is used for the pan
motion— an additional gearbox made of a8 bevel gear set (spur bevel, spiral bevel, zerol
or hypoid), a tilt plate, tilt shaft, tilt potentiometer, counter balance weight 28, two lateral
rectangular bar links, a couple of intermediate lift arms and a few holding brackets. The
tilt actuator shaft, upon which a bevel pinion is mounted, transmits the power to a bevel
crown gear on the tilt shaft.
[00144] A central pocket machined in the tilt plate allows the cables/wires to pass
towards the cable chain 21, The cable chain 21 is attached to the right side of the pole 20
and moved up and down, gynchronously, with the ti't plate 31. Byv faunching the filt
mechanism, a tilting geared actuator will energiie the shaft via the additional external
gearbox and therefore, the tilt lifting arms will rotate the tilt plate 31 while having been
supported by a set of counter balance weight 28 hung from the back of the pole 20 far
behind the tilt axis. '
[00145] A titling geared actuator ls secured to the pole 20, for example using two
upper and lower fixtures and T-bolt versatile quick connectors. The lower fixfure keeps
the tilt geared actuator from any unwanted pivating about the upper T-bolt central axis. A
rotary positioning sensor (e.g., potentiometer, encoder, resolver, etc.) is coupled to one
end of the tilt shaft, for example through a nut and tilt coupling.
[00146] FIG. 11 illustrates another view of the local haptic hand controller of FIG.
10 with part of the spherical casing reraoved. The example smbodiment illustrated in FIG.
11 shows components of the shoulder assembly, which will be described in further detail
in relation to FIG. 12. FIG. 11 also illustrates a human-machine interface (HMI) or
graphical user interface (GUI) 14a, comprising a display screen 14b. In an example
embadirnent, the HMI comprises a touch-based computer controlled system installed on

| the CBOX 1 heside the pole 20, or on the monitering console in front of the operator,
including a touch screen display 14b. The HMI is configured to enable the operator to
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control the moving speed of the base through the GUI and is abls to use a HOME
function to send the base to a known, or sto.red, home position when needed. In an
examplé embodiment, the HMI or GUI also comprises a sound system to record and play,
such as via @ spoaker 56 shown in FIG, 10, guiding veice messages for the novice
operators who are not familiar with the device and walk them through all the adjustment
procedures, step-by-step.

[00147] FIG. 12 illustrates a detailed view of a kinematic structure of a local haptic
hand controller according to an example embodiment of the presant disclosure, In an
example embadiment, the kinematic structure comprises a shoulder, or a shoulder
assembly, which facilitates a flexion/extension degrae of freedom for the operator for
physically exchanging at Ieést ane component of a 3-dimensional force vector with an
operator's hand/finger. In an example embodiment, such as shown in FIG. 12, the
Kinematic structure comprises two links and two joints which facllitate both the
abduction/adduction and internal/external rotational degrees of freedem for physically
exchanging at least two components of a 3-dimensional force vectot with an operator's
hand/finger.

[00143] In the example embodiment of FIG. 12, the two links comprise an upper
arm and a forearm, and the two joints comprige an upper elbow joint provided at a first
end of the upper arm, and a lower albow joint provided between a second end of the
upper arm and the forearm. In an example embadiment, the kinematic structure
comprises; a shoulder assembly; an upper arm pivotally connected to the shoulder
assembly; a lower elbow joint pivotally connected to a lower end of the upper arm; and a
forearm pivotally connected to the lower elbow joint, and the gimbal is pivotally connected
to the forearm. In an example embodiment, the shoulder assembly comprises: a rotary
joint; and an upper elbow joint coupled to the rotary joint.

[00149] . In an example embodiment, the local haptic hand controller further
comprises: a lower pulley actuator provided in the upper elbow joint; an upper pulley
pravided in the upper elbow joint; and a power fransmission device in communication with
the upper and lower elbow joints and configured to transmit power from the lower pulley
actuator in the upper elbow joint to an axis of the lower elbow joint v the upper pulley. In
an example embodiment, the kinematic structure ls adapted to exert forces and/or
torques for at least partial compensation of gravity related forces. In an example
embodimeant, the kinematic structure is adapted fo EXerf torgques acting in at least one of
three translational degrees of frasdom.

[00150] In an example embodiment, the kinematic structure. comprises a shoulder,
an upper arm and a forearm, and further comprises actuators configured to power three
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independent freedoms of the upper arm and the forearm relative to the shoulder to
provide the at least partial gravity compensation.
[00151] Describing the embodiment of FIG, 12 in further detall, in an example
embodiment, a 3-DOF ssrial iinkage mechanism, configured to mimic the human upper
limb motion, is mounted on the base. The serial Inkage mechanisin in this example
embodiment includes a shoulder, two elbows {upper elbow joint, or elbow I; and lower
elbow joint, or elbow 1), four power transmitters and a linkage arm itself comprised of arm
and forearm assemblies. The shoulder includes a rofary joint (oint 1) comprised of an 8-
Actuator 110, 3-Encoder 111, threaded capstan (5-Capstan) 112, drum (S-Drum) 121,
rope (8-Rope), S-Axle, and a housing (S-Housing) 115 to hold the S-Actuator 110, and all
the aforementioned components of the shoulder assembly. In a first design with an
adjustable base, 3-Housing 115 is flush mated onta the tilt plate 31 shown in FIG. 10, for
example using four sets of bolts and nuts-washers. The S-Actuator 110, §-Capstan 112,
S-Drurm 121 and S-Rope, wrapped around the capstan/drum set, constitute the rotational
joint entity of the shoulder mounted on the 5-Axle 118. The output power of the S-
Actuator 110 is transmilted through the S-Capstan 112 (seated on the rotary actuator
ghaft) to the shoulder axis of rotation (5-Drum center axis) through the S-Rope.
[00152] The rope is crimped/tightened at both ends to the drum 121 and the rope
tension is adjustable benefiting from a holt-nut tensiohing method. in an embodiment,
each actuator 110,125, or 127 comprises an encoder configured fo measuré the
movement angles of the jolnt 1, joint Il (elbow 1) and joint Ill (elbow 11}, in real time.
[00152] Two concentric joints, raferred to as elbow | (joint 11) and elbow || (joint 11},
are assembled to the shoulder assembly. All the elbow components are mounted on the
5-Drum 121 top surface, Each elbow joint is comprised of a rotary actuator (E1-Aciuator
127 and E2-Actuatar 125), encoder (E1-Encoder 128 and E2-Encoder 126), threaded
capstan (E1-Capstan 129 and E2-Capstan 130), drum (E1-Drum 34 and E2-Drum 138),
and rope (E1-Rope and E2-Rope) (not shown}, similar to S-Actuator 110, 8-Encoder 111,
S-Capstan 112, S-Drum 121, and S-Rope, respectively. In an embodiment, the shoulder
and elbow actuators are connected to driving carriers (not shown), embedded inside the
CBOX 1. The drivers are used to sense the actuator currents and fesd/control actuators
_based on pulsed width modulation (PWM) or other relevant techniques. They also
measure the currents taken by the actuators.
[00154] In an embodiment, a connector such as a 20-pin tiny plug connector is
paired with a lock-type receptacle, v?hich carries all the signals between the adjustable
base (control cabinet, not shiown) allﬁd the sensars/encoders on tha linkage arm and the
gimbal. This connector alsofacilitattf.s disassembling of the modular haptic device.
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[00155) A pillar block (1-PBlock 1) 134 connects the arm link (Link 1) 148 to the E-
Shaft 132. The E-Shaft 132 has been constrained coaxially to the E-Pillar 124, E1-Drum
34 is fixed to the E-Shaft 132 through a couple of set screws on the drum hub and rotates
synchronously with the arm assembly. A semi-circular collar is hinged to the both L
shaped stands 122,123 to be used as an adjustable support for the two covering semi-
globes 33a,33b. Those two semi-globes 33a,33b are mounted on the collar 151
symmetrically to cover the shoulder-elbow assemblies. Mounting position of all the
shoulder and elbow compoenents was designed symmetrically around the §-Drum 121 to
reduce the gravity effects. However, a counter balance weight 145 is added to the E-Piflar
124 through a U-shaped mount block 144 to compensate the mass of the whole structure.
E2-Drum 138 ig able fo freely rotate around the E-shaft 132 axis via a ball bearing
support 139 embedded concentrically within the central drum bore. A pillow bloek (A-
PBlock 1) 134 connects the arm link {Link 1) 148 to the E-Shaft 132. E1-Drum 24 is fixed
to the E-Shaft 132 through a couple of set screws on the drum hub and rotates
synchronously with the arm assembly.

[00156] The arm assembly is composed of an arm link (Link [) 148,266, two piliow
block supports (A-PBlock 1) 134,365 (A-PBlock II)A153‘, , arm upper cover (A-U-Cover
35,292), arm lower cover (A-L-Cover 36, ), two timing pulleys (T-Pulley 1 138, and T-
Pulley 1} 38)), one timing belt strand 37. '
[00157] The arm assembly is composed of an arm link (Link [} 148, two pillow
block mount supports (1-PBlock | 134 and 1-PBlock Il 153), detachable arm upper cover
(1-U-Covar 35), detachable arm lower cover (1-L-Cover 36), two timing pulieys {(T-Pulley |
136 and T-Puliey |l 38), one timing belt strand 37, one button side stop pin 154,
compression stesl spring 152, elbow rod (E-Red) 39 as the center of transmitted
rotational motion for the elbow II, clamps and stands 146,147,149a,145b

[00158] A flexihle backlash-free transmitter (e.g., a tlming belt or synchronous
chain) 37 transmits the power needed to activate the forearm assembly between the
center axis of E-Shaft 132 and E-Rod 39. A timing pulley/sprocket (T-Pulley [) 136 is
coaxially fixed to the E2-Drum 138 through a hub coupling 137 with assistance of a few
set screws (not shown) and spins on the E-Shaft 132 using a ball bearing 135. A similar
timing pulley/sprocket (T-Pulley 11) 38 is fastened onto the E-Rod 39 through fixing two set
screws located on the hub. A ball bearing 156 is press fitted Inside the pocket of 1-PBlock
I 153 considering a tight tolerance (e.g., B%,,,). E-Rod 39 supported by 1-PBlock Il 153
freely rotates with the inner ring of the bearing. The 1-L-Cover 38 is coupled to the Link |
148 using two split-muff clamps 149a,149b, and screws 150. Then the 1-U-Cover 35 will
bEApaired onto its lower peer by a cam clamping method,
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[00159] FIG, 13 illustrates a static counterbalance mechanism for use with a local
haptic hand controller according to another embodiment of the present disclosure. The
static counterbalance in FIG. 13 is connected directly or indirectly to the linkage arm. If
the static counterbalance is removed, the gravity compensation of the device may not be
desirable. In an example embodiment, the static counterbalance comprises all of the
elements below the bracket 363b. ' ‘
[00160] As shown in FIG. 13, the hand-controller takes advantage of a gear-in-
mesh static counterbalance connected indirectly to the arm joint/link (Joint 1) through the
v U-shape elbow support frame 353 and the bevel gear 390. A counter welght 424 swings
towards or against the shouldsr axis to compensate for the hand-controller gravity force.
The bevel géar 390 is in mesh with a larger bevel gear 408, The gear 408 is secured to a
shaft, for example by means of a locking bracket 409 and four screws. Two shafts and
are placed in parallel, housed by two flat machined plates 411 and 422 via hearings. The
plate 411 shown in FIG. 13 is mated with an L-angle bracket 410. A pinion transmits the
rotational motion from a first shaft (gear) to a second shaft, on which it is seated. A
pendulum 423, which is fixed to the shaft, secures the counterweight 424. Therefore the
counterweight 424 swings around the shaft axis. The pinion and gear reducs the
resistant/inertia that the user might feel due {o the back drivability of the counterweight
424, This system alsoc helps have the counterweight 424 as close as possible to the base.
The bevel gear 408 aiso mégn'ifies the transmission ratio to hava larger scale of motion
on the counterbalance. In an implementation, the gear-in-mesh static counterbalance is
stiffened to a lower support bar of the U-shape elbow support frame 353 by virtue of two
L-angle brackets and fasteners. '
[G0161] FIG. 13 alsa illustrates a}m actuator 347 and an encoder 348. A central tube
358 can be provided on the support frame 353, with a connector 360a (such as a 20-pin
tiny plug connecior) paired with a lock-type receptacle,
[001 82] FIG. 14 illustrates a d‘ynamic counterbalance mechanism for uge with a
local haptic hand controller aceording to another embodiment of the present disclosure.
The motorized dynamic counterbalance in FIG, 14 is an optional element that can
improve counterbalance performance. This motorized dynamic counterbalance is different
from the non-motorized dynamic counterbalange provided by element 145 in FIG, 10,
which is very simple and is a simple piece of metal, which is generally banana shaped.
[00163]  As shown in FIG, 14, the hand-controller in this example embodiment
takes advantage of a metorized dynamic counterbalance attached o a cross-shape
holder of & U-shape elbow support frame 353 through a horsg-shoe support 426. The
dynarnic counterweight 433 moves towards or against the shoulder axis automatically by
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changing the location of the hand-controller center of gravity (CG). In an example
embodiment, the dynamic counterbalance comprises a vertical motion compartment
responsible for moving the counterbalance stage up and down manually. In an
embadiment, the dynamic counterbalance comprises a horizontal motion compartment
respansible for moving the counterbalance stage right and laft, automatically. The
counterweight is also stiffened to the carriage, for example via screws. An L-angle .
bracket 429 accommodates a gear-motor 430 and a spacer block 431, In an example
embodiment, the gear-motor 430 receives signals from the control software, energizes a
leadscrew through a coupler and thus moves the couhtewveight 433. Inan example
embodiment, the dynamic counterbalance assembly comprises; a dynamic
counterweight; a gear motar in communication with the control system-and coupled {o the
dynamic counterweight. The gear motor is configured to move the counterweight in
response to a dynamic counterbalance signal received fror the control system.

[00164]) FIG. 15 illustrates a gimbal of a local haptic hand controller according toan
embodiment of the present disclosure for use with a dual prong surgical teol. FIG. 16
illustrates a gimbal of a local haptic hand controlier according to another embodiment of
the present disclosure for use with a dual prong surgical tool. In an embodiment, the
gimbal in FIG. 16 is the same as the gimbal of FIG. 15, but with protective covers shown
in FIG. 16, and removed in FIG. 15 to show internal components.

[00165] The gimbal of FIG. 16 and FIG. 16 is configured such that the tool is
attached to and held at a mid-point of one prong of a dual prong surgical tool; thus the
gimbal frame stands underneath the operator's hand. Based on this design, force
application lo a virtual target In 3D space is carried out by pushing the tool-gimbal
connection point toward the target. The gimbal of FIG. 15 and FIG. 16 provides an
opportunity to have an additional haptic force feedback in the tool level for dual-prong
surgical tools, while neither being distractive nor obtrusive to perform an accurate
surgery. In an example embodiment, the gimbal designed for dual-prong tools, e.g.,
bipolar forceps, has 4-DOF position sensing feedback and 1-DOF force-actuation
feedback on the fool,

. [00166] In an example embodiment, the gimbal of FIG. 15 and FIG, 15 is
configured for attachment to a bipolar forceps 54, and is harnessed tightly by a
miniaturized screw-drivan clamp 174, leashed on the left prong §4b. In an embodiment,
the miniaturized harness 174 is screwed or welded to the U-shaped support 175, and
holds firmly the bipolar forceps 54. A rotary encoder 179, which measures the tool roll
angle, is fastened to the Iowerl"side of the modified small link 178 of the gimbal, such as
by means of a locking washerjand jam nut 181. Then, the U-shaped support 176 can be
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tightened to the encoder 179 through a central hole drilled at the battom. This hele is
where the support 175 embraces the encoder shaft 179.

[00167] In an example embodiment, a gearad small electric motor 177 is fixed to
the U-shaped support 175, In an example embodiment, a miniaturized drum is provided
on the part 173 in the shape of a circle sector, that can be meshed with a capstan, and
produces a high-torque transmission system for the pinching-coagutation movements of
the bipolar forceps 54. When the operator opens ahd closes the prongs, the drum 173 will
slide on the circumstance of the capstan with a small air gap in between; this generates a
1-DOF haptic force feedback directly on the tool to provide the operator with necessary
data on how. much force is being applied to the tissue at the' remote rebotic manipulator.
In an implementalion, the miniaturized drum 173 is screwed to the right prong 84a of the
bipolar forceps. In an example embodiment, the tool 54 is also equipped with a position
sensing sensorl, which is accounted as the fourth degree of freedom for the gimbal.
[00168] A digital encoder 183 is configured to measure the gimbal yaw angle, and
in an embodiment is connected to the upper side of the modified large link 182 of the
gimbal, The G-5-Link 178 is fixed on the encoder shaft 183. The digital encoder 189 is
fixed to the other side of the G-L-Link 182, A cylindrical housing 192 in which a ball
bearing is hosted surrounds the encoder shaft 189 where the gimbal is considered to join
the articulated finkage arm. In an example implementation as shown in FIG. 16, injection
molded plastic coverage 194 is placed on top of the G-L-Link 182, and the bottom side
can be covered by a plastic sheet. This cover is used to meet safety regulations and has
the gimbal mechanics isolated from its surroundings.

[00169] Inan examplevembodiment. the local surgical tool comprises at least ohe
sensor in communication with the control system. In an example embodiment, the at least
one sensor is selected from the group consisting of: a magnetic sensor, a Hall-effect
sonsor, an optical sensor, a strain-gauge 'resis.tive' éé-nsor, a piezo-electric sensor, a
piezo-resistive sensor, a capacitive proximity sensor, and an induction sensor. In an
example embodiment, the at least one sensor is configured to measure a distance:
batween first and second prongs of forceps. In an example embodiment, the at least one
sensor is configured to determine a force applied to the forceps by the operator based on
the measured distance,

[00170) In an example embodiment, the local surgical tool comprises at least one
actuator in communication with the control system. in an example embodiment, the at
least one actuator is selected from the group consisting of: electric, electromagnetic,
piezoelectric, pneumatic and hydraulic actuator. In an example embodiment, the at [east
one actuater is configured to provide high-definition force feedback o enable the operator
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to feel, at the local surgical tool, force applied to the remote surgical tool, In an example
embodiment, the at least one actuator is configured to generate at least 1-DOF pinching
or coagulating haptic fdrce feedback between forceps prongs according to a real-time
force applied fo a tissue by the remiote surgical tool.

[00171] FIG. 17 illustrates a gimbal of a local haptic hand controller according to an
embodiment of the present disclosure for use with a single prong surgical foal, such as a
suction device or surgical dissector. FIG. 18 illustrates a cross-section of a gimbal of a
local haptic hand controller according to an embodiment of the present disclosure, similar
to FIG. 18, for use with a single prong surgical tool shown detached fram the gimbal.
[00172] As shown in FIG, 17 and FIG. 18, the tool 198 has a cylindrical end that
fits in a connector 199 using a converter bushing (not shown), In an embodiment, a male
connector 200 (shown in FIG. 18) is fixed to the modified small link 204 (shown in FIG.
17) of the gimbal, for example using a coupling set 201 and 203 as well as a jam nut 202.
The tool is exchangeable and can be detached by disconnecting the maleffemale
components of the push-pull Iockiné connector 199,200. The gimbal comprises a roll
measuring encoder 205 connected to the link 204, In another embodiment, the system
also includes digital encoders configured to measure corresponding angles, and which
can be fixed to a modified large link of the gimbal. A cylindrical housing 217 and other
cover plates and coverage elements 224, such as plastic coverage, cover the wires and
cables to improve operator safety while maintaining system functionality. A ball bearing
218 as shown in FIG. 18 facilitates the pitch mation (rotation arcund the encoder shaft) of
the gimbal relative to the joined articulated arm.

[00173] FIG. 19 is a top front perspective view of a single prong surgical tool for
providing suction according to an embodiment of the prasent disclosure, FIG. 20 is a side
view of th‘e single prong suction tool of FIG. 18. In an example embodiment, the local
surgical tool 198 of FIG. 19 and FIG. 20 comprises a suction device including sensing
actuator 208. The sensing actuator 2068 is configured to: sense an amount of pressure
applied by the operator to the sensing actuator: and control a flow rate of the suction
device based on the sensed amournt of pressura. As shown in FIG. 19, a sensorized
encoded suction tool 188 is provided, which can be aftached to the gimbal as shown in
FIGS. 17 and 18. To enable attachment to the gimbal through the top end, in an example
embodiment the tool comprises a tube, a handle bar, a force sensitive resistor {touch
sensor) and a similar connector as used for the hipoiar forceps in FIG. 15 and FIG. 16,
[00174] Embodiments of the present disclosure have thus far been described
including the local surgical tool. Other embodiments are provided in which the local haptic

hand controller is provided withoqt the local surgical tool, which can be provided or
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purchased or obtained separately for interaction with the local haptic hand controller. In
another embodiment, the present disclosure provides a local haptic hand controller for
enabling an operator to remotely perform microsurgery by controlling a remote robotic
manipulator, the local haptic hand controller comprising: a bése, and a kinematic
structure in communication with the base, the kinematic structure comprising a plurality of
serial linkages and comprising a gimbal pravided as an end-effector. The plurality of serial
linkages and the gimbal cooperate, in use, {o translate operator arm movement into
movement of at least one of the plurality of linkages in a direction parallel to and side-by-
side with the operator anm movement. A control system is in communication with a
remote surgical teol and with a local surgical tool ada.pted for mating with the gimbal, the
control system configured to enable operation of the local haptic hand controller when a
local surgical tool identifier asscciated with the local surgical too! matches a remote
surgical tool identifier associated with the remote surgical tool.
[00175] In an example embodiment, the operator arm movement is caused by a
first serial link chain defined by the operator's arm, and the plurality of linkages comprise
a second serial link chain configured to move in parallel with, and together with, the first
serial link chain. In an example embodiment, the kinematic étructura comprises: a
shoulder assembly including a rotary joint and an upper elbow joint coupled to the rotary
joint, an upper arm pivotally connected to the shoulder assembly; a lower etbow joint
pivotally connected to a lower end of the upper arm; and a forearm pivotally connetted to
the lower elbow joint, and wherein the gimbal is pivotally connected to the forearm.
[60176] Embodiments of the present disclosure have thus far been described
including the contral system. Other embodiments are provided in which the local haptic

‘ hand controller is provided without the conlrol system, t¢ which access can be provided
separately, for integration and interaction with the local haptic hand controller. In a further
embodiment, the present disclosure provides a local haptic hand controller for enabling
an operator {o remotaly perform microsurgery by controlling a remote robotic manipulator,
the local haptic hand controller comprising: a base; a kinematic structure in
communication with the base, the kinematic structure comprising a plurality of serial
linkages and comprising a gimbal provided as an end—effectbr, tha plurality of serial
linkages and the gimbal cooperating, in use, to translate operator arm movement into
fnovement of at least one of the plurality of linkages in a direction parallel {o and side-by-
side with the operator arm movement, the plurality of serial linkages comprising: a '
shoulder assembly including a rotary joint and an upper elbow joint coupled to the rotary
joint; an upper arm pivotally connected to the shoulder assembly; a lower elhow jeint
pivotally connected to a lower end of the Lippér ar'rh; and a forearm pivotally connected to
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the lower elbow joint; the gimbal being pivotally connected to the forearm; and a local
surgical tool provided at the gimbal and having a shape and construction substantially
similar to a remote surgical tool provided at the remote robetic manipulator and with
which the microsurgery is to be performed, the local surgical tool configured to -
communicate over the netwerk with the remote robotic manipulator to control operation of
the remote surgical tool based on operator movement of the local surgical tool.
[00177] Embodiments of the present disclosure have thus far been described
primarily in relation to microsurgery and surgical lools. Embodiments of the present
disclosure are also provided for other types of fine manipulation outside of microsurgery,
such as fine manipulation of objects in av|aboratory. Far instance, anlocal haptic hand
controller according to an embodiment of the present disclosure can be used to perform
fine manipulation of [aboratory objects at a remote location, for example in a guarantined
area. In such an implementation, a remote fine manipulation tool is controlled by the local
haptic hand controller, .
[00178] in an e.mbodimefnt, the present disclosure provides a local haptic hand

. controller for enabling an operator to remotely perform fine manipulation by controlling a
remote robotic manipulator, the local haptic hand controller comprising: a base; a
kinematic structure in communication with the base, the kinematic structure comprising a
gimbal provided as an end-effector; a local fine manipulation tool provided at the gimbail
and having a shape and construction substantially similar to a remote fine manipulation
tool provided at the remole robotic manipulator, the Idcai fine manipulation tool
comprising a local fine manipulation tool identifier; and a control system in communication
with. the focat fine manipulation teol and with the remote fine manipulation tool, the control

- system configured to enable operation of the local haptic hand controller when a local fine
manipulatlon tool identifier matches a remote fine manipulation tool identifier.
[00179] In an example embodiment, an articulated structure is provided with at
least 9 degrees of freedom {DOFs) including a fixed or an adjustable bage (with at least 2
DQFs), an anthropomorphic linkage design structure (shoulder, elbow | and ethow Il with
at least 3 DOFs) and an end-effector (gimbal) a hand piece coupled with at least one
single-prong and dual-prong surgical tool. Grabbing and maneuvering a surgical tool as
the handgrip of the hand controller, in which the linkage arm and the gimbal mimic upper
limb motion of the human body, provides a very simllar condition to what the surgéons -
experience in operating room. o
[00180] Embodiments of the present disclosure provide two different designs for
the hand piece, called gimbal | and gimbal f. Gimbal | accommodates both single-prang
and dual-prong tools, similarly, from the tool top end; such that the tool and the user's
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hand go underneath the gimbal frame when operating the haptic device in a regular
condition. The gimbal | has at least 4-DOF positional feedback, three DOFs on the gimbal
joints and one DOF on the tool to measure pinching distance. Gimbal il accommodates
both types of single-prong and dual-prong tools using additional holders and connectors,
while possessing af least 4-DOF positional sensing feedback and at leaét 1-DOF forée
feedback. | {
[00181] ln accordance with one embodiment, the attached surgical tools are |
“sensorized and/or actuated. The system has at least 3 DOFs force feedback provided by
at least three actuators installed on the linkage arm. In an example implementation, the
surgical tool comprises a sensor, an actuator, or hoth, For example, tha surgical too! 1-
130 in the local haptic hand controller 1-100 in FIG. A can Include & sensor in
communication with the control system, The control system can communicate, via f
network, with the surgical tool at the remote robotic manipulator , either directly or via a
control syatem at the remote location, 1o determine if the surgical tools at the local/master
and remote/slave location match.
[00182] In an example embodiment, the system hag at least 3 DOFs force
feedback provided by three actuators installed on the serial linkage, or kinematic
structure. The surgical tool can be actuated by a‘miniaturized actuator to confer one
additional high-definition force feedback in the (ool leve! to enable the user operator to
feel the grasping (pinching) and dissection forces, In ari embodiment, the gimbal has at
leaist 4 DOFs of positional feedback, three out of four {roll, pitch, yaw) of which could be
measured by rotary encoders, potentiometers or resalvers. The fourth DOF, fool-fip
distance in the tool level, can be measured by using a Hall-effect sensor and magnet bar
fixed vis-a-vis on the inner sides of the prongs.
[00183) In accordance with another embodiment of the present disclosure,
different coded and exchangeable surgical tools can be applied to the gimbal, which are
recognized by the control system o assess the correspondence and similarity between
the tool instailed on the local (master) and remote (slave) sides. Single-prong tools, e.¢.,
suction device or dissector, are disposed onlo the gimbal supported by a connsctor, ‘
which facilitates the tool exchange, such as a push-pull locking connector, bayonet, or
threaded lock-type connector. In an embodiment, dual-prong tools, e.g., bipolar forceps or
tweezers, are disposed onto the gimbal, supported by one or two miniaturized clamp(s),
fixing one or two prong(s) from the lower end of the ool or ¢clamping the tool top eﬁd
using a push-pull, baycnet, or threaded lock-lype connector.
[00184] Exarhple embodiments of the present disclosure have been‘designed and
developed based on lightweight materials —e.g., aluminum, acrylic, resin, carbon fiber—
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and compact elements, e.g., fasteners, bearings, couplings, and measuring instruments.
To-reduce the mass inertia, maximum stiffnessMeight ratio and low friction joints are
considered for the salected elvements. [n an example embodiment, heavy parts such as
actuators are located as close as possible to the first (shoulder) joint and a spring-loaded
belt/pulley mechanism is used to transmit the power from elbow | actuator to the elbow ||
axis {intersection of the arm and forearm finks).
[00185] The systern specifically meets the large dexterous warkspace, structural
link length criterion within the whole workspace, and high integrated conditioning index
(IC'I). Embodiments of the present disclosuré specifically meet the structural tink length
criterion within the whole workspace, while maximum manipulability and isotropy have
been considered to achiave a desirable kinematic performance. In an embodiment, thé
system is also equipped with a motorized dynamic counterbalance mechanism attached
to the elbow support frame, which is able to rotate freely with the shoulder drum around
-the shoulder axis. The counterweight moves linearly back and forth towards or against
the shoulder axis, synchronous with the movements of the serial linkage arm, to change
the positions of the center of gravity (CG) of the entire moving parts and allows the
.system for further improvements in automatic gravity compensation. Moregver, the
system has another mode/option for gravity compensation using weight attached to the
shoulder joint, [n another embodiment, the system is configured to operate in an
automatic mode for gravity compensation by disfributing the torque among three
actualors of the serial linkage to compensate the weight of the shoulder, arm and forearm
links, separately. Recognizing the attached surgical tool, the control system is configured
to compensate for the weight of the tool. ‘ '
[00186] Embodiments of the present disclosure concern an ergonomic system to
provide camfort and flexibility for different operators and preferencas. In an example
embodiment, the system includes a base which supports the hand controller and allows
for adjusting at least two additional degrees of freedom. Embodiments of the present
disclosure introduce three base designs including: adjustabie base |, adjustable base (I
and fixed base (stand). The adjustable base | is controlled directly by the control software
connected to a graphical user interface thrbugh a touch sereen or manually by force
resistive sensors disposed on the base, which allow for the selection of a favorable
posture in manual state. Adjustable base Il'is the alternate design for the adjustable base
I In adjustable base I, the desired setlings can be adjusted manually through a joystick
or remote control connacted fo the control software. Individual users can record préset
settings and recall them when needed. This feature allows for defining a home position
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for the base or recalling the preset home positions. The fixed base is a simple stand
useful for the users who do not need this level of adjustabllity/ergonomics.
[00187] In accordance with another aspect of the preserit disclosure; the system

 benefits from a modular design, capable of being taken apart quickly, by unplugging
multiple connectors at each module, which facilitates the repair and maintenance of the
device, In addition, the adjustable bases | and Il (alternéte design for adjustable base |)
are detachable in the same way, as all the connectors could be disconnected and
mechanical assemblies could be disassembled easily in this modular design.
[00188] In an embodiment, the base is controlled by the control system. Which
includes a graphical user interface (GUI) and optionally a touch-screen. [n an
embodiment, individual users/operators can record preset settings and recall them when
needed. This feature allows for defining a home position for the base or recalling the
preset home position. The desired settings ¢an be adjusted manually, Force resistive
sensors disposed on the base allow for the selection of a favorable posture in manual
state.

© [00189] ~ In an example embodiment, the adjustable base is powered out of a main
control loop by means of gear-motors to provide at least two additional
rotational/translational independent degrees of freedom o the sald haptic hand-controller
relative to the said reference.
[00190] ‘[n an example embodimant, the base comprises at least two degrees of
freedom to adjust the height and at leasi one rotational angle of the haptic hand-controller
to provide maotion comfort for different operétora regarding the said aperator's body habits
and preferences. In an example embodiment, the operator is able to apply presetf settings
or input desired settings manually on an input device, such as a touch-screen connected

" to the main controller, to activate actuators of the base and to ¢change the height and the
at [east one rotational angle of the system to a favorable or preferred posture for the
operator, |
[00191] In an example embodiment, the base has a HOME position, and a control
system comprises a home function whereby the operator is able to define a home
position for the base or recall preset home positions.
[00192] Inan exafnple embodiment, the local haptic hand controller system
comprises at least 9 degrees of freedom (DOF) and the linkage design in the kinematic
structure is configured to replicate human upper limb and hand motion. In an example
embodiment, a linkage arm is provided with at least three translational degrees of
freedom 1o replicate ths slbow and shoulder motions. ’
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[00193] In an example embodiment, a serial kinematic structure is arranged
between a base ilt plate and an and efféctor, and acts as an anthropomorphic arliculated
linkage and mimics the human upper limb maotion infuitively. In an example embodiment,
the kinematic structure provides at least three degrees of freedom including at least three
translational degrees of freedom in relation to the should'ar. and at least three degrees of
freedom active gravity compensation. The kinematic structure is adapted to exert forces
and/or torques for at least partial compensation of gravity refated forces, andfor torgues
acting in at least one of the three translational degrees of freedom. In an example
embodiment, such gravity compensation is powered by means of actuators to power
three independent freedoms of the said arm and forearm relative to the shoulder.

[00194] In an example embodiment, active gravity compensation is applied to the
seral kinematic linkage structure to compensate the gravity force at least at one rotational
joint including the shoulder, first elbow and second elbow.

[00195] In an example embodiment, the kinematic structure comprises a shoulder,
which facilitates the flexion/extension degree of freedom for the operator for physically
exchanging at least one component of a 3-dimensional force vector with an operator's
hand/finger. '

[00196] In an example embodimant, the linkage structure includes two links, for
example an arm and a forearrh, and two joints, for example first and second elbows,
which facilitate both the abduction/adduction and internal/external rotational degrees of
freedom for physically exchanging at least two compdnents of a 3-dimensional force
vector with an operator's hand/finger.

[00197] In an example embadiment, the kinematie structure further comprises at
least three collision-free stationary actuators to provide at least three degrees of freedom,
each of which pairing with a disk said drum through a capstan and backlash-free rope to
generate a pulkin torque at each joint. The actuators are adapted for moving the serial
linkage arm with certainly determined range of angular mation for all the relevant degrees ‘
of freedom associated to the serial linkage arm within all over the whole workspace.
[00198] Further, in an example embodiment, the system is able to generate high
definition force faedback by means of at least four actuators, each meshed with a
backlash-free capstan-rope transmission system to generate a pull-in torque at each joint,
Such a conflguration allows for enhancing the safety level during an operation.

[00199] In an example embodiment, at least one link of the antire apparatus
comprises at least one long-distance spring-preloaded power transmission mechanism
including belt/pulley or chain/sprocket (at least a single strand chain paired with a single
roller sprocket), and other power transmitters hetween end joints of the associated link.

36



CA 03087094 2020-06-26

WO 2019/126863 PCT/CA2018/000243

[00200] In an example embodiment, a serial linkage arm in the kinematic structure
1-120 comprises a shoulder, and first and gecond elbow joinis having assoclated
therewith a power transmission assembly. The power transmission assembly comprises a
timing belt and two timing pulleys to transmit the torque from a motbr, such as an E2-
Motor, to an axle of the second elbow joint, which provides a continucus, smooth and
.quiet motion while it can resist the required amount of tensile force due to maximum force
applied to the surgical tocl.

{00201] In an example embaodiment, the kinematic structure comptises a gimbal
with at least three rotatlonal degrees of freedom, for example including roll, pitch and
yaw, to replicate the finger, hand and wrist motions,

[00202] In an example embodiment, the gimbal is pivotably connebted to the
kinematic llnkage, such as to a linkage arm, and Is freely able to follow the operator's
wrist motion besides pinching/coagulating motlons of the fingers to provide at least four
degrees of freedom including: at least three translational degrees of freedom to the
forearm wrist point relative to the frame affixed to the stationary frame on the tilt shaft;
and at least one pinchin’g§coaguiating degres of freedom applied {o the tocl re!étive to the
fixed reference frame affixed to the tool erbodiment, with minimized kinematic
singularities within the said virtual operating zone.

[00203] In an example embodiment comprising a hand piece, the kinematic
structure includes at least two links, at least thrae joints and at least three measuring
means, such as .rotary encoders, to provide at least pronation/supination and
flexion/extension degrees of freedom relative to the forearm to an operator's hand/finger.
[00204] In an example embodiment, the local surgical toal comprises a
substitutable surgical tool, such that the surgical tool is removable and replaceable with a
different surgical tool. In an embodiment, tha surgical tool is a regular, sensorized or
powered surgical tool, In different embodiments, the surgical toal is utilized in
microsurgery or at least one of neurosurgical, general, orthopedic, gynecology,
cardiovascular, otolaryngology, plastic, or dental surgeries.

[00208] In an example embodiment, the local surgical tool is selected from the -
group consisting of bipolar forceps, suction tubes, dissectors, micro scissors, twoezers,
and laser. In an embodiment, the surgical tool is a connection element or end effector,
physically aftached and moved by the operator. The operator, or surgeon, holds and
maneuvers the real surgical tools in the same way as performed in conventional surgery.
[00206] In an example embodiment, different coded and exchangeable surgical
tools can be mated to the end—efféctor, which are racognized by the control system to
assess the correspondence and %imilarity hetwesn the tool pairs installed on the master
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{local) and slave (remote) sides. In an example embodiment, the system shows a warning
if the tool on the hand controller is nhot matched with the corresponding tool on the slave
side. ‘
[00207] In an example embodiment, the local haptic hand controlfer takes
advantage of a self-diagnosis module that is able to defect any damaged, broken-down or
out-of-order sensors by & preliminary chéckup perfarmed by the control system.
Recognition of the attached surgical tool provides information for the control software to
compensate for the welght of the attached surgical tool.
[00208] In an example embodiment, the local surgical tool comprisas at least one

| position sensing and one actuation mechanism directly installed on the tool to provide the
required data for at least one degree of freedom positional feedback for the prongs
relative to each other (pinch/coagulation distance) and generating at least one degree of
freedom haptic force feedback to sense the precise amount of pinch/coagulation force.
Thig helps the operator, or surgeon, to avoid application of excessive force thereby
improving the safety of robot-assisted surgery.
[00209] In an example embodiment, the local surgical tool comprises at least two
3-DOF positidn gensing hand pieces, connacted to the end effector, for the right and left
hands including at least one exchangeable regular or sensorized surgical toolfinstrument
similar to what Is installed on the pairing slave operating robot.
[00210] In an example embodiment, the local surgical tool can provide at least 1-
DOF additional pinch/coagulation position sensing feedback and at least 1-DOF
additional pinch/coagulation haptic force feedback relative to the local end effector frame
to an operator's handffinger comprising.
[00211) In an example embodiment, the local surgical tool is equipped with at least
one sensor. In an example émbodiment, the at least one sensor is selected from the
group consisting of: magnetic sensor, hall-effect sensor, optical sensor, strain-gauge
resistive sensor, piezo-electric sensor, piezo-resistive sensor, capacitive proximity
sensor, and induction senscr. The sensor is configured to measure the pinching or
coagulating distance between bipolar prongs andfor applied pinching/coagulating force to
the tool by the operator. _
[00212] In an example embodiment, the local surgical ool Is equippsd with at least
one actuator. In an example embodiment, the at least one actuator is selected from the
group consisting of: electric, electromagnetic, piezoslectric, pneumatic and hydraulic
actuator, The at least one actuator is conflgured to generate af least 1-DOF pinching or
coagulating haptic force feedback between bipolar prongs according to the real-time force
apblied to the tissue by the slave robot on the remote (slave) side.
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[00213] Inan example embodiment, the local surgical tool comprises a measuring
device, such as a rotary encoder, configured to measure the roll angle.

[00214] In an example embadiment, the local surgical tool comprises a push-pulf
locking connector provided on at least one end point of the surgical tool, which facilitates
removal and substitution, by the operator, of the surgical tool with other tools in a cart set.
[00215] in an example embodiment, the master and remote surgical tools and
comprise smart sensorized forceps, and the local haptic hand controller is configured to
settle the pair of smart sensorized forceps to record the positions (linear Cartesian
movements), orientations (roll, pitch and yaw) and exerted interactive
pinching/coagulating forces applied by the operator to distinguish or assess the surgeons’
skills based on the accuracy of positioning and applied force compared to stored
reference parameters,

[00216] In an example embodiment, the control system corﬁprises a graphical user
interface (GUI) configured to graphically display, and optionally animate, the speed of all
actuators and angles of rotations (orientation of the base) on a display.

[00217] In an example embodiment, tha control system comprises at least one
human machine interface (HMI) or a computer-based touch panel, which acts as a control
station for the base.

{00218] (n an example embodiment, the control system comprises at least one
electronic printed circuit board, one programmable chip, and one touch-based display
screen connected to the circuit board for configuration/manipulation by the operator to
adjust the base angles conveniently.

[00219] in an example embodiment, the HMI comprises a graphical user interface
(GUI) on which two commanding modes are programmed, namely a manual mode and
an automatic made. In an example embediment, in the manual mode, the oparator
pushes at least one of four force sensitive resistors (FERs) to activate actuatofs of the
hase. The actuator speed and angle‘ of rofation can be graphically shown on the screen,
such as using gadgets. In an example embodiment, in the automatic mode, the operator
instructs the parameters to be adjusted automatically by a pre-planned program, based
on saved profiles for different operators, with desirable settings being capable of being
saved separately for each operator.

[00220] In an exemple embodiment, the control system comprises at least one
sound module connectad to at least one speaker to audibly guide the operator through
the programmed interface module, for example 10 guide the operator through the base
setup, step by step. In an example embodiment, the control system comprises at least .
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fwo push buttons for moving the entire mechanlsm up or- down, which ¢an be pressed by .
the operator to adjust the base height. _ | '
[00221] In an example embodiment, the control system comprises at least one
actuator driver having at least two channels, which providé the required power for the
gear motors in the base. In an example embodiment, the actuators are programmed to
meset the safety requirements for medical purposes. In an example embodiment, to avoid
any collision or damage, the base will bounce back gently if the operator holds the
relevant push button or force sensitive resistor said FSR active to overpass the maximurm
angle. .

[00222] In an example embodiment, a microsurgery-specific haptic hand-controller
is provided for intuitive and commutative haptic interaction with an operator in a tele-
operated environmernit. i an example embodiment, the present disclosure provides &
master robot having an intuitive conﬁgurétion and archltecture specifically designed for
robotic tele-operated surgety in a non-local environment. The master robot is configured
to be paired with a slave manipulator in 2 way to reduce the both said training time and
said effort ime to perform a surgical task for surgeans of different training levels and
gxperience. | |

[00223] Example embodiments of the present disclosure comprise three principle
components: a base, such as an adjustable base; a serial linkage, such as a shoulder-
elbow serial linkage; and a gimbal. In an example embodiment, the base joints consist of
a prismatic-joint (P type), a revolute pan joint (R type), and a tilt joint (R type), referred to
as PRR. The length and angle of the base joints are controlled, either manually or
automatically, by the operator.

[00224] In an embodiment, the tilt counter halance welght assembly, installed on
the left side of the pole 20, comprises a U-shaped sheet plate bracket 30, L-shaped sheet
plate bracket 103, 5-shaped sheet plate extension 28, small tilt counter weight 107 and
large tilt counter weight 28. The small counter weight 107 and large counter weight 28
compensate together a large portion of the hand controller weight, which affects the tilting
motion, by creating a supporting lift torque around the tilt shaft 91, The balance weights
28 and 107 are affixed to the plate iihk 28, for example by means of headed magchined
SCTEWS.

[00225) The base could be adjusted automatically or directly using a software
interface, or manually by pressing one of the force sensitive resistors 80 to move it to the
right, left, up, or down. In an automalic mode, the aperator communicates with the hand
controller via a GUI in order to adjust the base height and angles by selecting the preset
seltings and move the base to a favorahle posture.
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[00226] A hand confroller according to an embodiment of the present disclosure s
provided bimanual with a right-hand device fixed to a stand, covered hy plastic
enclosures. In anather embodiment, the hand controller is attached to any of the
adjustable bases | or Il covered by the enclosure.

[00227] In the preceding description, for purposes of explanation, nurnerous details
are set forth in order to provide a tharough Understanding of the embodiments. Howeaver,
it will be appérent to one skllled in the art that these specific details are not required. In
other instances, well-known electrical structures and ciréuits are shown in block diagram
form in order not to ohscure the understanding. For example, specific details are not
provided as to whether the embodiménts described herein are implemented as a software
routine, hardware circuit, firmware, or a combination thereof.

'[00228] Certain embodiments of the disélosure can be represented as a computer
program product stored in @ machine-readable medium (also referred to as a computer-
readabla medium, a processor-readable medium, or.a compuier usable meadium having a
computer-readable program code embodied therein), The machine-readable medium can
be any suitable tangible, non-fransitory medium, including magnetic, optical, or electrical
storage medium including a diskette, compact disk read only memory (CD-ROM),
memory device (volatile or non-volatile), or simllar storage mechanism, The machine-
readable medium can contain various sels of instructions, code sequences, configuration
information, or other data, which, when executed, cause a processor to perform steps in a
method according to an embodiment of the disclosurs. Those of ordinary skill in the art
will appreciate that other instructions and operations necessary ta implement the
described implementations can also be stored on the machine-readable mediumn. The
instructions stored on the machine-readable madium can be executed by a processor o
other suitable processing device, and can interfacé with circuitry to perform the described
tasks.

[00228] The above-described embodiments are intended to be examples only.
Alteralions, modifications and variations can be effected to the particular embodiments by
those of skill in the art without departing from the scope, which Is defined solely by the
claims appended hereto.
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CLAIMS:

1. A local haptic hand controller for enabling an operator to remotely perform
microsurgery by controlling a remote robotic manipulator, the local haptic hand controller
comprising:

a base;

a kinematic structure in communication with the base, the kinematic structure
comprising a gimbal provided as an end-effector;

a local surgical tool provided at the gimbal and having a shape and construction
substantially similar to a remote surgical tool provided at the remote robotic manipulator
and with which the microsurgery is to be performed, the local surgical tool comprising a
local surgical tool identifier; and

a control system in communication with the local surgical tool and with the remote
surgical tool, the control system configured to enable operation of the local haptic hand
controller when a local surgical tool identifier matches a remote surgical tool identifier.

2. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises a local surgical tool type identifier identifying a type of surgical tool, and
wherein the control system is configured to enable operation of the local haptic hand
controller when the local surgical tool type identifier matches a remote surgical tool type

identifier.

3. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises a local individual surgical tool identifier identifying a specific surgical tool, and
wherein the control system is configured to enable operation of the local haptic hand
controller when the local individual surgical tool identifier matches a remote individual

surgical tool identifier.

4. The local haptic hand controller of claim 1 wherein the control system is
configured to generate a warning when the local surgical tool identifier does not match

the remote surgical tool identifier.

5. The local haptic hand controller of claim 1 wherein the control system is
configured to compare the local surgical tool identifier with the remote surgical tool
identifier, and to permit operation of the local haptic hand controller only when the local

surgical tool identifier matches the remote surgical tool identifier.
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6. The local haptic hand controller of claim 1 wherein the control system is provided
in communication with, but separate from, the local haptic hand controller.

7. The local haptic hand controller of claim 1 wherein the control system comprises a
local control system configured to communicate with the remote surgical tool via a remote

control system associated with the remote robotic manipulator.

8. The local haptic hand controller of claim 1 further comprising a human-machine
interface configured to provide an output of the control system based on a comparison of

the local surgical tool identifier with the remote surgical tool identifier.

9. The local haptic hand controller of claim 1 wherein the local haptic hand controller
is configured to perform self-diagnosis and to provide a result of the self-diagnosis.

10. The local haptic hand controller of claim 1 wherein the local haptic hand controller
is configured to perform a diagnosis of the local haptic hand controller and to provide a

result of the diagnosis.

1. The local haptic hand controller of claim 1 wherein the control system is
configured to, based on the remote surgical tool identifier, provide information to the local
hand controller to compensate for the weight of the remote surgical tool to reduce inertia
or provide haptic force feedback.

12. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises at least one sensor, and wherein the local haptic hand controller comprises a
self-diagnosis module configured to detect an operational status of the at least one

sensor in the local surgical tool.

13. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises at least one sensor in communication with the control system.

14. The local haptic hand controller of claim 13 wherein the at least one sensor is
selected from the group consisting of: a magnetic sensor, a Hall-effect sensor, an optical

sensor, a strain-gauge resistive sensor, a piezo-electric sensor, a piezo-resistive sensor,

a capacitive proximity sensor, and an induction sensor.

43

AMENDED SHEET



B R P R I B Y - el e s

PCT/CA2018/000243
CA 03087094 2020-06-26 15 November 2019 15-11-2019

15. The local haptic hand controller of claim 13 wherein the at least one sensor is

configured to measure a distance between first and second prongs of forceps.

16. The local haptic hand controller of claim 15 wherein the at least one sensor is
configured to determine a force applied to the forceps by the operator based on the

measured distance.

17. The local haptic hand controller of claim 1 wherein the local surgical tool

comprises at least one actuator in communication with the control system.

18. The local haptic hand controller of claim 18 wherein the at least one actuator is
selected from the group consisting of: electric, electromagnetic, piezoelectric, pneumatic

and hydraulic actuator.

19. The local haptic hand controller of claim 18 wherein the at least one aétuator is
configured to provide high-definition force feedback to enable the operator to feel, at the

local surgical tool, force applied to the remote surgical tool.

20. The local haptic hand controller of claim 18 wherein the at least one actuator is
configured to generate at least 1-DOF pinching or coagulating haptic force feedback
between forceps prongs according to a real-time force applied to a tissue by the remote

surgical tool.

21. The local haptic hand controller of claim 1 wherein the local surgical tool

comprises a sensorized surgical tool, an actuated surgical tool or a powered surgical tool.

22. The local haptic hand controller of claim 1 wherein the local surgical tool is
selected from the group consisting of forceps, bipolar forceps, a suction tube, a dissector,
micro scissors, micro dissectors, a power drill, endoscopy tools, tweezers, and a laser.

23. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises a dual prong surgical tool having first and second prongs, the dual prong

surgical tool comprising at least one position sensor configured to provide positional
feedback with respect to a distance between the first and second prongs.

44

AMENDED SHEET



PCT/CA2018/000243
CA 03087094 2020-06-26 15 November 2019 15-11-2019

24, The local haptic hand controller of claim 23 wherein the at least one position
sensor comprises a Hall-effect sensor provided on either the first or second prong, and
 further comprising @ magnet bar provided on the opposite prong from the Hall-effect
sensor, the Hall-effect sensor and the magnet bar cooperating to measure the distance

between the first and second prongs.

25. The local haptic hand controller of claim 1 wherein the local surgical tool and the

remote surgical tool each comprises a dual prong surgical tool having first and second
prongs, the dual prong local surgical tool comprising at least one actuation mechanism

| configured to generate haptic force feedback at a local site based on a force sensed

between first and second prongs of the remote dual prong surgical tool.

26. The local haptic hand controller of claim 1 wherein the local surgical tool

comprises a measuring device configured to measure a roll angle.

27. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises, on at least one end point of the local surgical tool, a push-pull locking
connector to facilitate installation and removal of the local surgical tool with respect to the

gimbal.

28. The local haptic hand controller of claim 1 wherein:

the local surgical tool comprises at least one sensor configured to measure
operator parameters including position, orientation and forces applied by the operator,
and

the control system is configured to compare the measured operator parameters to
stored reference parameters to assess operator performance.

29. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises a suction device including sensing actuator, the sensing actuator configured
to:
sense an amount of pressure applied by the operator to the sensing actuator; and
control a flow rate of the suction device based on the sensed amount of pressure.

30. The local haptic hand controller of claim 1 wherein the local surgical tool
comprises an encoding connector in communication with the control system and

configured to encode the local surgical tool with the local surgical tool identifier.

45

AMENDED SHEET



PCT/CA2018/000243
CA 03087094 2020-06-26 15 November 2019 15-11-2019

31. The local haptic hand controller of claim 30 wherein the encoding connector is

configured to encode the local surgical tool with a local surgical tool type identifier.

32. The local haptic hand controller of claim 30 wherein the encoding connector is
configured to encode the local surgical tool with a local individual surgical tool identifier.

33. The local haptic hand controller of claim 30 wherein the encoding connector is
configured to obtain or measure local surgical tool status data and to provide the local
surgical tool status data to the control system.

34. The local haptic hand controller of claim 1 wherein the end-effector has at least 3
degrees-of-freedom and has three independent rotational joints configured to mimic wrist

motion.

35. The local haptic hand controller of claim 1 wherein the gimbal comprises a single-
prong tool connector including a prong holder configured for mating with a single-prong

local surgical tool.

36. The local haptic hand controller of claim 35 wherein the single-prong tool
connector is selected from the group consisting of: a push-pull locking connector, a
bayonet connector, and a threaded lock-type connector.

37. The local haptic hand controller of claim 1 wherein the gimbal comprises a dual-
prong tool connector defining at least one prong holder configured for mating with at least

one prong of a dual-prong local surgical tool.

38. The local haptic hand controller of claim 37 wherein the at least one prong holder
comprises at least one miniaturized clamp configured to fix the at least one prong of the

dual-prong surgical tool at a tool lower end.

39. The local haptic hand controller of claim 1 wherein the gimbal comprises a dual-
prong tool connector defining first and second prong holders configured for mating with

first and second prongs of a dual-prong local surgical tool.

40. The local haptic hand controller of claim 1 wherein the gimbal comprises at least
one positional feedback sensor configured to measure roll, pitch or yaw.
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41. The local haptic hand controller of claim 40 wherein the at least one positional
feedback sensor comprises three positional feedback sensors configured to measure roll,

pitch and yaw.

42, The local haptic hand controller of 40 wherein the at least one positional feedback
sensor comprises one or more rotary encoders, one or more potentiometers, or one or

more resolvers, or a combination thereof.

43. The local haptic hand controller of claim 1 wherein the gimbal comprises a gimbal
frame and a tool connector, the tool connector provided below the gimbal frame and
configured to connect with the local surgical tool at a tool top end such that, in operation,
the tool and the operator’s hand are positioned underneath the gimbal frame.

44, The local haptic hand controller of claim 1 wherein the gimbal comprises a gimbal
frame and a tool connector, the tool connector provided above the gimbal frame and
configured to connect with the local surgical tool at a tool lower end such that, in
operation, the tool and the operator's hand are positioned above the gimbal frame.

45. The local haptic hand controller of claim 1 wherein the gimbal comprises gimbal k
joints and wherein the gimbal provides at least 4 degrees-of-freedom positional feedback,

and at least three degrees-of-freedom on the gimbal joints.

46. The local haptic hand controller of claim 1 wherein the gimbal is configured to
provide at least three rotational degrees of freedom including roll, pitch and yaw, to
replicate finger, hand and wrist motions.

47. The local haptic hand controller of claim 1 wherein the gimbal comprises at least
two gimbal links, at least three gimbal joints and at least three measuring means
configured to provide at least pronation/supination and flexion/extension degrees of
freedom to the operator’s hand/finger relative to the operator’s forearm.

48. The local haptic hand controller of claim 1 wherein the kinematic structure
comprises a plurality of serial linkages, and wherein the plurality of serial linkages and the
gimbal cooperate, in use, to mimic human upper limb and hand motion.
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49, The local haptic hand controller of claim 1 wherein the kinematic structure
comprises a plurality of serial linkages shaped and constructed similar to a human upper

extremity.

50. The local haptic hand controller of claim 1 wherein the local haptic hand controlier
comprises at least nine positional degrees of freedom, and at least four force degrees of

freedom.

51. The local haptic hand controller of claim 1 wherein the kinematic structure
comprises an articulated structure including a plurality of serial linkages, the articulated
structure having at least three positional degrees of freedom, and at least four force

degrees of freedom.

52. The local haptic hand controller of claim 1 wherein the kinematic structure
comprises at least one linkage arm having at least three translational degrees of freedom

to replicate human elbow and shoulder motion.

53. The local haptic hand controller of claim 1 wherein the kinematic structure
comprises at least one linkage arm comprising at least three actuators installed on the
linkage arm to provide at least 3 degrees of force feedback.

54, The local haptic hand controller of claim 1 wherein the kinematic structure
comprises a plurality of serial linkages, the plurality of serial linkages and the gimbal
cooperating, in use, to translate operator arm movement into movement of at least one of
the plurality of linkages in a direction parallel to and side-by-side with the operator arm
movement.

55. The local haptic hand controller of claim 54 wherein the operator arm movement is
caused by a first serial link chain defined by the operator's arm, and the plurality of
linkages comprise a second serial link chain configured to move in parallel with, and
together with, the first serial link chain.

56. The local haptic hand controller of claim 1 wherein the kinematic structure
comprises a shoulder, which facilitates a flexion/extension degree of freedom for the
operator for physically exchanging at least one component of a 3-dimensional force
vector with an operator’s hand/finger.
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57. The local haptic hand controller of claim 1 wherein the kinematic structure
comprises two links and two joints which facilitate both the abduction/adduction and
internal/external rotational degrees of freedom for physically exchanging at least two
- components of a 3-dimensional force vector with an operator’s hand/finger.

58. The local haptic hand controller of claim 57 wherein the two links comprise an
upper arm and a forearm, and wherein the two joints comprise an upper elbow joint
provided at a first end of the upper arm, and a lower elbow joint provided between a
second end of the upper arm and the forearm.

59. The local haptic hand controller of claim 54 wherein the kinematic structure
comprises:
a shoulder assembly;
an upper arm pivotally connected to the shoulder assembly;
a lower elbow joint pivotally connected to a lower end of the upper arm; and
a forearm pivotally connected to the lower elbow joint,
and wherein the gimbal is pivotally connected to the forearm.

60. The local haptic hand controller of claim 59 wherein the shoulder assembly
comprises:

a rotary joint; and

an upper elbow joint coupled to the rotary joint.

61. The local haptic hand controller of claim 60 further comprising:

a lower pulley actuator provided in the upper elbow joint;

an upper pulley provided in the upper elbow joint; and

a power transmission device in communication with the upper and lower elbow '
joints and configured to transmit power from the lower pulley actuator in the lower elbow
joint to an axis of the lower elbow joint via the upper pulley.

62.  The local haptic hand controller of claim 1 wherein the kinematic structure is
adapted to exert forces and/or torques for at least partial compensation of gravity related

forces.

63. The local haptic hand controller of claim 62 wherein the kinematic structure is
~ adapted to exert torques acting in at least one of three translational degrees of freedom.
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64. The local haptic hand controller of claim 62 wherein the kinematic structure
comprises a shoulder, an upper arm and a forearm, and further comprising actuators
configured to power three independent freedoms of the upper arm and the forearm

" relative to the shoulder to provide the at least partial gravity compensation.

65. The local haptic hand controller of claim 1 wherein the local haptic hand controller
and the local surgical tool comprise a master hand controller and a master surgical tool,
and wherein the remote robotic manipulator and the remote surgical tool comprise a slave

haptic hand controller and a slave surgical tool.

66. The local haptic hand controller of claim 1 further comprising a static
counterbalance assembly comprising: a pendulum fixed to a shaft; and a counterweight
secured to the pendulum such that the counterweight swings around the axis to which the
pendulum is fixed.

67. The local haptic hand controller of claim 1 further comprising a motorized dynamic
counterbalance assembly comprising: a dynamic counterweight; a gear motor in
communication with the control system and coupled to the dynamic counterweight, the
gear motor configured to move the counterweight in response to a dynamic

counterbalance signal received from the control system.

68. The local haptic hand controller of claim 67 wherein the motorized dynamic
counterbalance assembly comprises: a vertical motion compartment configured to move
the counterweight up and down manually; and a horizontal motion compartment

configured to move the counterweight right and left automatically.

69. A local haptic hand controller for enabling an operator to remotely perform
microsurgery by controlling a remote robotic manipulator, the local haptic hand controller
comprising:

a base;

a kinematic structure in communication with the base, the kinematic structure
comprising a plurality of serial linkages and comprising a gimbal provided as an end-
effector, the plurality of serial linkages and the gimbal cooperating, in use, to translate
operator arm movement into movement of at least one of the plurality of linkages in a
direction parallel to and side-by-side with the operator arm movement; and
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a control system in communication with a remote surgical tool and with a local
surgical tool adapted for mating with the gimbal, the control system configured to enable
operation of the local haptic hand controller when a local surgical tool identifier associated
with the local surgical tool matches a remote surgical tool identifier associated with the

remote surgical tool.

70. The local haptic hénd controller of claim 69 wherein the operator arm movement is
caused by a first serial link chain defined by the operator’s arm, and the plurality of
linkages comprise a second serial link chain configured to move in parallel with, and

together with, the first serial link chain.

71. The local haptic hand controller of claim 69 wherein the kinematic structure
comprises:

a shoulder assembly including a rotary joint and an upper elbow joint coupled to
the rotary joint;

an upper arm pivotally connected to the shoulder assembly;

a lower elbow joint pivotally connected to a lower end of the upper arm; and

a forearm pivotally connected to the lower elbow joint,

and wherein the gimbal is pivotally connected to the forearm.

72, A local haptic hand controller for enabling an operator to remotely perform fine
manipulation by controlling a remote robotic manipulator, the local haptic hand controller
comprising:

a base;

a kinematic structure in communication with the base, the kinematic structure
comprising a gimbal provided as an end-effector,

a local fine manipulation tool provided at the gimbal and having a shape and
construction substantially similar to a remote fine manipulation tool provided at the remote
robotic manipulator, the local fine manipulétion tool comprising a local fine manipulation
tool identifier; and

a control system in communication with the local fine manipulation tool and with
the remote fine manipulation tool, the control system configured to enable operation of
the local haptic hand controller when a local fine manipulation tool identifier matches a
remote fine manipulation tool identifier.
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