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SURGICAL PLATFORM WITH ADJUSTABLE ARM SUPPORTS

BACKGROUND

Field

(0001} This description generally relates to medical systems, and particularly to a
surgical or medical platform, table, or bed with adjustable arm supports.
Bescription

16002} Robotic technologies have a range of applications. In particular, robotic
arms help complete tasks that a human would normally perform. For example, factories use
robotic arms to manufacture automobiles and consumer electronics products. Additionally,
scientific facilities use robotic arms to automate laboratory procedures such as transporting
microplates. Recently, physicians have started using robotic arms to help perform surgical
procedures. For instance, physicians use robotic arms to control surgical instruments inside a
patient. However, existing medical systems mnchuding robotic arms have a high capital cost
and are typically specialized to perform hmited types of surgical procedures. Thus,
physicians or their assistants may need to obtain muluple robotic arm systems to
accommodate a range of surgical procedures. Manually reconfiguring a robotic arm system
for each surgical procedure 15 also time-consuming and physically demanding for the

physicians.

SUMMARY

[6003] A surgical {or medical) robotics system with robotic arms s configurable
to perform a variety of surgical {or medical) procedures. A robotic surgical system can
imnclude one or more adjustable arm supports that support one or more robotic arms. The
adjustable arm supports can be configured to attach to either a table, a column support of the
table, or a base of the table to deploy the adjustable arm supports and robotic arms from a
position below the table. In some examples, the adjustable arm supports include at least four
degrees of freedom that allow for adjustment of the position of a bar or rail to which the
robotic arms are mounted. One of the degrees of freedom can allow the adjustable arm

support to be adjusted vertically relative to the table. A robotic surgical system can 1nclude
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two adjustable arm supports, each supporting one or more robotic arms. The two adjustable
arm supports can be imdependently adjusted. For example, each arm support can be adjusted
to a different height relative to the table.

[6004] In a first aspect, a system can include 3 table configured to support a
patient. The system can also include a column extending along a first axis between a first end
and a second end. The first end can be coupled to the table. A base can be coupled to the
second end of the column. The system can include a first arm support coupled to at least one
of the table, column or the base by at least a first jomt configured to allow adjustment along
the first axis relative to the table. The first arm support can include a first bar having a
proximal portion and a distal portion extending along a second axis different from the first
axis. The first bar can be configured to support at least one robotic arm.

[0005] The systern can include one or more of the followmg features n any
combination: {a} wherein the first axis 1s a vertical axis and the first joint is configured to
allow adjustment of the first bar in a vertical direction; (b} wherein the first joint comprises a
motorized linear joint configured to move along the first axis; {¢) a first robotic arm mounted
to the first bar, the first robotic arm configured to translate along the second axis; (d) a
second robotic arm mounted to the first bar, the second robotic arm configured to translate
along the second axis; (e} wherein the second robotic arm is configured to translate along the
second axis independently of the first robotic arm; {f) a third robotic arm mounted to the first
bar; {g) wherein at least one of the first robotic arm, second robotic arm or third robotic arm
holds a camera; (h) wherein at least one of the first robotic arm, second robotic arm or third
robotic arm can be stowed under the table; {1} wherein the first arm support comprises a
second joint configured to adjust a tilt angle of the first bar; (§) wherein the second joint
comprises a motorized rotational joint configured to rotate around a third axis that is different
than the first axis; (k) wherein the first arm support comprises a third joint and a bar
connector, the bar connector mechanically coupling the first bar with the third jont; (1)
wherein the third joint comprises a motorized rotational joint configured to pivot the bar
connector about a fourth axis that s different than the first axis; (m) wherein the third joint is
configured to pivot the bar connector to adjust a positioning of the first bar relative to the
column; {n} wherein: the third joint 15 positioned at a first end of the bar connector, the first

end of the bar connector coupled to the column, an additional joint is positioned at a second
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end of the bar connector, the second end of the bar connector coupled to the first bar, and the
additional joint 15 mechanically constramed to the third joint such that the additional joint
and the third joint rotate together; (o) wherein the additional joint 15 mechanically
constrained to the third joint via a four-bar linkage; {p) wherein the additional joint 1s
mechanically constrained to the third joint such that an ortentation of the first bar does not
change as the bar connector pivots; {q) wherein the first bar 15 capable of translation along a
length of the table such that the first bar can extend beyond an end of the table; (r) wheren
the first bar is further coupled to the column by at least one fourth joint configured to allow
translation of the first bar relative to the column along the second axis; (3} wherein the first
arm support s configured to be positioned on a first side of the table, and wherein the system
further comprises a second arm support coupled to at least one of the table, column or base
and configured to be positioned on a second side of the table; (1) wherein the second side 1s
opposite the first side; (u) wherein the second arm support comprises a second bar extending
along a fifth axis by at least a first joint configured to allow adjustment of the second along
the first axis; (v} wherein the first arm support and the second arm support are configured to
be independently adjustable, such that the first arm support can be moved to a first height
and the second arm support can be independently moved to a second height different than the
first height; (x} wherein the first arm support 1s configured to be stored below the table;
and/or (v) wherein the base comprises one or more wheels configured such that the system s
mobile,

6006} in another aspect, a system can include a table configured to support a
patient. The system can include a column extending along a first axis between a first end and
a second end. The first end can be coupled to the table. A base can be coupled to the second
end of the colurn. The system can include a first arm support comprising a first bar having a
proximal portion and a distal portion extending along a second axis, the first bar coupled to
at least one of the table, column or base by at least a first joint configured to allow
adjustment of the first bar along the first axis, the first arm support configured to support at
least one robotic arm. The system can also include a second arm support comprising a second
bar having a proximal portion and a distal portion extending along a third axis coupled to the
column by at least a second joint configured to allow adjustment of the second bar along the

first axis, the second arm support configured to support at least another robotic arm. In some



WO 2019/143459 PCT/US2018/067984

embodiments, the first arm support and the second arm support are configured such that the
position of the first bar and the second bar along the first axis can be adjusted independently.

[8007] The system can include one or more of the following features in any
combination: (a} wherein the first axis 15 a vertical axis, the first joint 1s configured to allow
adjustient of the first bar 1n a vertical direction, the second joint 18 configured to allow
adjustment of the second bar in the vertical direction, and wherein the first bar and the
second bar can be adjusted to different heights; (b} wherein the first arm support 1s
configured to be positioned on a first side of the table, and the second arm support 1s
configured to be positioned on a second side of the table; (¢} wherein the second side 1s
opposite the first side; (d} wherein: the first arm support comprises a third joint configured to
adjust a tilt angle of the second axis of the first bar relative to the surface of the table, and the
second arm support comprises a fourth joint configured to adjust a tilt angle of the third axis
of the second bar relative to the surface of the table; {(¢) wherein the tilt angle of the first bar
axis and the tilt angle of the second bar axis can be adjusted independently; {f) wherein the
first arm support further comprises a first bar connector that is pivotally coupled to the
column by at least a fifth joint, and the second arm support further comprises a second bar
connector that 1s pivotally coupled to the column by at least a sixth joint; (g) wherein the first
bar connector and the second bar connector can be pivoted independently; (h) wherein the
first further comprises a seventh joint configured to allow translation of the first bar relative
to the column along the second axis, and the second arm support further comprises an eighth
joint configured to allow translation of the second bar relative to the column along the third
axis; (1) wherein the translation of the {irst bar along the first bar axis and the translation of
the second bar along the second bar axis can be adjusted independently; (3) wherein the first
and second arm supports are configured to be stored below the table; (k) wherein one or
more of the first joint and the second joint are motorized or controlled by hydraulics; (1)
wherein the first arm supports at least two robotic arms that are linearly translatable relative
to one another; and/or (m) multiple robotic arms on the first arm support and multiple robotic
arms on the second arm support, wherein the number of arms on the first arm support is
equal to the number of arms on the second arm support.

[6008] In another aspect, an arm support s disclosed The arm support can

include a bar extending along a first axis. The bar can be configured to support at least one
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robotic arm such that the at least one robotic arm can translate along the first axis. The bar
can be configured to couple to a column supporting a table. The arm support can mclude a
first joint configured to facilitate adjusting a vertical position of the bar along a second axis
of the column, a second joint configured to facilitate adjusting a tilt angle of the first axis
relative to a surface of the table, a bar connector configured to pivotally couple to the column
by at least a third joint, and a fourth jomnt configured to facilitate translation of the bar along
the first axis.

[6009] The arm support can 1include one or more of the following features 11 any
combination: {(a) wherein one or more of the first joint, second joint, third jont and fourth
joint are motorized or controlled by hydraulics; (b) wherein the second axis is a vertical axig
and the first joint 15 configured to allow adjustment of the bar in a vertical direction; ()
wherein the first joint comprises a linear joint configured to move along the second axis; (d}
wherein the second joint comprises a rotational joint configured to rotate around a thurd axis
that 1s different than the second axis; (&) wherein the third joint comprises a rotational joint
configured to pivot the bar connector about a fourth axis that is different than the first axis;
(f) wherein the third jont 1s configured to pivot the bar connector to adjust a positioning of
the bar relative to the column; (g} wherein the third joint is positioned at a first end of the bar
connector, the first end of the bar connector configured to couple to the column, and wherein
an additional joint 1s positioned at a second end of the bar connector, the second end of the
bar connector coupled to the bar, and wherein the additional joint 15 mechanically
constrained to the third joint such that the additional joint and the third joint rotate together;
(h) wherein the additional joint 1s mechanically constrained to the third motorized joint via a
four-bar linkage; (1) wherein the additional joint 15 mechanically constrained to the third
motorized joint such that an orientation of the bar does not change as the bar connector
pivots; and/or (j) wherein the fourth joint comprises a linear joint.

[6010] In another aspect, disclosed 1s a system that can include a table configured
to support a patient positioned on a surface of the table. The system can include a column
extending along a first axis between a first end and a second end. The first end can be
coupled to the table. A base can be coupled to the second end of the column. The system can
include an arm support comprising a bar extending along a second axis. The bar can be

coupled to at least one of the table, column, or base by a first joint configured to allow
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adjustment of the bar along the first axis. The arm support can be configured to support at
least one robotic arm. The system can also include at least one computer-readable memory
having stored thereon executable instructions, and at least one processor in communication
with the at least one computer-readable memory and configured to execute the imnstructions to
cause the system to at least adjust a position of the bar along the first axis 1 response to
receiving a command.

(6011} The system can include one or more of the followmng features in any
combination: {a} wherein the command comprises a command to adjust a position of a
robotic medical tool coupled to a robotic arm coupled to the arm support; {(b) wherein the at
least one processor is further configured to execute the nstructions to cause the system 1o at
least adjust a position of the bar in response to a clinician selected procedure; {¢) wherein the
at least one processor is further configured to execute the mstructions o cause the system to
at least adjust a position of the bar to avoid a collision between the robotic arm and at least
one of: the table, a patient, an additional robotic arm, and a medical imaging device; and/or
(d} one or more of’ a second joint configured to allow the bar to tilt to adjust an angle of the
bar axis relative to a surface of the table, a bar connector configured to pivotally couple to
the column by at least a third joint, a fourth jont configured to allow translation of the bar
relative to the column along the bar axis, and wherein the least one processor is fusther
configured to execute the instructions to cause the system 1o at least control at least one of
the second joint, the third joint, and the fourth joint to adjust the position of the bar.

6012} In another aspect, disclosed is a method that can include providing a table
configured to support a patient positioned on a surface of the table; providing a column
extending along a first axis between a first end and a second end, the first end coupled to the
table; providing a base coupled to the second end of the column; providing an arm support
comprising a bar extending along a bar axis coupled to at least one of the table, column or
base by at least a first joint configured to allow adjustment of the bar along the first axus, the
arm support configured to support at least one robotic arm; and actuating the first joint to
adjust a position of the bar along the first axis.

[6013] The method can include one or more of the following features n any
combination: {a) providing a first robotic arm mounted to the first bar; and translating the

first robotic arm the second axis; (b} providing a second robotic arm mounted to the first bar,
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and translating the second robotic arm the second axis; {¢} wherein the second robotic arm 1s
configured to translate along the second axis independently of the first robotic arm; (d)
providing a third robotic arm mounted to the first bar; (e} wherein at least one of the first
robotic arm, second robotic arm or third robotic arm holds a camera; (f) wherein at least one
of the first robotic arm, the second robotic arm, or the third robotic arm can be stowed under
the table; (g) wheren the first arm support comprises a second joint configured to adjust a tilt
angle of the first bar, and wherein the method further comprises adjusting the tilt angle of the
bar by actuating the second joint; (h) wherein the second joint comprises a motorized
rotational joint configured to rotate around a third axis that 13 different than the first axas; (1)
wherein the first arm support comprises a third joint and a bar connector, the bar connector
mechanically coupling the first bar with the third joint; (§) actuating the thurd joint to pivot
the bar connector to adjust a posttioning of the first bar relative to the column; (k) wheren
the first bar 15 capable of translation along a length of the table such that the first bar can
extend beyond an end of the table; (1) wherein the first bar 1s further coupled to the column
by at least one fourth joint configured to allow translation of the first bar relative to the
column along the second axis, and wherein the method further comprise translating the first
bar relative to the column along the second axis; (m) providing a second arm support coupled
to at least one of the table, column or base and configured to be positioned on a second side
of the table; and/or {n)} moving the first arm support to a first height, and moving the second
arm support to a second height different than the first height.

[0014] in another aspect, disclosed i1s a method that includes: receiving a
command regarding positioning of at feast one of. a first robotic arm; a medical instrument
coupled to an end effector of the robotic first arm; and an arm support coupled to a base of
the first robotic arm and to a column supporting a patient-support table, wherein the arm
support comprises at least one joint and a bar configured to support the first robotic arm; and
actuating, based on the recerved command, the at least one joint to adjust a position of the
arm support along a vertical axis of the column.

[0015] The method may include one or more of the following features in any
combination: (a) wherein a first command actuates the at least one joint to adjust the position
of the arm support along a vertical axis of the column, a second command actuates a second

jomt for pivoting up the arm support, a third command actuates a third joint for tilting the
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arm support and a fourth command causes longitudinal translation of the arm support; (b)
wherein a second robotic arm 15 coupled to the bar of the arm support; (¢) raising the arm
support, the first robotic arm, and the second robotic arm from a stowed position below the
table; positioning the arm support, the first robotic arm and the second robotic arm adjacent
the table; adjusting a position of the arm support relative to the table via at least one of the
first command, second command, third comunand, or fourth command; and adjusting a
position of the first robotic arm relative to the second robotic arm along the bar of the
support joint in preparation for a surgical procedure; (d} wherein the arm support is
positioned below an upper surface of the table; and/or (&) a controller for executing one or
more commands based on a kinematics model, wherein the one or more commands control
the positioning of one or more of the first robotic arm; the medical instrument coupled to an
end effector of the robotic first arm; and an arm support coupled to a base of the first robotic
arm and to a column supporting a patient-support table, wherein the arm support comprises at
least one joint and a bar configured to support the first robotic arm.

[6016] In another aspect, disclose 1s a system that can include a table configured
to support a patient positioned on a surface of the table, one or more supports for the table,
and an arm support for holding one or more arms adjustable relative to the table, wherein a

height of the arm support is adjustable relative to the table.

BRIEF DESCRIPTION OF THE DRAWINGS

(6017} FIG. 1 1s an isometric view of a surgical robotics system according to an
embodiment.

001 8] FIG. 2A 15 an 1sometric view of a table of the surgical robotics system
according to one embodiment.

[6019] FIG. 2B 15 a top view of the table according to one embodiment.

[0020] FIG 2C 15 a top view of a swivel segment of a table according to one
embodiment.

[6021] FIG. 2D 1s a top view of a swivel segment of the table according to one
embodiment.

[6022] FIG. 2E s an sometric exploded view of components of 3 swivel

mechanism according to one embodiment.
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[6023] FIG. 2F 15 a cross sectional view of the swivel mechanism shown in FIG.
2E according to one embodiment.

[0024] FIG. 2G is a bottom view of the swivel mechanism shown in FIG 2E
according to one embodiment.

[0025] FIG. 2H 1s an isometric view of a folding segment of the table according
to one embodiment.

[06026] FIG. 2I 15 another sometric view of a folding segment of the table
according to one embodiment.

[8027] FIG. 2F 13 an sometric view of a trapdoor of the table according to one
embodiment.

[6028&] FIG. 2K 1s an isometric view of pivots of the table according to one
embodiment.

[0029] FIG. 2L 1s a side view of the table rotated about an axis of pitch according
to one embodiment.

[0036] FIG. 2M 1s an isometric view of the table rotated about an axas of row
according to one embodiment.

[6031] FIG. 3A 1s a side cutaway view of a column of the surgical robotics
system according to one embodiment.

[0032] FIG. 3B is an isometric cutaway view of the column according to one
embodiment.

[6033] FIG. 3C 15 a top view of the column according to one embodiment.

[0034] FIG. 4A s an isometric view of a surgical robotics system with a column-
mounted robotic arm according to one embodiment.

[0035] FIG. 4B 1s an 1isometric view of a surgical robotics system with column-
mounted robotic arms according to one embodiment,

[06036] FIG. 5A 15 an 1sometric view of a column ring of the surgical robotics
system according to one embodiment.

[8037] FIG. SB 1s a bottom view of a set of column rings underneath a table
according to one embodiment.

[0038] FIG. 5C 15 an sometric view of the set of column rings mounted to a

column according to one embodiment.
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[6039] FIG. 5D 13 an 1sometric cutaway view of an arm mount of a column ring
according to one embodiment.

[0040] FIG SE 15 an 1sometric cutaway view of the arm mount in a telescoped
configuration according to one embodiment.

[0041] FIG. 0A 13 an isometric view of a robotic arm of the surgical robotics
system according to one embodiment.

[0042] FIG. 6B 15 an 1sometric view of an arm segment joint of the robotic arm
according to one embodiment.

[6043] FIG. 6( 15 an sometric view of another arm segment jomnt of the robotic
arm according to one embodiment.

[6044] FIG. 7A 15 an isometric view of a surgical robotics system with column-
mounted arms configured to access the lower body area of a patient according to one
embodiment.

[6045] FIG. 7B 15 a top view of the surgical robotics system with column-
mounted arms configured to access the lower body area of the patient according to one
embodiment.

[6046] FIG. 7C 18 an 1sometric view of an imaging device and a surgical robotics
system with column-mounted arms configured to access the lower body area of a patient
according to one embodiment.

6047} FIG. 7D 1s a top view of the imaging device and the surgical robotics
system with column-mounted arms configured to access the lower body area of the patient
according to one embodiment.

[6048&] FIG. 7E is an isometric view of the surgical robotics system with column-
mounted arms configured to access the core body area of a patient according to one
embodiment.

[6049] FIG. 7F 15 an isometric view of the surgical robotics system with column-
mounted arms configured to access the upper body area of a patient according to one
embodiment.

[0056] FIG. 8A 15 an isometric view of a base of a surgical robotics system

according to one embodiment.
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[6051] FIG. 8B 1s an 1sometric view of open panels of the base according to one
embodiment.

[0052] FIG. 8C is an isometric view of robotic arms stowed inside a base of a
surgical robotics system according to one embodiment.

[0053] FIG. 8D 15 an 1sometric view of robotic arms stowed underneath a table of
a surgical robotics system according to one embodiment.

[0054] FIG. 8E 13 an isometric view of robotic arms stowed above a base of a
surgical robotics system according to one embodiment.

[6055] FI(s. 8F 13 another 1sometric view of robotic arms stowed above a base of
a surgical robotics system according to one embodiment.

6056} FIG. 8G 15 an 1sometric view of outrigger casters on a base of a surgical
robotics system according to one embodiment.

[0057] FIG. 8H 1s another 1sometric view of the outrigger casters on the base of
the surgical robotics system according to one embodiment.

[0058] FIG. 81 15 a side view of an oufrigger caster in a mobile configuration
according to one embodiment.

6059} FIG. 8] is a side view of the outrigger caster in a stationary configuration
according to one embodiment.

[0060] FIG. 9A is an 1sometric view of a surgical robotics system with a rail-
mounted robotic arm according to one embodiment.

[0061] FIG. 9B 15 an isometric view of a surgical robotics system with rail-
mounted robotic arms according to one embodiment,

[6062] FIG. 10A 15 an 1sometric view of base rails of a surgical robotics system
according to one embodiment.

[8063] FI(. 10B 1s an isometric view of arm mounts on the base rail according to
one embodiment.

[6064] FIG. 10C 15 an 1sometric cutaway view of an arm mount on the base rail
according to one embodiment.

[0065] FIG. 10D is cross sectional views of the base rail according to one

embodiment.
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[8066] FIG. 11 15 an isometnic view of a surgical robotics system with column-
mounted robotics arms and ratl-mounted robotic arms according to one embodiment.

(8067} FI(z. 12 1s an isometric view of a surgical robotics system with column-
mounted robotics arms on a platform separate from a table and a base of the surgical robotics
system according to one embodiment.

[0068] FIG. 13A 1s an isometric view of a surgical robotics system with an
adjustable arm support according to one embodiment.

(6069 FIG. 13B 1s an end view of the surgical robotics system with an adjustable
arm support of FIG. 13A.

[6070] FIG. 14A 1s an end view of a surgical robotics system with two adjustable
arm supports mounted on opposite sides of a table according to one embodiment.

[6071] FIG. 14B 1s an 1sometric view of a surgical robotics system with two
adjustable arm supports and a plurality of robotic arms configured for a laparoscopic
procedure according to one embodiment.

[6072] FIG. 14C 18 an 1sometric view of a surgical robotics system with two
adjustable arm supports and a plurality of robotic arms configured for a laparoscopic
procedure according to one embodiment.

[6073] FIG. 1SA 1s an isometric view of a surgical robotics systems with two
adjustable arm supports that are configured to travslate to adjust the position of the
adjustable arm supports according to one embodiment.

[6074] FIG. 15B 15 an isometric view of a surgical robotics system with an
adjustable arm support and robotic arm configured for an endoscopic procedure according to
one embodiment.

[6075] FIG. 16 13 an isometric view of a surgical robotics system with an
adjustable arm support configured with a rail capable of tilting according to one embodiment.

6076} FIG. 17A 1s an isometric view of a surgical robotics system with
adjustable arm supports positioned to allow access for a C-arm of a medical imaging device
according to one embodiment.

(6077} FIG. 17B 1s an isometric view of the surgical robotics system of FIG. 17A
with the adjustable arm supports positioned to allow access for the C-arm of the medical

imaging device according to another embodiment,
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[6078] FIG. 18A 1s an isometric view of a surgical robotics system with
adjustable arm supports positioned in a deploved configuration according to one
embodiment.

[6079] FIG. 18B 15 an msometric view of a surgical robotics system with
adjustable arm supports positioned in a stowed configuration according to one embodiment.

[6080] FIz. 19 15 a flow chart illustrating a method for operating a surgical
robotics system with adjustable arm supports according to one embodiment.

[0081] FIG. 20 1s a block diagram of a surgical robotics system with adjustable

arm supports according to one embodiment.

[0082] FIG. 21 13 an 1sometric view of a robotic arm according to one
embodiment.
[6083] Reference will now be made in detail to several embodiments, examples

of which are ilustrated in the accompanying figures. It 15 noted that wherever practicable
similar or like reference numbers may be used in the figures and may indicate similar or like
functionality. The figures depict embodiments of the described system (or method) for
purposes of iltustration only. One skilled in the art will readily recognize from the following
description that alternative embodiments of the structures and methods 1llustrated herein may

be emploved without departing from the principles described herein.

DETAILED DESCRIPTION

L. System Overview

[6084] FIG. 1 15 an isometric view of a surgical robotics system 100 according to
an embodiment. A user, e.g., a physician or assistant, uses the surgical robotics system 100 to
perform robotically-assisted surgery on a patient. The surgical robotics system 100 includes a
table 101, column 102, and base 103 physically coupled together. Although not shown in
FIG. 1, the table 101, column 102, and/or base 103 may house, connect to, or use electronics,
fluidics, pneumatics, aspiration, or other electrical and mechanical compounents that support
the function of the surgical robotics system 100.

[8085] The table 101 provides support for a patient undergoing surgery using the
surgical robotics system 100, Generally, the table 101 15 parallel to the ground, though the

table 101 may change its orientation and configuration to facilitate a vanety of surgical
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procedures. The table 101 1s further described with reference to FIGS. 2A-1 i Section 1L
Table.

[0086] The column 102 1s coupled to the table 101 on one end and coupled to the
base 103 on the other end. Generally, the column 102 1s cylindrically shaped to
accommodate column rings coupled to the column 102, which are further described with
reference to FIGS. 5A-E n Section V. Column Ring, however the column 102 may have
other shapes such as oval or rectangular. The column 102 is further described with reference
to FIGS. 3A-B in Section [Tl Column,

[0087] The base 103 is parallel to the ground and provides support for the column
102 and the table 101. The base 103 may include wheels, treads, or other means of
positioning or tfransporting the surgical robotics system 100, The base 103 15 further
described with reference to FIGS. BA-E in Section VIII Base.

6088} Alternative views and embodiments of the surgical robotics system 100
mcluding the above mentioned components are further illustrated and described at least n
U.S. Provisional Application No. 62/162,48¢ filed May 15, 2015 and U.S. Provisional
Application No. 62/162,467 filed May 15, 2015
Ii. Table

[0089] FIG. 2A 1s an isometric view of a table 201A of the surgical robotics
system 100 according to one embodiment. The table 201 A 1s an embodiment of the table 101
in FIG. 1. The table 201 A includes a set of one or more segments. Generally, a user changes
the configuration of the table 201 A by configuring the set of segments. The surgical robotics
system 100 may also configure the segments automatically, for example, by using a motor to
reposition a segment of the set of segments. An example set of segments is shown in FIG
2A, and ncludes a swivel segment 210, center segment 212, foldable segment 214,
detachable segment 216, and table base 218. The swivel segment 210, center segment 212,
and foldable segment 214 are coupled to the table base 218, FIG. 2A shows the detachable
segment 216 separated from the table base 218, though the detachable segment 216 may also
be coupled to the table base 218 In various mmplementations, additional or fewer segments
may be used.

6096} An advantage of configuring the set of segments of the table 201 A 1s that

a configured table 201 A may provide greater access to a patient on the table 201A. For
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instance, the surgical robotics system 100 performs a surgical procedure on the patient that
requires access to the groin area of the patient. When a patient 1s laying face-up on a typical
surgical bed, there 1s more access to the patient's head, arms, and legs than to the patient's
groin area. Since the groin area s located toward the center of the patient's body, the legs
often obstruct access to the groin area. The detachable segment 216 is detachable from the
table 201 A. The table 201 A without the detachable segment 216 provides greater access to
the groin area of a patient lying on the table 201 A with the patient's head toward the side of
the table 201 A with the swivel segment 210, In particular, removing the detachable segment
216 opens more space, for example, to insert a surgical instrament into the gromn area. If
additional space s required to access the groin area, the foldable segment 214 may be folded
down, away from the patient (further described in FIG. 2H). The center segment 212 includes
a cutout section 220, which also provides greater access to the groin area.

[0091] The swivel segment 210 pivots laterally relative to the table 201A. The
swivel segment 210 includes an arcuate edge 222 and the center segment 212 also includes in
arcuate edge 224. Due to the arcuate edges, there 1s munimal gap between the swivel segment
210 and the center segment 212 as the swivel segment 210 pivots away from or toward the
table 201A. A configuration of the table 201 A with the swivel segment 210 pivoted away
from the table 201 A provides greater access t¢ the groin area because the other segments of
the table 201 A are not obstructing the groin area. An example of this configuration 1s further
described with respect to FIGS. 7C-D in Section VIL A, Lower Body Surgery. Additionally,
the swivel segment 210 also includes a cutout section 226, which provides yet greater access
to the grom area.

[06092] FIG. 2B 15 a top view of the table 201 A according to one embodiment.
Specifically, FIG. 2B shows the table base 218 with a partial cutaway view and a portion of
the swivel segment 210 Components inside the swivel segment 210 are exposed for
purposes of illustration. The table base 218 mcludes double curved rails 230, that 15, two
curved linear rails {(also referred to as a first bearing subassembly). The swivel segment 210
also includes double curved rails 232 (also referred to as a second bearing subassembly). The
first bearing assembly coupled to the second bearing assembly may be referred to as a
bearing mechanism. The double curved rails 230 of the table base 218 engage with the

double curved rails 232 of the swivel segment 210, Both double curved rails are concentric to
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a virtual circle 234, The swivel segment 210 pivots about an axis passing through a pomt 236
at the center of the virtual circle 234 perpendicular to the plane of the table base 218 The
double curved rails 230 of the table base 218 include a first carriage 238 and a second
carriage 240, Similarly, the double curved rails 232 of the swivel segment 210 include a first
carriage 242 and a second carnage 244, The carriages provide structural support and negate
moment loads, which enables the double curved rails to support high cantilevered loads up to
at least 500 pounds. For instance, pivoting a patient away from the table 201 A generates a
high cantilevered load on the double curved rails supporting the patient's weight. The table
base 218 and swivel segment 210 may include additional load-sharing components such as
rollers, cam followers, and bearings. In some embodiments, the swivel segment 210 and table
base 218 each include a single curved rail instead of double curved rails. Further, eac
curved rail may inchude additional or fewer carriages.

[0093] FIG. 2C 13 a top view of the swivel segment 210 of the table 201A
according to one embodiment. The center of mass 250 illustrates the center of mass of the
swivel segment 210 and a patient {(not shown) lying on the swivel segment 210. The swivel
segment 210 15 pivoted at an angle o about the axis 236, Compared to the center of mass 246
shown in FIG. 2D, the center of mass 250 is closer toward the table base 218 {corresponding
to table base 218B in FIG. 2D), even though the swivel segments in both FIG. 2C and FIG.
2D are each pivoted at the same angle a. Keeping the center of mass 250 close toward the

table 218 helps the swivel segment 210 support greater cantdever loads—due to the

patient—without tipping over the surgical robotics system. In some embodiments, the swivel
segment 210 may be rotated up to an angle of 30 degrees or 45 degrees relative to table base
218, while keeping the center of mass of the swivel segment 210 above the table 201A.
[0094] FIG. 2D 1s a top view of a swivel segment 210A of a table 201B according
to one embodiment. Specifically, the table 201B includes a table base 218A and a swivel
segment 210A. The table 201B does not include double curved rails, but instead includes a
swivel mechanism 278 that 15 further described below with reference to FIGS. 2ZE-G. The
center of mass 246 ulustrates the center of mass of the swivel segment 210A and a patient
(not shown} lying on the swivel segment 210A. The swivel segment 210A is pivoted at an
angle o about an axis 248. Accordingly, the center of mass 246 15 positioned off of the table

base 2184
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[6095] FIG. 2E 1s an isometric exploded view of components of a swivel
mechanism 278 {which can also be referred to as a bearing mechanism) of the table 201B
according to one embodiment. The swivel mechanism 278 includes a first bearing
subassembly coupled to a second bearing subassembly. In particular, the swivel mechanism
278 includes a harmonic drive motor 280, static plate 281, shim 282, inner bearing race 283,
bearing 284, outer bearing race cleat 285, inner bearing race support 286, static ring 287,
motor housing mount 288, encoder strip 289, drive plate 290, encoder sensor 291, and swivel
mnsert 292. The motor housing mount 288 s stationary relative to the table base 218A. The
harmonic drive motor 280 rotates the swivel segment 210A about the axis 248, The first
bearing subassembly includes the components described above that are coupled to the table
base 218A. The second bearing subassembly includes the components described above that
are coupled to the swivel segment 210A.

[06096] FIG. 2F 1s a cross sectional view of the swivel mechanism 278 shown
FIG. 2E according to one embodiment. The harmonic drive motor 280 is coupled to the
motor housing mount 283, The motor housing mount 288 15 coupled to the static ning 287
and the static plate 281, The static plate 281 1s coupled to the table base 218A using the shim
282 such that the harmonic drive motor 280 is also stationary relative to the table base 218A.

6097} The harmonic drive motor 280 includes a driving axle 294 coupled to a
driving face 296 such that the driving axle 294 and driving face 296 rotate together. The
driving face 296 is coupled to the drive plate 290. The drive plate 290 is coupled to the inner
bearing race support 286, The inner bearing race support 286 is coupled to the swivel msert
292 and the mner bearing race cleat 283, The mnner bearing race support 286 15 movably
coupled to the table base 218A by the bearing 284 (e.g., a cross roller bearing). The swivel
insert 292 is coupled to the swivel segment 210A such that rotating the driving axle 294 and
driving face 296 causes the swivel segment 210A to rotate n the same direction. Though not
shown 1n FIG 2F, the swivel mechanism 278 may include additional components between
the static plate 281 and the inner bearing race cleat 283 to provide additional stability, e g., in
the form of a physical hard stop. Further, though not shown m FIG. 2F, the encoder sensor
291 1s coupled to the motor housing mount 288 by the encoder strip 289. The encoder sensor
291 records information about the rotation of the swivel segment 2104, e.g., the position of

the swivel segment 210A up to an accuracy of 0.1 degrees at 0.01 degree resolution. FIG. 2F
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shows several screws {or bolts) that are used to couple components of the swivel mechantsm,
though 1t should be noted that the components may be coupled using other methods, e.g.,
welding, press fit, gluing, etc.

6098} The swivel mechanism 278 allows the harmonic drive motor 280 to rotate
the swivel segment 21 0A with precise control, while supporting a load of up to 300 pounds,
e.g., from a patient lying on the swivel segment 210A. In particular, the harmonic drive
motor 280 may rotate the swivel segment 210A up to a rotational velocity of 10 degrees per
second, and up to 45 degrees in either dwrection about the axis 248, Further, the swivel
segment 210A 1s rotated such that the maximum velocity of the center of mass of the patient
15 100 millimeters per second, and the time to the maximum velocity 1s 0.5 seconds. In some
embodiments, one of the bearings of the swivel mechanism is a cross roller bearing—e.g.,
with ball bearings with a bearing friction coefficient of approximately 0.0025-—that helps
further provide stability to allow the precise rotation of the swivel segment 210A, while
maintatning cantilever loads from the patient's weight. The harmonic drive motor 280 can
generate up to 33 Newton meters of torque to rotate the swivel segment 210A with the
weight of the patient. In some embodiments, the harmonic drive motor 280 ncludes an
iternal brake with a holding torque of at least 40 Newton meters.

[6099] FIG. 2Gr 15 a bottom view of the swivel mechanism shown in FIG 2E
according to one embodiment. The harmonic drive motor 280 1s exposed such that electrical
wires, €.g., from a column of the surgical robotics system, may be coupled to the harmonic
drive motor 280 to provide control signals to the harmonic drive motor 280.

[6100] FIG. 2H 15 an isometric view of a foldable segment 214C of a table 201C
according to one embodiment. The table 201C 1s an embodiment of table 201A m FIG 2A.
The table 201C also includes a center segment 212C coupled to a table base 218C. The
foldable segment 214 rotates using bearings about an axis 252 parallel to the table base
218C. The foldable segment 214C s rotated such that the foldable segment 214C is
orthogonal to the table base 218C and the center segment 212C. In other embodiments, the
foldable segment 214C may be rotated to other angles relative to the table base 218C and the
center segment 212, The foldable segment 214C includes a cutout section 254, for example,
to provide greater access to a patient lying on the table 201C. In other embodiments, the

foldable segment 214C does not include a cutout section.
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[01681] FIG. 21 15 another isometric view of a foldable segment 214D of a table
201D according to one embodiment. The table 201D s an embodiment of table 201A m FIG.
2A. The foldable segment 214D is rotated such that the foldable segment 214D and the table
base 218D 15 posttioned at an angle B relative to each other. The table 201D includes a
mechanism for the foldable segment 214D and the center segment 212D to mamntain the
rotated position while supporting the weight of a patient on the table 201D. For example, the
mechamism 18 a friction brake at the joint of the foldable segment 214D and the center
segment 212D that holds the two segments at the angle B. Alternatively, the foldable segment
214D rotates about the center segment 212D using a shaft and the mechanism 1s a clutch that
locks the shaft, and thus keeps the two segments at a fixed position. Though not shown in
FIG. 21, the table 201D may include motors or other actuators to automatically rotate and
lock the foldable segment 214D to a certamn angle relative to the center segment 212D,
Rotating the foldable segment 214D 1s advantageous, for example, because the
corresponding configuration of the table 201D provides greater access to the area around the
abdomen of a patient lying on the table 201D,

[0102] FIG. 23 1s an ssometric view of a trapdoor 256 of a table 201E according
to one embodiment. The table 201E is an embodiment of table 201A in FIG ZA
Specifically, the table 201E includes the trapdoor 256 and a drainage component 258
positioned below the trapdoor 256, The trapdoor 256 and drainage component 258 collect
waste materials such as fluid {e.g., urine), debris {e.g., feces) that are secreted or released by
a patient lving on the table during a surgical procedure. A container (not shown) may be
positioned below the draiage component 258 to collect and store the waste materials. The
trapdoor 2536 and drainage component 258 are advantageous because they prevent waste
materials from soiling or de-sterilizing equipment such as other components of the surgical
robotic system 100 or other surgical tools in an operating room with the surgical robotic
system 100,

(0163} FIG. 2K 1s an 1sometric view of pivots of the table 201 A according to one
embodiment. Specifically, the table 201 A includes a first pivot 260 and a second pivot 262.
The table 201 A rotates about a first axis 264, A user, e.g., a physician, may rotate the table
201 A about the first axis 264 or the second axis 266 manually or assisted by the surgical

robotics system 100, The surgical robotics system 100 may also rotate the table 201A

-19-



WO 2019/143459 PCT/US2018/067984

automatically, for example, by using control signals to operate a motor coupled to the first
pivot 260 or the second pivot 262, The motor 280 1s coupled to the first pivot 260, Rotation
of the table 201 A may provide greater access to certain areas of a patient lying on the table
201 A during a swrgical procedure. Specifically, the table 201 A is configured to orient a
patient lving on the table 201 A m a Trendelenburg position by rotating about the first axis
264. Rotation of the table 201 A 15 further described 1 FIGS. 2L-M.

6164} FIG. 2L 1s a side view of the table 201 A rotated about the axis of piich
264 according to one embodiment. Specifically, the table 201A 1s rotated to an angle v
relative to a plane 268 parallel to the ground.

[6165] FIG. ZM 15 an isometric view of the table 201 A rotated about the axis of
row 266 according to one embodiment. Specifically, the table 201 A 15 rotated to an angle o
relative to the plane 268 parallel to the ground. The table 201 A 1s illustrated as transparent to
expose componenis underneath the table 201 A The table includes a set of rails 270. The
table 201A may translate laterally along an axis 260 paralle]l to the set of rails 270. The
surgical robotics system 100 translates the table 201 A laterally using, for example, a motor
or other means of actuation (not shown). A user of the surgical robotics system 100 may also
manually translate the table 201 A, or with assistance from the surgical robotics system 100

[01686] Alternative views and embodiments of the table 201 A including the above
mentioned components are further illustrated and described at least 1o U.S. Provisional
Application No. 62/235,394 filed Sep. 30, 2015
i Column

[6197] FIG. 3A 15 a side cutaway view of the column 102 of the surgical robotics
system 100 according to one embodiment. The column 102 mncludes electrical and
mechanical and other types of components to perform functions of the surgical robotics
system 100, The column 102 includes a ptich rotation mechanism 310, column telescoping
mechanism 320, ring telescoping mechanisms 330A and 330B, and ring rotation mechanisms
340A and 340B. The ring rotation mechanisms 340A and 340B are further described in FIG.
3B.

[0108] The surgical robotics system 100 rotates the table 101 about the axis of
pitch 264 {also illustrated previously in FIGS. ZK-L) using the pitch rotation mechanism 310,

The pitch rotation mechanism 310 includes a pitch rotation motor 312, right angle gearbox
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314, pitch rotation lead screw 316, and pitch rotation bracket 318 The pitch rotation motor
312 15 coupled to the right angle gearbox 314, The pitch rotation motor 312 1s orthogonal to
the pitch rotation lead screw 316. The pitch rotation lead screw 316 1s movably coupled to
the pitch rotation bracket 318, The right angle gearbox 314 is coupled to the pitch rotation
lead screw 316. Cutput rotation of the pitch rotation motor 312 causes translational motion of
the pitch rotation lead screw along an axis 311, Accordingly, translational motion of the pitch
rotation lead screw 318 causes the table 101 to rotate about the axis of pitch 264,

[6109] The surgical robotics system 100 translates the table vertically using the
column telescoping mechanism 320, The column telescoping mechanism 320 includes a
column telescoping motor 322, column telescoping lead screw 324, and column telescoping
rat} 326. The column telescoping motor 322 is coupled to the column telescoping lead screw
324. The column telescoping motor 322 and the column telescoping lead screw 324 are
stationary relative to the base 103, The column telescoping lead screw 324 is engaged with
the column telescoping rail 326, Qutput rotation of the column telescoping motor 322 causes
the column telescoping rail 326 to translate along a vertical axis 321 along the column
telescoping lead screw 324, As the columm telescoping rad 326 translates in the positive
direction along the vertical axis 321, the height of the column 102 and the table 101
increases.

[0110] The column 102 also includes a lower column segment 350, muddie
column segment 352, and upper column segment 354. The lower column segment 350 is
coupled to the base 103 and stationary relative to the base 103, The muddle column segment
352 13 movably coupled to the lower column segment 350. The upper column segment 354 13
movably coupled to the middle column segment 352, In other embodiments, a column 102
may include additional or fewer column segments.

[0111] The upper column segment 354 and/or the middle column segment 352
also translate along the vertical axis 321 to extend the height of the column 102, Similarly, as
the column telescoping rail 326 translates in the negative direction along the vertical axig
321, the height of the column 102 and the table 101 decreases. Further, the upper column
segment 354 and/or the middle column segment 352 also translate along the vertical axas
321, collapsing over the lower column segment 350, A table 101 with adjustable height 1s

advantageous because the table 101 facilitates a variety of surgical procedures. Specifically,
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one surgical procedure requires a patient lying on the table 101 to be positioned at a height
lower than the height of a patient lving on the table 101 for a different surgical procedure. In
some embodiments, the column telescoping mechanism 320 uses other means of actuation
such as hydravlics or pneumatics instead of—or in addition to—motors.

(0112} The surgical robotics system 100 translates column rings 305A and 305B
vertically using the ring telescoping mechanisms 330A and 330B. The ring telescoping
mechanism 330A includes a ring telescoping motor 332, ring telescoping lead screw 334, and
ring telescoping rail 336, Column rings are further described with reference to FIGS. SA-E n
Section V. Column Ring. Column rings 305A and 305B are movably coupled to the column
102 and translate along a vertical axis 331 Generally, a column 102 includes a ring
telescoping mechanism for each column ring of the column 102, Specifically, the column
102 ncludes ring telescoping mechanism 330A and second ring telescoping mechanism
330B. The ring telescoping motor 332 is coupled to the ring telescoping lead screw 334, The
ring telescoping motor 332 and the ring telescoping lead screw 334 are stationary relative to
the base 103. The ring telescoping lead screw 334 is engaged with the ring telescoping rail
336. The ring telescoping rail 336 is coupled to the column ring 305A. Output rotation of the
ring telescoping motor 332 causes the ring telescoping rail 336 to translate along the vertical
axis 331 and along the ring telescoping lead screw 334. As the ring telescoping rail 336
translates in the positive direction or negative direction along the vertical axis 331, the height
of a corresponding column ring increases or decreases, respectively.

(6113} FIG. 3B 1s an isometric cutaway view of the column 102 according to one
embodiment. The column 102 includes a first accordion panel 360A and a second accordion
panel 360B. The accordion panels 360A and 360B extend or fold as the surgical robotics
system 100 translates column rings 305A and 305B in the postiive direction or negative
direction along the vertical axis 331, respectively. The accordion panels 360A and 360B are
advantageous because they protect electrical and mechanical and other types of components
mside the column 102 (eg, the pitch rotation mechanism 310, column telescoping
mechanism 320, ring telescoping mechanisms 330A and 330B, and ring rotation mechanisms
340A and 340B) from becoming soiled or de-stertlized by fluid waste and other hazards.
FIG. 3B shows an sometric view of the ring rotation mechanism 340A, while the ring

rotation mechanism 340B 1s obscured by the column 102
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[6114] The surgical robotics system 100 rotates column rings 305A and 3058
using the ring rotation mechanisms 340A and 340B, respectively. The ring telescoping rail
336 s coupled to the ring rotation motor 342 by a ring rotation bracket 344, The ring rotation
motor 342 1s coupled to a set of gears 346, The set of gears 346 includes a driving gear 346G,
The driving gear 346G 1s engaged with a column ring rail 348 of the column ring 305A.
Output rotation of the ring rotation motor 342 causes the set of gears 346 and the driving
gear 346G to rotate. Accordingly, the rotation of the driving gear 346( causes the column
ring 305A to rotate about a vertical axis 341 concentric to the column 102, The column 102
includes another ring rotation mechanism 340B corresponding to the column ring 305B.
Generally, both ring rotation mechanisms 340A and 340B and column rings 305A and 305B
will be substantially the same, however in other implementations they may be constructed
using different mechanisms.

[0115] FIG. 3C 15 a top view of the ring rotation mechanism 340A according to
one embodiment. For purposes of clarity, FIG. 3C only shows the driving gear 3460, the
column ring 305A, and the column ring rail 348 of the ning rotation mechanism 340A. In an
example use case, the surgical robotics system 100 rotates the driving gear 346G clockwise
to rotate the column ring rail 348—and thus, the column ring 305A—clockwise about the
vertical axis 341.

[0116] Alternative views and embodiments of the column 103 including the
above mentioned components are further tlustrated and described at least in U.S. Provisional
Application No. 62/162,486 filed May 15, 2015 and U.S. Provisional Application No.
62/162,467 filed May 15, 2015.

V. Column-Mounted Robotic Arms

[6117] FIG. 4A 1s an sometric view of a surgical robotics system 400A with a
column-mounted robotic arm 470A according to one embodiment. The surgical robotics
system 400A includes a set of robotic arms, a set of column rings, table 401 A, column 402A,
and base 403A. The surgical robotics system 400A 1s an embodiment of the surgical robotics
system 100 shown i FIG. 1. Generally, the set of robotics arms includes one or more robotic
arms, such as robotic arm 4704, where the robotic armos are coupled to one or more column
rings, such as column ring 405A Column rings are described in more detail with respect to

FIGS. 5A-E 1n Section V. Column Ring below. Robotic arms are described in more detail
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with respect to FIGS. 6A-C in Section VI Robotic Arm below. Column rings 405A are
movably coupled to the column 402A. Thus, a robotic arm 470A attached to a column 405A
may be referred to as a column-mounted robotic arm 470A. As introduced above, the
surgical robotics system 400A uses robotic arms 470A to perform surgical procedures on a
patient lying on the table 401 A

[0118] FIG. 4B 15 an isometric view of a surgical robotics system 400B with
column-mounted robotic arms according to one embodiment. The surgical robotics system
4008 13 an embodiment of the surgical robotics system 400A shown in FIG. 4A. The surgical
robotics system 400B includes multiple robotic arms, 1e., a first robotic arm 470B, second
robotic arm 470C, third robotic arm 470D, and fourth robotic arm 470E, as well as multiple
column rings, te, a first column ring 405B and second column ring 405C. In other
embodiments, the surgical robotics system 400B may include additional or fewer robotic
arms and/or column rings. Further, the robotic arms may be coupled to column rings mn
various configurations. For example, three robotic arms may be coupled to a column ring.
Additionally, the surgical robotics system 400B may include three column rings each
coupled to two robotic arms.

[0119] Alternative views and embodiments of the surgical robotics system 400B
including the above mentioned components with column-mounted robotic arms are further
itiustrated and described at least 1n U.S. Provisional Apphication No. 62/162,486 filed May
15, 2015 and U S, Provisional Application No. 62/162,467 filed May 15, 2015,

V. Column Bine

[0120] FIG. 3A 1s an sometric view of a column ring 505 of a surgical robotics
system—Tfor example, surgical robotics system 100, 400A, or 400B—according to one
embodiment.

(0121} The column ring 505 includes a column ring rail 510, arm mount pivot
$12, arm mount base 514, and a set of arm mounts. The set of arm mounts includes one or
more arm mounts. Specifically, the set of arm mounts in FIG. 5A includes a first arm mount
506A and a second arm mount S06B. Generally, each arm mount of the set of arm mounts
and the arm mount base 514 are cylindrically shaped.

(6122} The first arm mount SO06A and the second arm mount S06B are movably

coupled the arm mount base 514, The first arm mount S06A and the second arm S06B mount
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may rotate—together or mdependently—about the axis 511 concentric to the arm mount base
514, For example, the surgical robotics system 400B rotates the first arm mount S06A and
the second arm mount 506B using a motor or other means of actuation (not shown) inside the
arm mount base 514 or arm mounts. In some embodiments, the first arm mount S06A and the
second arm mount SO6B rotate at predetermined increments, e.g., increments of 15 degrees.

[0123] The arm mount base 514 is coupled to the arm mount pivot 512, The arm
mount pivot 512 uses a motor or other means of actuation (not shown} inside the arm mount
pivot 512 to rotate the arm mount base 514 about the axis 521 orthogonal to the axis 511
The arm mount pivot 512 15 coupled to, and stationary relative to, the column ring rail 510.
Rotating the arm mount base 514 is advantageous because robotic arms {and arm mounts)
coupled to the arm mount base 514 may be reoriented in response to rotation of the table
401B. Accordingly, robotic arms coupled to the arm mounts of the arm mount base 514 have
greater access to a patient lying on the table 401B.

[0124] FI(G: 5B 15 a bottom view of the set of column rings underneath the table
401B of FIG. 4B according to one embodiment. The set of column rings mcludes the first
column ring 405B and the second column ring 405C. Note that FIG. 5B shows the fust
column ring 4058 and the second column ring 405C aligned such that the arm mounts are on
the same side of the table 4018, while FIG. 4B shows the first column ring 405B and the
second column ring 405C positioned such that the arm mounts are on opposite sides of the
table 401B. The surgical robotics system 400B may rotate the column rings 405B and 405C
to position the arm mounts in other configurations. For example, two arm mounts are
positioned on one side of the table 401B and two arm mounts are positioned on an opposite
side of the table 401B. By rotating column rings independently from each other around the
column, the surgical robotics system 400B may configure the arm mounts—and thus, robotic
arms mounted to the arm mounts—in a greater number of possible positions. Due to this
configurability, the sorgical robotics system 400B accommodates a variety of surgical
procedures because the robotic arms can access any area {e.g., upper body, core body, or
lower body) of the body of a patient lying on the table 401B. In some embodiments, each
arm mount of the column nings include a notch 516 which facilitates the attachment of a

robotic arm 1o the arm mount.
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[6125] FIG. 5C 15 an isometric view of the set of column rings mounted to the
column 402B of FIG. 4B according to one embodiment. Simularly to FIG. 5B, FIG 5C shows
all the arm mounts aligned on the same side of the surgical robotics system 400B.

[6126] FIG. 5D 1s an 1sometric cutaway view of an arm mount 506C of a column
ring according to one embodiment. The arm mount S06C includes an arm mount telescoping
mechanism 520 and a set of arm mount segments. The arm mount telescoping mechanism
520 mcludes an arm mount telescoping motor 522, arm mount telescoping lead screw 524,
and arm mount telescoping rail 5326 Generally, the set of arm mount segments includes one
or more arm mount segments. Specifically, the set of arm mount segments in FIG. 53D
includes a lower arm mount segment 530, middle arm mount segment 532, and upper arm
mount segment 534, A robotic arm segment 571 {e.g., of the robotic arm 470B in FIG. 4B) 13
coupled to the upper arm mount segment 334 The muddle arm mount segment 532 and the
upper arm mount segment 534 are movably coupled to the lower arm mount segment 530,
The lower arm mount segment 530 15 coupled to an arm mount base {e.g., arm mount base
514 m FIG. 5A)

(0127} The surgical robotics system 400B translates the arm mount 506C along
an axis 531 using the arm mount telescoping mechanism 520. In FIG. 5D, theaxis 531 isina
horizontal orientation, though it should be noted that, in other embodiments, the axis 531 1s
n a vertical or any other orientation. The arm mount telescoping motor 522 1s coupled to the
arm mount telescoping rail 526. The arm mount telescoping rail 526 is engaged with the arm
mount telescoping lead screw 524, The arm mount telescoping lead screw 524 1s stationary
relative to the lower arm mount segment 530, Qutput rotation of the arm mount telescoping
motor 522 causes the arm mount telescoping rail 326 to translate along the vertical axis 531.
Translation of the arm mount 506C 15 advantageous because, if the arm mount 506C 1s
extended, a robotic arm mounted to the arm mount S06C may have greater access to a patient
lving on the table 4018 during a surgical procedure.

[6128&] FIG. SE is an isometric cutaway view of the arm mount 506C mn a
telescoped configuration according to one embodiment. In the telescoped configuration, the
upper arm mount segment 534 and the middle arm mount segment 332 extend in the positive

axis 331 durection to facilitate extension of the arm mount SG6C.
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[6129] Alternative views and embodiments of the column ning 505 including the
above mentioned components are further illustrated and described at least in U S. Provisional
Application No. 62/162,486 filed May 15, 2015 and U.S. Provisional Application No.
62/162,467 filed May 15, 2015
YL Robotic Arm

[0130] FI(G. 6A is an isometric view of a robotic arm 670 of a surgical robotics
system—for example, surgical robotics system 100, 400A, or 400B—according to one
embodiment. Generally, the robotic arm 670 includes a set of robotic arm segments such as
robotic arm segments 671, 672, 673, 674, 675, 676, and 677 Each arm segment is movably
coupled to at least one other arm segment at an arm segment joint. In particelar, the first arm
segment 671 13 movably coupled to the second arm segment 672, the second arm segment
672 1s movably coupled to the third arm segment 673, and so forth. The first arm segment
671 1s movably coupled to an arm mount {e.g., arm mount 506A in FIG 5A) The seventh
arm segment 677 {or the last arm segment of a set of arm segments including a number of
arm segments different than seven}, 1s coupled to a surgical instrument. The seventh arm
segment 677 may also include mechanisms to hold a surgical instrument such as a clamp or
robotic fingers. The robotic arm 670 uses electrical and mechanical components, such as
motors, gears, and sensors, inside the robotic arm segments to rotate the arm segments at the
arm segment joints.

[0131] The robotic arm 670 receives control signals from a robotic arm control
system, for example, housed in the column 402B m FIG 4B. In some embodiments, the
robotic arm 670 receives control signals from a robotic arm control system located outside of
the column 4028 or separate from the surgical robotics system 400B. Generally, the robotic
arm 670 may wnclude sensors that provide sensor data to the robotic arm control system.
Specifically, pressure sensors provide force feedback signals and encoders or potentiometers
provide measurements of rotation of arm segments. The robotic arm control system uses the
sensor data to generate the control signals provided to the robotic arm 670. Since each arm
segment may rotate with respect to another adjacent segment, each arm segment provides an
additional degree of freedom to the mechanical system of the robotic arm 670, By rotating
the robotic arm segments, the surgical robotics system 400B positions a surgical instrument

coupled to the robotic arm 670 such that the surgical instrument has access to a patient
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undergoing a surgical procedure. Configurations of robotic arms of the surgical robotics
system 400B are further described with reference to FIGS. 7A-F in Section VIL System
Orientations for Performing Surgical Procedures.

[6132] FIG. 6B 13 an isometric view of an arm segment joint 610 of the robotic
arm 670 according to one embodiment. The first arm segment 671A and the second arm
segment 672A are embodiments of any of the arm segments in FIG. 6A. The arm segments
671 A and 672A are cylindrically shaped and joined at the plane 612. The first arm segment
671 A rotates relative to the second arm segment 672A about an axis 611 perpendicular to the
plane 612, Further, the axis 611 is perpendicular to the plane 614 of the second arm segment
672A and perpendicular to the plane 616 of the first arm segment 671 A That s, the axis 611
is longitudinal relative to the arm segments 671 A and 672A.

[0133] FIG. 6C 15 an 1sometric view of another arm segment joint 620 of the
robotic arm 670 according to one embodiment. The arm segments 6718 and 672B are jomed
at the plane 622. Unlike the cyvlindrically shaped arm segments shown in FIG. 6B, the arm
segments 6718 and 672B each include a curved section 628 and 630, respectively. The first
arm segment 6718 rotates relative to the second arm segment 672B about an axis 621
perpendicular to the plane 622, The axis 621 is not perpendicular to the plane 624 of the arm
segment 672B and not perpendicular to the plane 626 of the arm segment 671B. In some
embodiments, the axis of rotation s perpendicular to a plane of one arm segment, but not
perpendicular to a plane of the other arm segment of an arm segment joint.

[6134] Alternative views and embodiments of the robotic arm 670 including the
above mentioned components are further illustrated and described at least in UK. Provisional
Application No. 62/162,486 filed May 15, 2015 and U.S. Provisional Application No.
62/162,467 tiled May 15, 2015.

Y1i. Syvstem Orientations for Performine Suroical Procedures

[0135] The surgical robotics system 400B in FIG. 4B performs a variety of
surgical procedures using column-mounted robotic arms of the set of robotic arms. The
surgical robotics system 400B configures the column-mounted robotic arms to access
portions of a patient lying on the table 401B before, during, and/or after a surgical procedure.
The column-mounted robotic arms access portions near the groin of the patient for surgical

procedures such as ureteroscopy, percutanecus nephrolithotomy (PCNL), colonoscopy, and
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fluoroscopy. The columm-mounted robotic arms to access portions near the core {e.g,
abdomen) area the patient for surgical procedures such as prostatectomy, colectomy,
cholecystectomy, and inguinal hernia. The column-mounted robotic arms to access portions
near the head of the patient for surgical procedures such as bronchoscopy, endoscopic
retrograde cholangiopancreatography (ERCP).

[0136] The surgical robotics system 400B automatically reconfigures the column-
mounted robotic arms, column rings, column, and table to perform different surgical
procedures. The features of each subsystem and component of the surgical robotics system
400B enable the same set of robotics arms to access a large working volume, and multiple
working volumes (based on the configuration), to perform a variety of surgical procedures on
the patient. In particular, as mentioned above, the robotic arms may be configured in a first
configuration to access the patients’ groin area, in a second configuration to access the
patients' abdomen area, and 10 a thud configuration to access the patients' head area, m
addition to other possible configurations. The degrees of freedom provided by the arm
segments of the robotic arms, column rings, column, and table contribute to the wide range
of configurations. The surgical robotics system 400B mcludes a computer system that stores
computer program instructions, for example within a non-transitory computer-readable
storage medium such as a persistent magnetic storage drive, solid state drive, etc. When
executed by a processor of the computer system, the mstructions cause the components of the
surgical robotics system 400B to automatically reconfigure without the need for 1ntervention,
or with minimal intervention, from a user, e.g, a physician. For example, based on the
mstructions, the computer system sends an electronic control signal to motors of the robotics
arms. In response to receiving the control signal, the motors rotate arm segments of the
robotics arms into a certain position. The physician or another user may design a
configuration of the surgical robotics system by creating the instructions and providing the
instructions to the computer system. For example, the instructions are uploaded to a database
of the computer system. The automatic configurability of the surgical robotics system 400B
is an advantage because the automatic configurability saves resources. Specifically, the
surgical robotics system 400B reduces the amount of time taken by users to setup the

surgical robotics system 400B for a surgical procedure. Further, by using the surgical
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robotics systemy 400B for a vanety of surgical procedures, users reduce the amount of
surgical equipment that they need to purchase, maintam, store, and learn to operate.

[0137] Alternative views and embodiments of use cases of the surgical robotics
system 400B with column-mounted robotic arms including the above mentioned components
are further tlustrated and described at least in U.S. Provisional Application No. 62/162,486
filed May 15, 2015 and U.S. Provisional Application No. 62/162,467 filed May 15, 2015,
VIL A. Lower Body Surgery

[0138] FIG. 7A is an isometric view of a surgical robotics system 700A with
column-mounted arms configured to access the lower body area of a patient 708 according to
one embodiment. The surgical robotics system 700A s an embodiment of—though includes
more components than—the surgical robotics system 400B in FIG. 4B. Specifically, the
surgical robotics system 700A includes a set of robotic arms (including five robotic arms in
total) and a set of three column rings. A first robotic arm 770A and a second robotic arm
7708 are coupled to a first column ring 705A. A third robotic arm 770C and a fourth robotic
arm 770D are coupled to a second columm rning 705B. A fifth robotic arm 770E 15 coupled to
a third columan ring 705C. FIG. 7A shows a wireframe of the patient 708 lving on the table
701 undergoing a surgical procedure, e.g., ureteroscopy, requiring access to the lower body
area of the patient 708. Legs of the patient 708 are not shown as to not obscure portions of
the surgical robotics system 700A.

[0139] The surgical robotics system 700A configures the set of robotic arms to
perform a surgical procedure on the lower body area of the patient 708, Specifically, the
surgical robotics system 700A configures the set of robotic arms to manipulate a surgical
mstrument 710. FIG. 7A shows the set of robotic arms inserting the surgical instrument 710
along a virtual rail 790 into the groin area of the patient 708. Generally, a virtual rail 790 15 a
co-axial trajectory along which the set of robotic arms transiates a surgical instrument
(typically a telescoping mnstrument). The second robotic arm 770B, the third robotic arm
770C, and the fifth robotic arm 770E are coupled, e g., holding, the surgical instrument 710.
The first robotic arm 770A and the fourth robotic arm 770D are stowed to the sides of the

surgical robotics systermn because they are not necessanly required to for the surgical

procedure—or at least part of the surgical procedure—shown 1n FIG. 7A. The robotic arms

are configured such that they manipulate the surgical instrument 710 from a distance away
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from the patient 708. This is advantageous, for example, because there 15 often limited space
available closer toward the patient's body or there 15 a sterile boundary around the patient
708. Further, there may also be a sterile drape around surgical equipment. During a surgical
procedure, only sterile objects are allowed pass the sterile boundary. Thus, the surgical
robotics systemy 700A may still use robotic arms that are positioned outside of the sterile
boundary and that are covered with sterilized drapes to perform a surgical procedure.

6140} In one embodiment, the surgical robotics system 700A configures the set
of robotic arms to perform an endoscopy surgical procedure on the patient 708. The set of
robotic arms hold an endoscope, e g., the surgical instrument 710, The set of robotic arms
insert the endoscope into the patient's body via an opening in the gromn area of the patient
708. The endoscope is a flexible, slender, and tubular instrument with optical components
such as a camera and optical cable. The optical components collect data representing tmages
of portions inside the patient's body. A user of the surgical robotics system 700A uses the
data to assist with performing the endoscopy.

[0141] FIG. 7B 1s a top view of the surgical robotics systermn 700A with column-
mounted arms configured to access the lower body area of the patient 708 according to one
embodiment.

[6142] FIG. 7C 18 an isometric view of an imaging device 740 and a surgical
robotics system 7008 with column-mounted arms configured to access the lower body area
of a patient 708 according to one embodiment. The surgical robotics system 700B 1s an
embodiment of the surgical robotics system 400B in FIG. 4B. The surgical robotics system
700B wncludes a pair of stirrups 720 that support the legs of the patient 708, and thus
exposing the groin area of the patient 708. Generally, the imaging device 740 captures
images of body paris or other objects inside a patient 708. The imaging device 740 may be a
C-arm, also referred to as a mobile C-arm, which 1s often used for fluorcscopy type surgical
procedures, or another type of 1maging device. A C-arm includes a generator, detector, and
imaging system {not shown). The generator 15 coupled to the bottom end of the C-arm and
faces upward toward the patient 708. The detector 1s coupled to the top end of the C-arm and
faces downward toward the patient 708. The generator ennts X-ray waves toward the patient
708. The X-ray waves penetrate the patient 708 and are received by the detector. Based on

the received X-ray waves, the imaging system 740 generates the images of body parts or
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other objects inside the patient 708, The swivel segment 210 of the table 401B s rotated
laterally such that the groin area of the patient 708 is aligned 1n between the generator and
detector of the C-arm imaging device 740 The C-arm s a physically large device with a
footprint that needs to be stationed underneath the patient. In particular, the generator of the
C-arm needs to be underneath the operative area of the patient, e.g., the abdomen area. In
typical surgical beds mounted to a columm, the colurmn interferes with the positioning of the
C-arm generator, e.g., because the column is also underneath the operative area. In contrast,
due to the configurability of the swivel segment 210, the surgical robotics system 700B may
configure the table 4018 such that the C-arm, the robotic arms, and a user {e.g., physician)
have a sufficient range of access to perform a surgical procedure on a working area the
patient's body. In one example use case, the table 401B is translated laterally along a
longitudinal axis of the table 4018 such that the robotic arms can access the groin or lower
abdomen area of a patient on the table 401B. In another example use case, by rotating the
swivel segment 210 away from the column 402B, the generator of the C-arm 740 may be
positioned underneath the groin area of the patient 708. The swivel segment 210—with a
patient lying on the swivel segment 210-—may be rotated at least to 45 degrees relative to a
longitudinal axis of the table 401B without tipping over the surgical robotics system. In
particular, the surgical robotics system does not tip because the center of mass of the surgical
robotics system {e.g., the center of mass of the combined, at least, table, bed, and base} is
positioned above a footprint of the base. Qutnigger casters, further described with reference
to FIGS. 8G-J in Section VI Base, may provide further stability to prevent the surgical
robotics system from tipping over when a swivel segment is rotated away from the table.

[0143] The surgical robotics system 700B uses a set of column-mounted robotic
arms to manipulate a surgical instrument 710, Each of the robotic arms 1s coupled to, e.g.,
holding, the surgical instrument 710. The surgical robotics system 7008 uses the robotic
arms to insert the surgical instrument 710 into the groin area of the patient along a virtual rail
790,

[0144] FIG. 7D 1s a top view of the imaging device 740 and the surgical robotics
system 700B with column-mounted arms configured to access the lower body area of the
patient 708 according to one embodiment.

Vil B. Core Bodv Surgery
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[0145] FIG. 7E 1s an sometric view of the surgical robotics system 700B {or
400B) with column-mounted arms configured to access the core body area of a patient 708
according to one embodiment. The surgical robotics system 700B has been reconfigured
from the configuration shown in FIG. 7C-D where the robotic arms access the lower body
area of the patient 708. In embodiments where the table includes a swivel segment 210, the
swivel segment 210 of the table is rotated in-line with the rest of the table. The patient 708
lyving on the table 401B 1s undergoing a surgical procedure, eg., prostatectomy or
laparoscopy, requiring access to the core body area of the patient 708 Each robotic arm 13
manipulating a surgical mstrument to perform the surgical procedure. The surgical robotics
system 700B raises the column rings 405B and 405C toward the table 401B so that the
robotic arms have greater access the patient 708. Further, the surgical robotics system 700B
rotates the column rings such that two of the robotic arms extend from one side of the table
4018 and the other two robotic arms extend from the opposite side of the 401B. Thus, the
robotic arms are less likely to interfere with each other {e g, a robotic arm blocking the
motion of another robotic arm) during the surgical procedure.

Vi C. Upper Bodv Surcery

[0146] FIG. 7F s an isometric view of the surgical robotics system 700B {or
400B} with column-mounted arms configured to access the upper body area of a patient 708
according to one embodiment. The surgical robotics system 700B has been reconfigured
from the configuration shown in FIG. 7E where the robotic arms access the core body area of
the patient 708. In embodiments where the table includes a swivel segment 210, the swivel
segment 210 of the table 1s rotated in-line with the rest of the table. The patient 708 lving on
the table 401B is undergoing a surgical procedure, e.g., bronchoscopy, requiring access to the
upper body area of the patient 708, specifically the head of the patient 708. The robotic arm
470C and the robotic arm 470D are inserting a surgical instrument 710D, eg, a
bronchoscope, mto the mouth of the patient 708 along a virtual rail 790, The robotic arm
470B 1s coupled to, eg., holding, an introducer 730, The mtroducer 750 is a surgical
istrument that directs the bronchoscope into the mouth of the patient 708. Specifically, the
trajectory of the bronchoscope along the virtual rail 790 begins parallel to the patient 708,

The introducer 750 changes the angle of the virtual rail 790 just betore the bronchoscope
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enters the mouth. The robotic arm 470E (not shown 1 FIG. 7F) 1s not used for the surgical
procedure, and thus is stowed away.
YIiL Base

(6147} FIG. 8A 1s an 1sometric view of a base 403 A of a surgical robotics system
800A according to one embodiment. The surgical robotics systemn 800A 15 an embodiment of
the surgical robotics system 400B in FIG. 4B. The surgical robotics system 80CA stores
column-mounted robotic arms and/or column rings {not shown) instde the base 403B when
the robotic arms are not in use. The base 4038 includes a first panel 820A and a second
panel 8208 that cover stored robotic arms. The first panel 820A and the second panel 820B
are advantageous because they prevent waste matenals from de-sterilizing or otherwise
contaminating stored robotic arms.

[0148] FIG. 8B 1s an isometric view of open panels of the base 403B according to
one embodiment. The first panel 820A and the second panel 820B pivot away from the
column 802A such that column-mounted robotic arms have access to inside the base 403B.
The first panel 820A includes a cutout 830A and the second panel 820B includes a cutout
830B. The cutouts 830A and 830B conform to the shape of the column 402B such that the
panels 820A and 820B form a seal around the column 402B when closed. The surgical
robotics system 800A may automatically open and close the first panel 820A and the second
panel 820B using motors or other means of actuation. A user of the surgical robotics system
800A may also manually open and close the first panel 820A and the second panel 820B.

[6149] FIG. 8C 1s an 1sometric view of a robotic arm stowed 1nside a base 403B
of a surgical robotics system 800B according to one embodiment. The surgical robotics
system 800B is an embodiment of the surgical robotics system 400B in FIG. 4B. The surgical
robotics system 8008 stores column-mounted robotic arms 4708 and 4700 and column rings
4058 and 405C mside the base 403B when the robotic arms are not in use. The base 403B
mcludes a first panel 820A and a second panel 820B that cover stored robotic arms and
column rings. The first panel 820A includes a cutout 830C. The second panel 8208 also
includes a cutout (not shown due to being obscured by other components). The cutouts
conform to the shape of the column 402B such that the panels 820A and 820B form a seal

around the column 4028 when closed.
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[015¢] The first panel B20A and a second panel 820B translate laterally to
provide access for the robotic arms and column rings into the base 403B. FIG. 8C shows the
first panel 820A and a second panel 8208 translated to form an opening. The opening may be
large enough to provide access for a robotic arm, but not too large as to still provide
protection to the robotic arms even when the panels are open. The robotic arm 470D and
column ring 405C are stowed inside the base 4038, The robotic arm 470B and column ring
405B are outside the base 403B, though they may also be stowed inside the base 403B. The
surgical robotics system B00B may automatically open and close the first panel 8204 and the
second panel 820B using motors or other means of actuation. A user of the surgical robotics
system 800B may also manually open and close the first panel 820A and the second panel
8208.

[0151] FIG. 8D 1s an 1isometric view of robotic arms stowed underneath the table
701 of the surgical robotics system 700A according to one embodiment. Specifically, the arm
segments of each robotic arm rotate such that the robotic arm 1s 1 a compact configuration
for stowage. The surgical robotics system 700A raises the first column ring 705A and the
second column ring 705B, and lowers the third columm ring 705C toward the center of the
column 702. This way, the robotic arms have enough space in the stowed configuration
without interfering with each other. In one embodiment, the column 702 includes covers
{e.g., similar to panels 820A and 820B) over the robotics arms to protect the robotic arms
from contanmunation or damage.

[6152] FIG. 8E 15 an 1sometric view of robotic arms stowed above the base 4038
of the surgical robotics system 400B according to one embodiment. The robotic arms 470B,
470C, 470D, and 470F are in a stowed configuration. Specifically, the arm segments of each
robotic arm rotate such that the robotic arm is in a compact configuration for stowage. The
surgical robotics system 400B lowers the first column ring 405B and the second column ring
40SC along the column 4028 such that the stowed robotic arms rest on the base 403B and are
away from the table 401B. A cover {not shown) such as a drape or panel may be used to
cover the stowed robotic arms for protection from de-sterilization or other contamination.

[0153] FIG. 8F is another isometric view of robotic arms stowed above the base
4038 of the surgical robotics system 800C according to one embodiment. The robotic arms

are rail-mounted instead of colump-mounted. Rail-mounted robotic arms are further
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described with reference to FIGS. 9A-B and FIGS. 10A-D m Section IX. Rail-Mounted
Robotic Arms and Section X Rails, respectively. The surgical robotics systern 800C 1s an
embodiment of the surgical robotics system S00B further described with reference to FIG.
9B in Seciion IX. Rail-Mounted Robotic Arms. The robotic arms 870C, 870D, 870E, 870F,
870G, and 870H are 1n a stowed configuration.

[0154] FIG. 8G 15 an isometric view of outrigger casters on a base 803 of a
surgical robotics system according to one embodiment. The base 803 shown in FIG. &G
includes four outrigger casters 840A, B40B, 840C, and 840D, each substantially the same as
each other and positioned at a different corner of the base 803, though it should be noted that,
in other embodiments, a base may include any number of outrigger casters positioned in
other locations on the base. The outrigger casters 840A, 840B, 840C, and 840D are each ina
mobile configuration, 1.e., the caster wheel physically contacts the ground. Thus, a user of the
surgical robotics system may transport the surgical robotics system using the caster wheels,
e.g., to a storage area when the surgical robotics system is not in use.

[0155] FIG. 8H 1s another isometric view of the outrigger casters 840A, 840B,
840C, and 840D on the base 803 of the surgical robotics system according o one
embodiment. The outrigger casters 840A, 8408, 840C, and 840D are each in a stationary
configuration, 1.e, the outrigger caster is rotated such that the caster wheel does not
physically contact the ground. Thus, the surgical robotics system may be stabilized and
immobilized during a surgical procedure.

[6156] FIG. 8l 15 a side view of the outrigger caster 840A in a mobile
configuration according to one embodiment. The outrigger caster 840A 1ncludes a caster
wheel 842 movably coupled to an outrigger mount 844, The outrigger mount 844 is coupled
to a foot 846, The first linkage 848 is movably coupled to the outrigger mount 844 by the
first hinge 850. The second linkage 852 13 movably coupled to the outrigger mount 844 by
the second hinge 854 In the mobile configuration, the caster wheel 842 may rotate to move
the outrigger caster 840 along the ground.

[8157] FIG. 8) 15 a side view of the outrigger caster 840A m a stationary
configuration according to one embodiment. In the stationary configuration, the caster wheel
842 may freely rotate, but the caster wheel 842 does not move the outrigger caster §40A

because the caster wheel 842 1s not physically in contact with the ground. The surgical
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robotics system {or a user) rotates the outrigger caster 8404, e.g., 90 degrees, to change the
outrigger caster 840A from the mobile configuration to the stationary configuration. Thus,
the foot 846 now physically contacts the ground, and helps prevent the surgical robotics
system from moving. The foot 846 may have a larger footprint relative to the caster wheel
842 to provide additional stability on the ground. The linkages 848 and 852 are positioned
such that they do not interfere with the rotational path of the outrigger caster 840A.
Combining the caster wheel 842 and the foot 846 in the outrigger caster 840A is
advantageous, e g., because the outrigger caster 840A allows the surgical robotics system to
change between the mobile and stationary configurations using a compact mechanism,
compared to having separate mechanisms for casters and stabilization. Further, in use cases
of surgical robotics systems including swivel segments that rotate a patient lying on the
swivel segment away from a corresponding table {(e.g., as illustrated i FIGS. 7C-D), the feet
of outrigger casters (in the stationary configuration) help prevent the surgical robotics system
from tipping over due to the center of mass of the patient extending beyond the table base.
[0158&] Alternative views and embodiments of the base 4038 including the above
mentioned components are further ilustrated and described at least 1o U.S. Provisional
Application No. 62/203,530 filed Aug. 11, 2015,
iX. Rail-Mounted Robetic Arms

[0159] FIG. 9A 15 an sometric view of a surgical robotics system 900A with a
ratl-mounted robotic arm according to one embodiment. The surgical robotics system 900A
includes a set of robotic arms (including at least arm 470A) and a set of base rails (including
at least base rail 980A). The robotic arm 4704 15 coupled to the base rail 980A. Base rails are
further described with respect to FIGS. 10A-D in Section X. Rails below. The base rai] 980A
s movably coupled to the base 103. Thus, the robotic arm 470A may be referred to as a rail-
mounted robotic arm 470A.

[0160] FIG. 9B 15 an 1sometric view of a surgical robotics systern 900B with rail-
mounted robotic arms according to one embodiment. The surgical robotics system S00B
mcludes robotic arms 4708, 470C, 470D, and 470E each coupled to a first base rail 9808 or
a second base rai] 980C. The first base rail 980B and the second base rail 980C are movably

coupled to the base 103,
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[0161] In other embodiments, the surgical robotics systerm S00B may imnclude
additional or fewer robotic arms and/or base rails. Further, the robotic arms may be coupled
to base rails n various configurations. For example, three robotic arms may be coupled to a
base rail. Additionally, the surgical robotics system 900B may include three base rails each
coupled to a robotic arm.

[0162] The surgical robotics system 900B may translate robotic arms mounted to
a base ratl by translating the base rails relative to the base 103, Base rails may translate
bevond the starting footprint of the base 103, which allows the robotic arms to operate in a
larger volume of space. Further, the surgical robotics system 900B may translate robotic
arms mounted to a base rail independently from each other by translating the robotic arms
relative to the base raid. This 15 advantageous, for example, because the surgical robotics
system 900B may position the robotic arms in different configurations to perform a variety of
surgical procedures.

[8163] Alternative views and embodiments of the surgical robotics system 900B
with ratl-mounted robotic arms including the above mentioned components are further
illustrated and described at least in U.S. Provisional Application No. 62/193,604 filed Jul 17,
2015 and U.S. Provisional Application No. 62/201,518 filed Aug. 5, 2015.

X. Rails

[0164] FIG. 10A 15 an isometric view of base rails of a surgical robotics system
1000 according to one embodiment. A base rail inchides a set of one or more arm mounts
each movably coupled to the base rail. Further, each arm mount 1s an embodiment of the arm
mount SO06A or S06B previously described with reference to FIG. SA in Section V. Column
Ring. Specifically, the base rail 9808 includes arm mounts 1006A, 10068, and 1006C.

[0165] FIG. 10B 1 an 1sometric view of arm mounts on the base rail 930B
according to one embodiment. The arm mounts 1006A, 1006B, and 1006C each include a
belt and pinton assembly. Specifically, the belt and pinion assembly of arm mount 1006A
includes a bracket 1012, motor 1014, belt 1016, and pinion 1018 The belt and pinion
assemblies of arm mount 10068 and 1006C are constructed sumilarly.

[0166] The surgical robotics system 1000 translates arm mounts—and thus,
robotic arms mounted to the arm mounts—along base rails using the belt and pmion

assemblies. Specifically, the arm mount 1006A 1s movably coupled to a channel 1020 of the
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base ral 980B by the bracket 1012, The bracket 1012 1s coupled to motor 1014, belt 1016,
and pinion 1018, The motor 1014 s coupled to the pinmion 1018 by the belt 1016 Thus,
output rotation of the motor 1014 causes the pinion 1018 to rotate. The pimion 1018 is
engaged with a ratl lead screw 1010 of the base rail 980B. Rotation of the pinion 1018 causes
the arm mount 1006A to translate along the base rail 980B parallel to the rail lead screw
1010,

(6167} FIG. 10C 15 an sometric cutaway view of an arm mount 1000A on the
base rail 980B according to one embodiment. The arm mount 1000A includes a belt and
pinton assembly. Specifically, the belt and pinion assembly includes a motor 1014, belt 1616,
pinion 1018, and bearing 1022 The surgical robotics system 1000 translates the arm mount
1006 A—and thus, a robotic arm mounted to the arm mount 1006 A—along the base ratl 980B
using the belt and pinion assembly. The motor 1014 1s coupled to the pinion 1018 by the belt
1016, Thus, output rotation of the motor 1014 causes the pinion 1018 to rotate. The pinion
1018 1s coupled to the bearing 1022, In some embodiments, the bearing 1022 forms a rack
and pinion assembly with the base rail 980B. Specifically, the bearing 1022 is a gear (1., the
pinion) and is engaged with a rack 1024 of the base rail 980B. Rotation of the pinion 1018
causes the bearing 1022 to translate along the base rail 980B parallel to the rack 1024, Thus,
the arm mount 1006A also translates along the base raif 980B.

[0168] FIG. 10D 1s cross sectional views of the base rail 980B according to one
embodiment. The cross sectional view 1000A shows a basic profile of an embodiment of the
base ratf 980B. The cross sectional view 1000B shows a reinforced profile of an embodiment
of the base rail 980B. The lower segment 1030B of the reinforced profile 1s larger in size
than the lower segment 1030A of the basic profile. Thus, the reinforced profile is an
advantage, for example, because it enables the base raitl 980B to withstand greater loads
relative to the basic profile. Both the basic and the reinforced profiles have a T-slot
attachment 1040, which engages with a corresponding T-slot on a base of a surgical robotics
Systent.

(6169} Alternative views and embodiments of the base rails 980A, 980B, and
980C including the above mentioned components are further tlustrated and described at least
m U.S. Provisional Application No. 62/193,604 filed Jul 17, 2015 and UK. Provisional

Application No. 62/201,518 filed Aug. S, 2015,
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X 1. Alternate Confisurations

X1 A, Hvbrid Conficuration

[0178] FIG. 11 s an isometric view of a surgical robotics system 1100 with
column-mounted robotics arms and rail-mounted robotic arms according to one embodiment.
Due to the hybrid configuration mcluding both column-mounted robotics arms and rail-
mounted robotic arms, the surgical robotics system 1100 may configure the robotic arms i a
greater number of (or different tvpes of) positions compared to surgical robotics systems with
column-mounted robotics arms only or ratl-mounted robotic arms only. Further, the surgical
robotics system 1100 takes advantage of the rotational motion of robotic arms using the
column rings as well as translational motion of the robotic arms using the base rails.

X1 B. Cart-Based Robotic Arm Column

(0171} FIG. 12 1s an isometric view of a surgical robotics system 1200 with
column-mounted robotics arms on a column 402B and base 403B separate, eg., as a free
standing cart, from a table 101, column 102, and base 103 of the surgical robotics system
1200 according to one embodiment. The surgical robotics system 1200 configures the robotic
arms to access the lower body area of patient 708 lying on the table 101, In one embodiment,
mounting the robotic arms on a cart including the column 402B separate from the column
102 coupled to the table 101 with the patient 15 advantageous. For example, because the
surgical robotics system 1200 may configure the robotic arms to a greater number of {or
different types of) positions compared to surgical robotics systems with robotics arms
mounted to the same column as the table, which are limited at least in the angles where the
table extends past the column 102, Further, the cart may include outrigger casters {e.g.,
previously described with reference to FIGS. 8G-J in Section VIIL Base) that allow users to
more easily transport the robotic arms or keep the cart stationary. Mounting the robotic arms
separately can also reduce the number of components and complexity of the column coupled
1o the table with the patient.

6172} Alternative views and embodiments of the surgical robotics system 1100,
the surgical robotics system 1200, and other surgical robotics systems including the above
mentioned components are further illustrated and described at least in UK. Provisional
Application No. 62/162.486 filed May 15, 2015, US. Provisional Application No.
62/162,467 filed May 15, 2015, U.S. Provisional Application No. 62/193,604 filed Jul. 17,
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2015, U.S. Provisional Application No. 62/201,518 filed Aug. 5, 2013, U.S. Provisional
Apphication No. 62/203,530 filed Aug. 11, 2015, and US. Provisional Application No.
62/235,394 filed Sep. 30, 2015.

X1 Adjustable Arm Supports

[6173] Robotic surgical systems can include adjustable arm supports as described
in this section for supporting one or more robotic arms. The adjustable arm supports can be
configured to attach to either a table, a column support of the table, or a base of the table to
deploy the adjustable arm supports and robotic arms from a position below the table. In
some embodiments, the adjustable arm supports can be attached to a bed (or table) or a cart
positioned adjacent to a bed. In some examples, the adjustable arm supports includes a bar,
track, or ratl on which one or more robotic arms are mounted. In some embodiments, the
adjustable arm supports include at least four degrees of freedom that allow for adjustment of
the position of the bar, track, or rail. One of the degrees of freedom can allow the adjustable
arm supports to be adjusted vertically relative to the table. These and other features of the
adjustable arm supports will be described 1in detail with reference to the examples of FIGS.
13A-21.

[0174] FIGS. 13A and 13B are isometric and end views, respectively, of a
surgical robotics system 1300 that includes an adjustable arm support 1305 according to one
embodiment. The adjustable arm support 1305 can be configured to support one or more
robotic arms (see, for example, FIGS. 14A-15B) relative to a table 1301, As will be
described in greater detail below, the adjustable arm support 1305 can be configured so that
it can move relative to the table 1301 to adjust and/or vary the position of the adjustable arm
support 1305 and/or any robotic arms mounted to the adjustable arm support 1305 relative to
the table 1301, For example, the adjustable arm support 1305 may include one or more
degrees of freedom relative to the table 1301 to allow adjustment of the adjustable arm
support 1305, Although the system 1300 illustrated in FIGS. 13A and 13B mcludes only a
single adjustable arm support 1305, in some embodiments, systems can mclude multiple
adjustable arm supports (see, e.g., system 1400 of FIG 14A, which includes two adjustable
arm supports 13654, 1305B).

[6175] Surgical robotics systems including adjustable arm supports 1305 as

described in this section can be designed to address one or more issues of known surgical
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robotics systems. For example, one ssue with some surgical robotics systems 15 that they
may be bulky, occupying large amounts of room space. This is often because large and
elaborate support structures have been necessary to position robotic arms to perform robotic
surgical procedures. Some surgical robotics systems include robotic arm support structures
that support a plurality of robotic arms above a table that supports a patient during the
robotic surgical procedure. For example, common surgical robotics systems mclude support
structures that suspend one or more robotic arms over a table. These support structures are
quite large and bulky because, for example, they must extend over and above the table.

[6176] Another issue with some surgical robotics systems 1s that they can be
overly cumbersome. Due to, for example, the large and bulky support structures required by
some surgical robotics systems as described above, these systems are not easily moved,
which can be disadvantageous. Before and after surgery, it can be desirable to quickly and
smoothly clear the robotic arms from a surgical area to provide easy access for loading a
patient onto or removing a patient from the table. This has proven to be difficult with some
surgical robotics systems because of the large and bulky support structures and the
cumbersome nature of these systems. Some surgical robotics systems are not easily stored or
moved.

6177} Further, some surgical robotics systems have himited fexibility or
versatility. That 1s, some surgical robotics systems are designed for a particular surgical
procedure, and accordingly, do not work well for other types of surgical procedures. For
example, a surgical robotics system that 1s configured for laparoscopic surgery may not work
well for endoscopic surgery, or vice versa. fn some instances, this 15 because the robotic arms
used during the procedures need to be positioned m different locations relative the patient
and/or table during different types of surgical procedures, and the support structures of
conventional surgical robotics systems are not capable of accommodating the different
positions of the robotic arms. Further, as mentioned above, some surgical robotics systems
mclude support structures that suspend one or more robotic arms above the patient and table.
It may be difficult to perform certain medical procedures with robotic arms mounted in this
position.

[6178] Finally, some surgical robotics systems include robotic arms that are

fixedly mounted to their corresponding support siructures, and/or support structures
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themselves that are fixedly mounted or positioned. These systerms may rely on articulation of
the robotic arms alone to adjust the position of the robotic arms and/or surgical tools
mounted thereto. Because the arms and/or supports are fixed in position, this can greatly
limit the overall flexibility of these systems. The fixed nature of the robotic arms and/or
supports of some systems may further limit the ability of these systems to avoid collisions
between the arms and/or other objects (e.g., the patient, the table, other equipment, etc)
during surgery.

[6179] The system 1300 of FIGS. 13An and 13B including the adjustable arm
support 1305, as well as the other systems described in this section, can be configured to
address {e.g., reduce or eliminate} one or more of the issues associated with some surgical
robotics systems discussed above. For example, the systems described herein can be less
bulky than some systems. The systems described herein can occupy less physical space than
some systerns. The systems described herein can be less cumbersome than some systems. For
example, the systems described herein can be readily mobile and/or can be configured to
store the arm supports and robotic arms quickly and easily to allow convenient access to the
patient and/or table. The systems described herein can be highly flexible and configured for
use in a wide variety of surgical procedures. For example, in some embodiments, the systems
are configured for both laparoscopic and endoscopic procedures. The systems described
herein can be configured to reduce collisions between the various robotic arms and other
objects i the operating room.

[6180] In some embodiments, one or more of these advantages can be achieved
by mclusion of one or more adjustable arm supports 1305 as described herein. As mentioned
above, the adjustable arm supports 1303 can be configured so as to be able to move relative
to the table 1301 to adjust and/or vary the position of the adjustable arm support 1305 and/or
any robotic arms mounted to the adjustable arm support 1305 relative to the table 1301, For
example, the adjustable arm supports 1305 can be capable of being stowed {for example,
below the table 1301) and subsequently elevated for use. In some embodiments, the
adjustable arm supports 1305 can be stowed in or near a base that supports the table 1301 In
some embodiments, the adjustable arm supports 1305 can be stowed in one or more recesses
formed along a central longitudinal axis of the base. In other embodiments, the adjustable

arm supports 1305 can be stowed in one or more recesses offset from a central longitudinal
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axis of the base. Upon elevation, the adjustable arm supports 1305 can be positioned near the
patient, but below the table 1301 (e.g., below the upper surface of the table 1301). In other
embodiments, the arm supports 1305 can be raised above the table 1301 {(e.g., above the
apper surface of the table). Such a configuration can be useful, for example, when an
adjustable arm support 1s positioned behind a patient lying on his side.

[0181] In some embodiments, the adjustable arm support 1305 15 attached to the
bed with a support structure that provides several degrees of freedom (e.g., hifi, lateral
translation, tilt, etc.). In the ilustrated embodiment of FIGS. 13A and 13B, the arm support
1305 15 configured with four degrees of freedom, which are illustrated with arrows m FIG.
13A. A first degree of freedom aliows for adjustment of the adjustable arm support in the z-
direction (“Z-hft”). For example, as will be described below, the adjustable arm support 1305
can nclude a carriage 1309 configured to move up or down along or relative to a column
1302 supporting the table 1301, A second degree of freedom can allow the adjustable arm
support 1305 to tilt. For example, the adjustable arm support 1305 can include a rotary joint,
which can, for example, permut the arm support 1305 to be aligned with a bed in a
Trendelenburg position. A third degree of freedom can allow the adjustable arm support to
pivot up as shown. As will be described below, this degree of freedom can be used to adjusta
distance between the side of the table 1301 and the adjustable arm support 1305, A fourth
degree of freedom can permit translation of the adjustable arm support 1305 along a
longitudinal length of the table. Arm supports 1305 that include one or more of these degrees
of freedom can address one or more of the issues associated with some systems noted above
by providing a highly positionable support to which varisus robotic arms can be attached.
The adjustable arm support 1305 can allow for adjustment of the posttion of the robotic arms
relative to, for example, the table 1301, In some embodiments, these degrees of freedom can
be controlled serially, in which one movement is performed after another. In other
embodiments, different degrees of freedom can be controlled in parallel For example, in
some embodiments, one or more linear actuators can provide both Z-lift and ult.

[0182] These degrees of freedom, as well as other features of the adjustable arm
support 1305, will now be described in greater detail with reference to FIGS. 13A and 13B,
which are 1sometric and end views, respectively, of the surgical robotics system 1300, which

mcludes the adjustable arm support 1305 according to one embodiment. In the dlustrated
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embodiment, the system 1300 mcludes the table 1301, In some embodiments, the table 1301
may be similar to the tables described above. In the illustrated embodiment, the table 1301 13
supported by a column 1302, which s mounted to a base 1303. The base 1303 can be
configured to rest on a support surface, such as a floor. Thus, the base 1303 and the column
1302 support the table 1301 relative to the support surface. FIG. 13B, dlustrates a support
surface plane 1331, In some embodiments, the table 1301 can be supported by one or more
supports, wherein one of the supports comprises the column 1302, For example, the table
1301 can be supported by a Stewart mechanism comprising a plurality of parallel actuators.

[0183] The system 1300 can also include the adjustable arm support 1305, In the
illustrated embodiment, the adjustable arm support 1305 1s mounted to the column 1302 In
other embodiments, the adjustable arm support 1305 can be mounted to the table 1301 or the
base 1303. As mentioned above, the adjustable arm support 1305 1s configured so that the
position of the adjustable arm support 1305 can be adjusted relative to the table 1301, In
some embodiments, the position of the adjustable arm support 1305 can also be adjusted
relative to the column 1302 and/or base 1303,

0184} The adjustable arm support 1308 can include a carrage 1309, a bar or rail
connector 1311, and a bar or rail 1307. The bar or rail 1307 can comprise a proximal portion
and a distal portion. One or more robotic arms can be mounted to the rail 1307, as shown,
for example, in FIGS. 14A-15B. For example, n some embodiments, one, two, three, or
more robotic arms can be mounted to the rail 1307. Further, in some embodiments, the
robotic arms that are mounted to the rail can be configured to move (e.g., translate) along the
rail 1307, such that the position of the robotic arms on the rail 1307 can be adjusted relative
to one another, thereby reducing the risk of collision between the robotic arms. This will be
described in greater detail below. In the ilustrated embodiment, the rail 1307 s connected to
the bar or rail connector 1311. The bar or rail connector 1311 is connected to the carriage
1309. The carriage 15 connected to the column 1302, Other arrangements are possible,

[6185] The column 1302 can extend along a first axis 1323 In some
embodiments, the f{irst axis 1323 is parallel to the z-axis as illustrated. In some embodiments,
the first axis 1323 15 a vertical axis. For example, the first axis 1323 can be perpendicular to

the support surface or floor on which the system 1300 rests,
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[0186] The carriage 1309 can be attached to the columun 1302 by a first joint
1313. The first joint 1313 can be configured to allow the carriage 1309 {and accordingly the
adjustable arm support 1305} to move relative to the column 1302, In some embodiments,
the first jomt 1313 18 configured to allow the carriage 1309 to move along the column 1302
(for example, up and down along the column 1302). In some embodiment, the first joint 1313
is configured to allow the carriage 1309 to move along the first axis 1323 {for example, back
and forth along the first axis 1323). The first jomt 1313 can comprise a hinear or prismatic
joint. The first jomt 1313 can comprise a powered joint, such as a motorized or hydraslhic
joint. The first joint 1313 can be configured to provide the first degree of freedom (“Z-Lift”)
for the adjustable arm support 1305,

[0187] The adjustable arm support 1305 can mclude a second jont 1315 as
shown. The second joint 1315 can be configured to provide the second degree of freedom
(t1lt) for the adjustable arm support 1305, The second joint 1315 can be configured to allow
the adjustable arm support 1305 to rotate around a second axis 1325 that is different than the
first axis 1323, In some embodiments, the second axis 1325 1s perpendicular to the first axis
1323, In some embodiments, the second axis 1325 need not be perpendicular relative to the
first axis 1323. For example, in some embodiments, the second axis 1325 is at an acute angle
to the first axis 1323, In some embodiments, the second axis 1325 extends in the y-direction.
In some embodiments, the second axis 1325 may lie in a plane that 15 parallel to the support
surface or floor on which the system 1300 rests. The second joint 1315 can comprise a
rotational joint. The second joint 1315 can comprise a powered joint, such as a motorized or
hydraulic jomnt.

[0188] In the illustrated embodiment, the second joint 1315 15 formed between
the carriage 1309 and the column 1302, such that the carriage 1309 can rotate about the
second axis 1325 relative to the column 1302, In other embodiments, the second joint 1315
can be positioned in other locations. For example, the second joint 1315 can be positioned
between the carriage 1309 and the rail connector 1311, or between the rail connector 1311
and the rail 1307.

[0189] As noted above, the second joint 1315 can be configured to allow the
adjustable arm support 1305 to rotate about the second axis 1325 to allow for the second

degree of freedom (tilt) for the adjustable arm support 1305 As will be described in greater
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detail with reference to FIG. 16 below, rotating the adjustable arm support 1305 about the
second axis 1325 can allow adjustment of a ult angle of the adjustable arm support 1305,
That s, an angle of tilt of the rail 1307 can be adjusted by rotating the adjustable arm support
1305 about the second axis 1325 (see FIG. 16).

[0196] The adjustable arm support 1305 can mnclude a third joint 1317 as shown.
The third joint 1317 can be configured to provide the third degree of freedom (pivot up) for
the adjustable arm support 1305, The third joint 1317 can be configured as a rotational joint
to allow the rail connector 1311 to rotate around a third axis 1327 that 15 different from the
first axis 1323 and the second axis 1325, In some embodiments, the third axis 1327 can be
perpendicular to the second axis 1325, In other embodiments, the third axis 1327 need not be
parallel to the second axis 1325, For example, the third axis 1327 can be at an acute angle
relative to the second axis 1325, In some embodiments, the third axis 1327 extends in the x-
direction. In some embodiments, the third axis 1327 may lie in a plane that is parallel to the
support surface or floor on which the system 1300 rests. The third axis 1327 may lie in the
same plane or a different plane than the second axis 1325, When the adjustable arm support
1305 1s positioned as shown in FIGS. 13A and 13B, the third axis 1327 can be perpendicular
to the first axis 1323, however, as the adjustable arm support 1305 is rotated about the
second joint 1315, the angle between the first axis 1323 and the third axis 1327 can vary. In
some embodiments, the third axis 1327 can be parallel to the rail 1307

[0191] When configured as a rotational joint, the third joint 1317 can allow the
rai] connector 1311 to rotate around the third axis 1327, As the rail connector 1311 rotates
around the third axis 1327, a distance (for example, measured along the y-direction) between
an edge of the table 1301 and the rad 1307 can be adjusted. For example, the distance
between the edge of the table 1301 and the rail 1307 would increase as the rail connector
1311 1s rotated downward from the position shown i FI(. 13B. Thus, the third joint 1317
can be configured to provide a degree of freedom that allows adjustment of the positioning of
the ratl 1307 along the y-direction. Further, when configured as a rotational joint, the third
jomt 1317 can also allow additional adjustment of the position of the rail 1307 along the z-
direction. For example, the height of the rail 1307 (along the z-direction} would decrease as

the rail connector 1311 18 rotated downward from the position shown in FIG 13B. In some
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embodiments, the third joint 1317 can allow the rail 1307 to pivot upwards in a “biceps curl”
type fashion from a stowed posttion to an elevated position.

[0192] As best seen i FIG. 13B, in the illustrated embodiment, the third joint
1317 13 posttioned on a first end of the rail connector 1311 that connects the rail connector
1311 to the carriage. An addutional joint 1319 can be included at a second end of the rail
connector 1311 that connects the rail connector 1311 to the rail 1317. In some embodiments,
the position of the third joint 1317 and the additional joint 1319 can be reversed. In some
embodiments, the additional joint 1319 18 mechanically constrained to the third joint 1317
such that the third jont 1317 and the additional joint 1319 rotate together. For example, the
third joint 1317 and the additional joint 1319 can be mechanically constramed via a four-bar
linkage. Other methods for mechanical constraint are also possible. Mechanical constraint
between the third joint 1317 and the additional joint 1319 can be configured to maintain an
orientation of the rail 1307 as the rail connector 1311 1s rotated about the thuird axis 1327 For
example, mechanical constraint between the third jomnt 1317 and the additional joint 1319
can be configured such that, as the rail connector 1311 rotates, an upper surface of the rail
1307 (to which one or more robotic arms can be mounted) continue to face n the same
direction. In the iHustrated example of FIGS. 13A and 13B, the upper face of the rail 1307 is
facing upwards (in the z-direction). Mechanical constraint between the third joint 1317 and
the additional jont 1319 can be configured such that the upper face of the rail 1307 remains
facing upwards {(in the z-direction) as the rail connector 1311 rotates. In some embodiments,
mechanical constraint can be replaced with a software-defined constrained. For example,
each of the third joint 1317 and the additional joint 1319 can be a powered joint, and
software can be used to constrain rotation of each joint together.

[6193] in some embodiments, the third joint 1317 can comprise a hinear joint or
prismatic joint {(in place of the rotation joint described above and ilustrated in the figures)
configured to allow linear displacement of the rail 1307 toward and away from the column
1302 (for example, along the y~direction).

[0194] The third joint 1317 can comprise a powered joint. In some embodiments,
the third joint 1317 can comprise a motorized or hydraulic joint.

[0195] The adjustable arm support 1305 can include a fourth joint 1321 as shown.

The fourth joint 1321 can be configured to provide the fourth degree of freedom (translation)
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for the adjustable arm support 1305, For example, the fourth joint 1321 can be configured to
allow the rad 1307 to translate back and forth relative to, for example, the table 1301, the
column 1302, the carriage 1309, and/or the rail connector 1311, The rail 1307 can extend
along a fourth axis 1329 The fourth joint 1321 can be configured to allow the rail 1307 to
translate along the fourth axis 1329, In some embodiments, the fourth axis 1329 can be
parallel to third axis 1327 In other embodiments, the fourth axis 1329 can be at a non-
parallel (e.g., acute angle) to third axis 1327, In some embodiments, the fourth axis 1329 can
be perpendicular to the second axis 1325, In other embodiments, the fourth axis 1329 can be
at a non-perpendicular angle (e.g., acute angle} to the second axis 1325, When the adjustable
arm support 1305 15 posttioned as shown in FIGS. 13A and 138, the fourth axas 1329 can be
perpendicular to the first axis 1323; however, as the adjustable arm support 1303 s rotated
about the second jomnt 1315, the angle between the first axis 1323 and the fourth axis 1329
can vary.

[0196] The fourth joint 1321 can comprise a linear or prismatic joint. The fourth
jomnt 1321 can comprise a powered joint, such as a motorized or hydraulic joint. In the
tustrated embodiment, the fourth joint 1321 15 positioned between the bar or rail connector
1311 and the radl 1307

6197} As will be described in greater detail below with reference to FIGS. 15A
and 15B, translation of the rail 1307 can be configured to provide ncreased longitudmal
reach (for example, along the x-direction) for the system 1300, This may improve the
flexibility of the system 1300, allowing the system 1300 to be used in a wider variety of
surgical procedures.

[0198] In some embodiments, the adjustable arm support 1305 1s configured to
allow for variable positioning of the rail 1307 relative to the table 1301, In some
embodiments, the position of the rail 1307 remains below a table support surface plane 1333
that 1s parallel with an upper surface of the table 1301, This may be advantageous as it may
improve the ability to maintain a sterile field above the table support surface plane 1333
during a medical procedure. In the operating environment, medical personal may desire to
maintain a sterile field above the surface of the table. As such, there may be heightened
requirements or siricter procedures for equipment that is positioned above the surface of the

table. For example, equipment positioned above the surface of the table may need to be

-49-



WO 2019/143459 PCT/US2018/067984

draped. As such, it may be deswrable, and some medical personal may prefer, that the arm
support 1s maintained below the surface of the table. In some instances, when the arm support
is maintained below the surface of the table, it may not need to be draped. In other
embodiments, however, the adjustable arm support 1305 can adjust the position of the rail
1307 such that 1t 15 positioned above the table support surface plane 1333,

[0199] In some embodiments, the adjustable arm support 1305 15 attached to the
base 1303, the column 1302, or the table 1301 at a position below the table support surface
plane 1333, As will be described below with reference to FIGS. 18A and 18B, this may
advantageously permit the adjustable arm support 1305 (and any attached robotic arms) to be
moved to a stowed configuration in which the adjustable arm support 1305 (and any attached
robotic arms) are stowed below the table 1301 (see FIG. 18B). This may advantageously
make the system 1300 less bulky and/or less cumbersome when compared to previously
known surgical robotics systems.

[0200] Movement of the arm support 1305 (for example, movement of one or
more of the first, second, third, or fourth joints 1313, 1315, 1317, 1321} may be controlied
and/or commanded 1n several ways. For example, the system 1300 can include a controller
{e.g., a pendant) either on the bed (patient side) or a surgeon console. As another example,
buttons {or other actuation mechanisms} could be included on one or more of the components
of the adjustable arm support 1305 {or on one or more of the connected robotic arms). As
another example, movement of the adjustable arm support 1305 can be provided
automatically by system software, for example, for adjustment within the robot’s null space
{while mantaiming the tooltip position commanded by the surgeon). Additionally, movement
of the adjustable armo support 1303 can be provided automatically by system software during
setup, deployment, draping, or other workflow steps when tools are not inserted into the
patient. Other examples are also possible.

[0201] FIGS. 13A and 138 illustrate an embodiment that includes one adjustable
arm support 1305. As noted previously, some systems can include more than one adjustable
arm support 1305, each supporting one or more robotic arms. In such systems, each
adjustable arm support can be configured as described above. Further, in such systems, each

adjustable arm support can be controlied independently.
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[62082] FIG. T4A 15 an end view of a surgical robotics system 1400A with two
adjustable arm supports 1305A, 1305B mounted on opposite sides of the table 1301
according to one embodiment. Each of the adjustable arm supports 13054, 1305B can be
configured as described above. In the illustrated embodiment, a first adjustable arm support
1305A 15 positioned on a first side of the table 1301 (e.g., the right side as shown in the
figure}, and a second adjustable arm support 13058 is positioned on a second side of the
table 1301 {e.g., the left side as shown in the figure). The second side can be opposite the
first side.

[0203] Further, a first robotic arm 1402 A 1s illustrated attached to the bar or rail
1307A of the first adjustable arm support 1305A, and a second robotic arm 1402B 1s
itiustrated attached to the bar or rail 13078 of the second adjustable arm support 1305B. As
iHlustrated, the first robotic arm 1402A includes a base 1404 A attached to the rail 1307A. The
distal end of the first robotic arm 1402A includes an instrument drive mechanism 1406A.
The mnstrument drive mechanism 1406A can be configured to attach to one or more robotic
medical instruments or tools. Similarly, the second robotic arm 14028 mcludes a base 14048
attached to the rail 13078, The distal end of the second robotic arm 1402B wncludes an
mstrument drive mechanism 1406B. The wnstrument drive mechanism 14068 can be
configured to attach to one or more robotic medical instruments or tools. Example robotic
arms configured for use with the adjustable arm supports 1305 are described below in greater
detail in Section X1 (see FIG. 21).

[6204] FIG. 14A illustrates that the adjustable arm supports 1305A, 13058 can be
mdependently controlled and positioned. As illustrated, the first adjustable arm support
1305A 1s positioned at a first height along the first axis 1323, and the second adjustable arm
support 1305B is positioned at a second height along the first axis 1323, In some
embodiments, the second height can be different and independent from the first height. In
other embodiments, the second height can be substantially equivalent to the first height.

[6265] In the embodiment in FIG. 144 the carriage 1309A of the first adjustable
arm support 1305A 15 positioned at a first height along the first axas 1323, and the carnage
13098 of the second adjustable arm support 13058 15 positioned at a second height along the
first axis 1323 different than the first height Thus, a height difference H1 can exist between

the carriages 1309A, 13098 of the first and second adjustable arm supports 13054, 1305B.
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In other embodiments, the carmages 1309A, 13098 of the first and second adjustable arm
supports 1305A, 1305B can be positioned at the same height.

[0206] Further, FIG. 14A illustrates the position of the bar or rail connectors
I31TA, 13118 of the first and second adjustable arm supports 1305A, 13058, which can also
be mdependently adjusted to have different orientations. For example, as iHlustrated, the rail
connector 1311 A of the first adjustable arm support 1305A s rotated downwardly, and the
rai] connector 1311B of the second adjustable arm support 1305B is rotated upwardly. A
height difference H2 can exist between the raids 1307A, 1307B of the first and second
adjustable arm supports 1305A, 1305B, as illustrated. Further, in this position, each of the
rail connectors 1311 A, 13118, of the first and second adjustable arm supports 13054, 1305B
is positioned at a different distance from the first axis 1323, For example, the ratl connector
I31TA of the first adjustable arm support 1305A 15 positioned at a first distance D1 from the
first axas 1323, and the rail connector 1311B of the second adjustable arm support 1305B 15
positioned at a second distance D2 from the first axis 1323 This distance D1 can be different
than the distance D2. In some embodiments, the rail connectors 1311A, 13118, of the first
and second adjustable arm supports 1305A, 13058 can be rotated to the same degree and/or
the distance D1 can be equal to the distance D2

(6207} FIG. 14A illustrates that the adjustable arm supports 1305A, 1305B can
each be positioned or adjusted mdependently to provide different positions at which the
robotic arms attached thereto are supported. FIG. 14A illustrates only one example among
many. The adjustable arm supports 1305 can have continuous movement {e.g., vertical or
longitudinal} and can be stopped at any point as desired by a surgeon or climcian. This can
be beneficial, for example, m creating a height differential between the arm supports, which
can be advantageous for certain types of surgeries, such as when one set of robotic arms
needs to reach low and the other needs to reach over a patient. For example, as shown in
FIG. 14A, the second adjustable arm support 1305B with attached robotic arm 1402B 1s
raised higher than the first adjustable arm support 1305A with attached robotic arm 1402A.
This position may be especially helpful when the patient i1s on its side {eg., lateral
decubitus), such as in a nephrectomy procedure, although one skilled i the art will
appreciate that a differential can be beneficial i other procedures as well FIGS. 14B and

14C provide additional examples.
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[0208] FIG. 14B 13 an isometric view of a surgical robotics system 14008 with
two adjustable arm supports 1305A, 1305B and a plurality of robotic arms 1402A, 14028,
1402C, 1402D configured for a laparoscopic procedure according to one embodiment. In the
itlustrated embodiment, a first adjustable arm support 1305A supports a first robotic arm
1402A, and a second adjustable arm support 1305B supports a second robotic arm 14028, a
third robotic arm 1402C, and a fourth robotic arm 1402

[62689] The first robotic arm 1402A can be configured to translate back and forth
along the rail 1307A of the first adjustable arm support 1305A. That 1s, the first robotic arm
1402A can be configured to translate along the fourth axis 1329A. This can allow for
adjustment of the first robotic arm 1402A relative to the rail 1307A. Simularly, the second
robotic arm 14028, the third robotic arm 1402C, and the fourth robotic arm 14020 can each
be configured to translate back and forth along the rail 13078 of the second adjustable arm
support 1305B. That is, the second robotic arm 1402B, the third robotic arm 1402C, and the
fourth robotic arm 1402D can be configured to translate along the fourth axis 13298 of the
second adjustable arm support 1305B. This can allow for adjustment of the second robotic
arm 1402B, the third robotic arm 1402C, and the fourth robotic arm 1402D relative to the rail
13078B. Further, each of the second robotic arm 1402B, the third robotic arm 1402C, and the
fourth robotic arm 14020 can be independently moved along the rail 1307B such that the
spacing between each of the second robotic arm 1402B, the third robotic arm 1402C, and the
fourth robotic arm 1402D can be adjusted. Among other things, FIG. 14B illustrates that in
some embodiments, the position of each robotic arm 1402 along the corresponding rail 1307
of the corresponding arm support 1305 can be independently controlled and adjusted.

(0210} Further, FIG. 14B illustrates another example of a height differential
between the first and second arm supports 13054, 13058, In the illustrated embodiment, a
patient 10 s positioned on his or her side during a laparcscopic procedure. The furst
adjustable arm support 1305A 1s positioned in a high position {but below the surface of the
table 1301) such that the first robotic arm 140ZA can reach over the patient 10. As llustrated,
the second adjustable arm support 1305B is positioned at a lower position such that the
second robotic arm 14028, the thard robotic arm 1402C, and the fourth robotic arm 1402D

can access an anterior side of the patient.
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(0211} In some embodiments, one or more of the robotic arms 1402A, 14028,
1402C, 1402D can operate laparoscopic surgical instruments or tools, and one or more of the
other of the 1402ZA, 1402B, 1402C, 1402D can operate a camera laparoscopically inserted
mto the patient. In some embodiments, the one or more laparoscopic surgical mstruments and
the camera can be sized and configured to extend through one or more laparoscopic ports ina
patient.

[6212] FIG. 14C 13 an isometric view of a surgical robotics system 1400C with
two adjustable arm supports 1305A, 13058 and a plurality of robotic arms 14024, 14028,
1402C, 1402D, 1402E configured for a laparoscopic procedure according to one
embodiment. In the illustrated embodiment, a first adjustable arm support 1305A supports a
first robotic arm 1402A and a second robotic arm 1402B, and a second adjustable arm
support 13058 supports a third robotic arm 1402C, a fourth robotic arm 1402D, and a fifth
robotic arm 1402E.

[6213] In the dlustrated embodiment, the table 1301 supporting the patient 10 15
positioned at an angle relative to the floor. That 1s, rather than being parallel, as tlustrated
for example, in FIG. 14B, a table surface plane 1333 is angled with respect to a support
surface plane 1331, The first adjustable arm support 1305A, positioned on the lower side of
the table 1301, can be positioned 1 a low position such that the first robotic arm 1402A and
the second robotic arm 1402B can access the patient 10. As dlustrated, the second adjustable
arm support 1305B is positioned at a higher position {which may be lower than the table
support surface 1333} such that the third robotic arm 1402, the fourth robotic arm 1402D,
and the fifth robotic arm 1402E can reach over and access the patient 10.

[0214] FIG. 15A 1s an isometric view of a surgical robotics systems with two
adjustable arm supports 1305A, 13058 that are configured to translate to adjust the position
of the adjustable arm supports 1305A, 13058 according to one embodiment. As described
previously, the adjustable arm support 1305 can include a fourth joint 1321 configured to
allow the rail 1307 to translate along the fourth axis 1329 relative to the base 1302, column
1302, table 1301, carrtage 1309, and/or raid comnector 1311, FIG. 15A illustrates that, m
embodiments that include two adjustable arm supports 13054, 13058, the rail 13074, 13078
of each adjustable arm support 1305A, 13058 can be translated along its corresponding axis

1329A, 1329B, independently of the other rail. For example, in FIG. 15A, the rail 1307A can
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translate back and forth along the axis 1329A, mdependently from the rail 13078, which can
also translate back and forth along the axis 1329B.

[0215] In other embodiments, rails 1307 are not configured to translate along the
axis 1329 For example, in some embodiments, longer rails 1307 can be used in lien of
translating rails. In some embodiments, translation of the rails 1307 pernuts shorter raus
1307 to be used while still maintaining the overall versatility and flexibility of the system. In
some embodiments, shorter rails 1307 (with or without translation} can improved the ability
of system to be stowed below the table 1301 (see FIG. 18B).

[0216] FIG. 158 1s an isometric view of a surgical robotics system 1500B with an
adjustable arm support 1305 and robotic arm 1402 configured for an endoscopic procedure
according to one embodiment. FIG. 15B iHustrates that, in some embodiments, a system
mcluding an adjustable arm support 1305 can be configured to provide a long longitudinal
range of motion that can be useful, for example, in an endoscopic procedure, such as a
ureteroscopy, whergin an endoscope is inserted into the patient through the grom area. For
example, as shown in FIG. 15B, the raii 1307 can be translated all the way toward the foot of
the table 1301, From there, the arm 1402 can further extend longitudinally to position an
mstrument between the legs of the patient 10 for access to the groin area. Although only one
robotic arm 1402 1s illustrated in FIG. 15B, in other embodiments, multiple robotic arms,
etther mounted on the same adjustable arm support 1305 or an additional arm support 1305
can be configured for use in an endoscopic procedure. FIG. 15B provides only one example
of an endoscopic procedure. Systems including adjustable arm supports 1305 can be used in
other types of endoscopic procedures, such as bronchoscopy, for example.

[0217] FIG. 16 15 an ssometric view of a surgical robotics system 1600 with an
adjustable arm support 1305 configured with a rail 1307 capable of tilting according o one
embodiment. As discussed previously, an arm support can include a second joint 1315
configured to allow the arm support 1305 to tilt. To the illustrated embodiment of FIG. 16, the
second joint 1315 is positioned between the carriage 1309 and the rail connector 1311,
although, as discussed previously, other positions for the second joint 1315 are possible. The
second joint 1315 can be rotational joint configured to rotate or provide adjustment of the
arm support 1305 about the second axis 1325 As shown 1n FIG. 16, by rotating or providing

adjustment of the arm support 1303 about the second axis 1325, a tilt angle 1335 of the axis
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1329 can be adjusted. The tilt angle 1335 can be measured between, for example, the axis
1329 (of the rail 1307) and the x-axis, the support surface plane 1331, or the table surface
plane 1333

[0218] In some embodiments, the second joint 1315 permits tilting of the rail
relative to the table 1301, In some embodiments, the table 1301 can also pivot or tilt {for
example to a Trendelenburg position), and the second joint 1315 can allow the adjustable
arm support 1305 to follow the pivoting or tilting of the table 1301, This can allow surgical
arms 1402 to remain in position a relative to the patient 10 and/or table 1301 as the table
1301 pivots or tilts. This may be advantageous as a surgeon or clinician may desire to pivot
or tilt the table 1301 intraoperatively. In some embodiments, the second joint 1315 pivots or
tiits to allow the rail 1307 to remain parallel with the table 1301 as the table tilts. In some
embodiments, the rail 1307 need not remain parallel with the table 1301,

(6219 FIGS. 17A and 17B illustrate that systems including adjustable arm
supports 1305 may provide improved access for medical mmaging devices. As described
above, the position of the adjustable arm support 13035 can be adjusted so as to allow access
to or accommodate a medical imaging device, such as a C-arm. In addition to providing
improved access for medical imaging devices, the adjustable arm supports also provide
improved access for clinicians.

[0220] FIG. 17A 1s an 1sometric view of a surgical robotics system 1700A with
adjustable arm supports 1305A, 1305B positioned to allow access for a C-arm 1704 of a
medical mmaging device 1702 according to one embodiment As shown, the second
adjustable arm support 1305B 1s posttioned near the floor, so as to be positioned below the
C-arm 1704 of the medical imaging device. The first adjustable arm support 1305A s
positioned near the table 1301 such that the robotic arm can access the patient.

[6221] FIG. 17B 15 an isometric view of the surgical robotics system 1700B with
the adjustable arm supports 1303A, 1305B posttioned to allow access for the C-arm 1704 of
the medical imaging device 1702 according to another embodiment In the illustrated
embodiment, the first adjustable arm support 1305A 13 positioned near the table 1301, such
that the C-arm 1704 partially surrounds the first adjustable arm support 1305A.

(0222} The adjustability of the adjustable arm supports 1305 can advantageously

aliow the systems to work with will other types of medical imaging devices as well.

-56-



WO 2019/143459 PCT/US2018/067984

[6223] FIGS. 18BA and 18B dlustrate that systems including adjustable arm
supports 1305 can be configured to allow the adjustable arm supports 1305 and
corresponding robotic arms 1402 to stow conveniently below the table 1301, This may
advantageously provide that the systems are less bulky and cumbersome than some surgical
robotics systems. The adjustable arm supports 1305 can transition between a stowed
configuration (FIG. 18B) and a deployed configuration (FIG. 18A),.

[6224] FIG. 18A 15 an isometric view of a surgical robotics system 1800A with
an adjustable arm support 1305 positioned in a deployed configuration according to one
embodiment. As shown, the adjustable arm support 1305 has been adjusted such that the rail
1307 1s positioned adjacent to a side of the table 1301, and a robotic arm 1402 has been
deployed s¢ as to access the patient 10. FIG. 1BA also illustrates that the base 1303 can
mclude a recess 1337, The recess 1337 can be configured to receive the arm support 1305 in
the stowed configuration, as shown for example, in FIG. 18B.

[6225] FI(. 18B 1s an 1sometric view of a surgical robotics system 1800B with
adjustable arm supports 1305A, 1305B positioned i a stowed configuration according to one
embodiment. As shown, bar or rails 1307A, 1307B of each arm support are received into
recesses 1337 in the base 1303, In some embodiments, the robotic arms 1402A, 14028,
1402C can fold over the arm supports 13054, 1305B as shown. A stowed configuration, for
example, with the arm supports 130354, 1305B stored in recesses 1337 below the table 1301,
as shown in FIG. 18B, can advantageously make the system less bulky and cumbersome. In
other embodiments, both the arm supports and robotic arms can be stored into recesses in the
base 1303, While embodiments described herein illustrate an arm support 1 a low position
relative to the table, 10 other embodiments, adjustable arm supports can be provided from an
elevated or suspended position above the table These adjustable arm supporis in a suspended
position can have attributes similar to those that are positioned lower, including independent
adjustability, height differential relative to ovne another, tilt, and longitudinal translation.

[6226] In some embodiments, systems including adjustable arm supports 1305
can be configured to be mobile For example, in some embodiments, the base 1301 can
mclude wheels to allow the system to be easily repositioned (see, e.g, FIG 14A). For
example, the system could have a separate transport cart that lifts it off the floor and moves

it. In some embodimenis, the system is not permanently affixed in the operating room.
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[6227] FIG. 19 1s a flow chart dlustrating a method 1900 for operating a surgical
robotics system with adjustable arm supports according to one embodiment. For example, the
method 1900 can be used to operate any of the systems described above with reference to
FIGS. 13A-18B. In some embodiments, the method 1900 can be stored as computer readable
mstructions stored i a memory. A processor can access the memory and execute the
computer readable instructions to perform the method 1900

[0228] The method 1900 begins at block 1902 which mvolves receiving a
command. In some embodiments, the command 15 received from a physician, nurse,
physician assistant, surgeon staff, etc. The command may relate to the positioning of at least
one of a first robotic arm, a medical instrument coupled to an end effector of the robotic first
arm, and/or an arm support coupled to a base of the first robotic arm. In some embodiments,
the command may be a command to stow or deploy the system.

[6229] In some embodiments, a first command actuates the at least one joint to
adjust the position of the arm support along a vertical axis of the column, a second command
actuates a second joint for pivoting up the arm support, a third coromand actuates a third
joint for tilting the arm support and a fourth command causes longitudinal translation of the
arm support.

[023¢] At block 1904, the method 1900 nvolves actuating at least one joint of an
adjustable arm support to adjust a position of a bar or rail of the arm support based on the
recetved command. For example, the method 1900 may actuate one or more of the first joint,
the second joint, the third joint, and/or the fourth joint. This may cause the arm support to
move in one or more of its degrees of freedom.

[0231] The method 1900 may further include raising the arm support, the first
robotic arm, and the second robotic arm from a stowed position below the table; positioning
the arm support, the first robotic arm and the second robotic arm adjacent the table; adjusting
a position of the arm support relative to the table via at least one of the first command,
second command, third command, or fourth command, and adjusting a position of the first
robotic arm relative to the second robotic arm along the rail of the support joint
preparation for a surgical procedure. In some embodiments, the arm support is positioned

below an upper surface of the table.
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[6232] In some embodiments, the method 1900 15 executed by a controller for
executing one or more commands based on a kinematics model, wherein the one or more
commands conirol the posttioning of one or more of the first robotic arm, the medical
mstrument coupled to an end effector of the robotic first army; and an arm support coupled to
a base of the first robotic arm and to a column supporting a patient-support table, wherein the
arm support comprises at least one joint and a rail configured to support the first robotic arm.

[6233] FIG. 20 13 a block diagram of a surgical robotics system 2000 with
adjustable arm supports 13054, 13058 according to one embodiment. As shown, the system
2000 includes a processor 2002 in communication with a memory 2004, The processor 2002
and memory 2004 can be configured to execute, for example, the method 1900 described
above.

[0234] The system also includes the table 1301, In the iHustrated embodiments,
two adjustiable arm supports 1305A, 13058 are coupled to the table 1301, The adjustable arm
supports 1305A, 1305B can be coupled to the table 1301, a column 1302 supporting a table,
or a base 1303 supporting the column. Each of the adjustable arm supports 1305A, 1305B is
in communication with the processor 2002 such that the process can adjust the position of the
adjustable arm supports 1305A, 13058,

[0235] In the illustrated embodiment, a set of robotic arms 1s atiached to each of
the adjustable arm supports 1305A, 1305B. For example, robotic arms 1402A, 14028 are
coupled to adjustable arm support 1305A, and robotic arms 14020, 14020 are coupled to
adjustable arm support 1305B. In other embodiments, other numbers of robotic arms {e.g,,
one, three, four, etc.) can be coupled to each arm support 13054, 13058, Example robotic
arms are described in section X1 below. In some embodiments, as the arm supports support
multiple robotic arms, the stiffness of the arm supports can be increased. This increased
stiffness provides an added benefit of stability when used with multiple arms, as this can
reduce the shaking of the robotic arms during a surgical process.

[6236] In some embodiments, the processor 2002 is configured to execute
nstructions stored in the memory 2004 to adjust a position of the bar or rail along the first
axis in response to receiving a command. The command can comprise a command to adjust a
position of a robotic medical tool coupled to a robotic arm coupled to the arm support. In

some embodiments, the processor 2002 s further configured to execute the mstructions to
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cause the system to at least adjust a posttion of a rail or the arm supports 1305A, 13065B m
response to a physician selected procedure. In some embodiments, the processor 2002 is
further configured to execute the instructions to cause the system 2000 to at least adjust a
position of the rail to avoid a collision between the robotic arm and at least one of! the table,
a patient, an additional robotic arm, and a medical mmaging device. The system 2000 may
further be configured to avoid collision with other items in the environment of the system,
such as, pendants, stirrups, things that clip onto the bed rail, a nurse, etc.). In addition to
collision avoidance, the processor 2002 can further be configured to adjust the position of the
arm supports 1305A, 1305B to optimize pose or nuprove manipulability of the robotic arms
14024, 14028, 1402C, 1402D,

X1 Robot Arms Associated with Adjustable Arm Supports

[6237] The adjustable arm supports described above can be configured to mount
to the table, the column, or the base, and are adjustable (moveable in various degrees of
freedom) to support robotic arms positioned on the adjustable arm supports. As the
adjustable arm supports can be configured to mount below the surface of the table m
accordance with some embodiments, it can be advantageous to employ certain types of
robotic arms with the adjustable arm supports. In particular, robot arms that have increased
movement and flexibility may be desirable, as the robot arms may have to “work up” from a
lower position and avoid collisions {eg., with the table). This section outlines certamn
features of robotic arms configured for use with adjustable arm supports.

[6238&] For example, in some embodiments, robotic arms configured for use with
the adjustable arm supports differ from parallelogram remote center robotic arms. In one
example, a robotic arm configured for use with the adjustable arm supports can comprise a
shoulder with at least two degrees of freedom, an elbow with at least one degree of freedom,
and a wrist with at least two degrees of freedom. The kinematics associated with such an arm
allow the arm base to be positioned arbitrarily relative to the workspace, allowmg for setups
that would be challenging for a parallelogram remote center robot mounted alongside a bed.

[8239] Further, in some embodiments, a robotic arm configured for use with the
adjustable arm supports may include a semi-spherical or spherical wrist configured with at
least three degrees of freedom. Such a wrist can allow the robotic arm to roll its wrist joint

such that an instrument drive mechanism positioned at the distal end of the robotic arm can
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be below the arm wrist. This can enable procedures where target workspaces are far above
ports.

[0240] Some surgical robotic arms include a mechanically constrained remote
center with no redundant degrees of freedom (e.g., parallelogram robotic arms). That 13, for
any remote center position, the distance to the base 15 mechanically constrained. Robotic
arms coming from below the bed, as is the case with robotic arm mounted on the adjustable
arm supports described above, can be limited by their mount structures and cannot reach the
optimal configurations to make parallelogram robot arms excel. To address this 1ssue, robotic
arms configured for use with the adjustable arm supports described above can mclude one or
more redundant degrees of freedom. The redundant degrees of freedom can allow the arms to
be jogged within their null space without moving the tool tip, allowing for intraoperative
collision avoidance that 13 not possible previously known surgical robotic arms.

[0241] FIG. 21 15 an isometric view of a robotic arm 2100, according to one
embodiment, which may be configured to provide one or more of the features or advantages
described above. The robotic arm 2100 can be configured for use with the adjustable arm
support(s) 1305 described above.  The robotic arm 2100 may comprise a plurality of
components arranged serially. The components can be connected by one or more joints {e.g.,
motorized or hydraunlic joints) configured to allow movement or articulation of the robotic
arm 2100. As illustrated, for some embodiments, the joints can be grouped into the shoulder
2117, the elbow 2119, and the wrist 2121,

6242} In the illustrated example, the shoulder 2117 includes three joints, the
eltbow 2119 mncludes one joint, and the wrist 2121 includes two joints. Stated another way, n
some embodiments, one or more of the shoulder 2117, the elbow 2119, or the wrist 2121 can
provide more than one degree of freedom for the robotic arm 2100, In the illustrated
embodiment, the shoulder 2117 s configured to provide three degrees of freedom, the eltbow
2119 is configured to provide one degree of freedom, and the wrist 2121 is configured to
provide two degrees of freedom. In other embodiments, the shoulder 2117, the elbow 2119,
or the wrist 2121 can be configured with other numbers of joints and/or to provide other
numbers of degrees of freedom.

[0243] The shoulder 2117 can be located generally at a proximal portion 2101 of

the robotic arm 2100, The wrist 2121 can be located generally at a distal portion 2103 of the
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robotic arm 2100, The elbow 2119 can be located generally between the proximal portion
2101 and the distal portion 2103, In some embodiments, the elbow 2119 is located between a
proximal link 2109 and a distal link 2111, In some embodiments, the robotic arm 2100 can
include other joints or regions of joints than those illustrated in FIG. 21. For example, the
robotic arm 211 could include a second elbow {comprising one or more joints) between the
etbow 2119 and the wrist 2121 and/or between the elbow 2110 and the shoulder 2117

16244} The shoulder 2117, elbow 2119, and wrist 2121 {and/or other joints or
components of or associated with the robotic arm} can provide various degrees of freedom.
For the illusirated embodiment, the degrees of freedom are dlustrated with arrows. The
arrows are mtended to indicate the motions provided by each degree of freedom. The
itlustrated embodiment includes the following degrees of freedom. Not all degrees of
freedom need be included m all embodiments, and in some embodiments, additional degrees
of freedom can be included. The joints providing the various degrees of freedom can be
powered joints, such as motorized joints or hydraulically powered joints, for example.

[6245] As illustrated, the robotic arm 2100 includes a degree of freedom
permitting shoulder translation. The robotic arm 2100 can also include a degree of freedom
permitting shoulder yaw. The robotic arm 2100 can also include a degree of freedom
permitting shoulder pitch. The robotic arm 2100 can also include a degree of freedom
permitting elbow pitch. The robotic arm 2100 can also include a degree of freedom
permitting wrist yaw. The robotic arm 2100 can also include a degree of freedom permitting
wrist pitch. The robotic arm 2100 can also include a degree of freedom pernutting instrument
driver roll. This degree of freedom can be configured allow an instrument attached to the
instrument driver {or the instrurnent driver itself) to be rolled around its axis.

[6246] An msertion degree of freedom can also be associated with the robotic
arm 2100, The msertion degree of freedom can be configured to permut msertion {or
retraction} of the mstrument {or tool) attached to an nstrument driver mechanism 2115 along
an axis of the instrument or an axis of the instrument driver 2115

[6247] These and other features of robotic arms configured for use with the
adjustable arms supports 1305 described above are described in greater detail in the
application entitled “Surgical Robotics System” filed on even date herewith.

X1V, Soliware
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[0248] In some embodiments, one or more aspects of a system including
adjustable arm supports and corresponding robotic arms can be controlled via software. For
example, the system can be designed so that all actuations are robotically controlled by the
system, and the system knows the position of all end effectors relative to the tabletop. This
may provide a unique advantage that existing robotic surgery systems do not have. Further,
this may allow for advantageous workflows including: adjusting the table top
intraoperatively {eg., tilt, Trendelenburg, height, flexwre, etc.) while arms and arm
positioning platforms move i sync, moving the robotic arms can move away from the
operative field for draping or patient loading; after a clinician tells the system the type of
procedure, the robotic arms can move to approximate positions near where ports are typically
placed (Surgeons could modify and set port selection “presets” for how they like to do
surgery ), and performing “last mile” docking with cameras on the end effectors and vision
targets on cannulas {other non-optical sensors around the end effector could provide simidar
functionality).

(6249} Further, some ncarnations of robotic arm joints may require applying high
forces to the arm to back-drive the motors and transmissions. This can be reduced with
torque sensors in arm joints or a force sensor or joystick at the end effector to allow the robot
to know where the clinician 1s trying to push it and move accordingly (admittance control) to
lower back-drive forces felt at the output. Such back-drive regulation can be accomplished in
software in some embodiments.

XV. Additional Considerations

[0256] Upon reading this disclosure, those of skill in the art will appreciate still
additional alternative structural and functional designs through the disclosed principles
herein. Thus, while particular embodiments and applications have been illustrated and
described, 1t 1s to be understood that the disclosed embodiments are not lumited to the precise
construction and components disclosed herein. Various modifications, changes and
variations, which will be apparent to those skilled in the art, may be made in the
arrangement, operation and detatls of the method and apparatus disclosed herein without
departing from the spirit and scope defined in the appended claims.

[0251] As ysed herein any reference to “one embodiment” or “an embodiment”

means that a particular element, feature, structure, or characteristic described in connection
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with the embodiment 135 1ncluded in at least one embodiment. The appearances of the phrase
“in one embodiment” in various places in the specification are not necessarily all referring to
the same embodiment.

[6252] Some embodiments may be described using the expression “coupled” and
“connected” along with thetr denivatives. For example, some embodiments may be described

<

using the term “coupled” to indicate that two or more elements are in direct physical or
electrical contact. The term “coupled,” however, may also mean that two or more elements
are not in direct contact with each other, but vet still co-operate or interact with each other.
The embodiments are not limited 1n this context unless otherwise explicitly stated.

o “includes,”

o0

0253 As used herein, the terms “comprises,” “‘comprisin
K 5 ¥ 2 Kk

EE N1

“mecluding,” “has,” “having” or any other vanation thereof, are intended to cover a non-
exclusive inclusion. For example, a process, method, article, or apparatus that comprises a
list of elements is not necessarily limited to only those elements but may include other
elements not expressly listed or inherent to such process, method, article, or apparatus.
Further, unless expressly stated to the contrary, “or” refers to an inclusive or and not to an
exclusive or. For example, a condition A or B is satisfied by any one of the following: A is
true (or present) and B is false (or not present), A is false (or not present) and B 1s true {or
present}, and both A and B are true (or present).

[0254] In addition, use of the “a” or “an” are employed to describe elements and
components of the embodiments herein. This 15 done merely for convenience and to give a

general sense of the mvention. This description should be read to include one or at least one

and the singular also includes the plural unless it 13 obvious that it 13 meant otherwise.
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WHATIS CLAIMED IS;

i A systermn, comprising:
a table configured to support a patient;
a column extending along a first axis between a first end and a second end, the
first end coupled to the table;
a base coupled to the second end of the column; and
a first arm support coupled to at least one of the table, column or the base by
at least a first joint configured to allow adjustment along the first axis relative to the
table, the first arm support comprising a first bar having a proximal portion and a
distal portion extending along a second axis different from the first axis, the first bar
configured to support at least one robotic arm.
2. The system of Claim 1, wherein the first axis 1s a vertical axis and the first
joint 1s configured to allow adjustment of the first bar in a vertical direction.
3. The system of Claim 1, wherein the first joint comprises a motorized lingar
joint configured to move along the first axis.
4. The system of Claim 1, further comprising a first robotic arm mounted to the
first bar, the first robotic arm configured to translate along the second axis.
5. The system of Claim 4, further comprising a second robotic arm mounted to
the first bar, the second robotic arm configured to translate along the second axis.
6. The system of Clamm 5, wheremn the second robotic arm 1s configured to
translate along the second axis independently of the first robotic arm.
7. The system of Claim 3, further comprising a third robotic arm mounted to the
first bar.
8 The system of Claim 7, wherein at least one of the first robotic arm, second
robotic arm or third robotic arm holds a camera.
9. The system of claim 1, wherein the first arm support comprises a second joint
configured to adjust a tilt angle of the first bar.
10. The system of Claim 1, wheren the first bar 1s capable of translation along a

length of the table such that the first bar can extend beyond an end of the table.
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It A system, comprising

a table configured to support a patient;

a column extending along a first axis between a first end and a second end, the
first end coupled to the table;

a base coupled to the second end of the column;

a first arm support comprising a first bar having a proxumal portion and a
distal portion extending along a second axis, the first bar coupled to at least one of the
table, column or base by at least a first joint configured to allow adjustment of the
first bar along the first axis, the first arm support configured to support at least one
robotic arm; and

a second arm support comprising a second bar having a proximal portion and
a distal portion extending along a third axis coupled to the column by at least a
second joint configured to allow adjustment of the second bar along the first axis, the
second arm support configured to support at least another robotic arm;

wherein the first arm support and the second arm support are configured such
that the position of the first bar and the second bar along the first axis can be adjusted
mdependently.

12. The system of Claim 11, wherein the first axis is a vertical axis, the first joint
is configured to allow adjustment of the first bar in a vertical direction, the second joint s
configured to allow adjustment of the second bar i the vertical direction, and wheremn the
first bar and the second bar can be adjusted to different heights.

13. The system of Claim 11, wherein the first arm support is configured to be
positioned on a first side of the table, and the second arm support s configured to be
positioned on a second side of the table.

14. The system of Claim 13, wheremn the second side s opposite the first side.

I5. The system of Claim 11, wherein:

the first arm support comprises a third joint configured to adjust a it angle of
the second axis of the fust bar relative to the surface of the table; and

the second arm support comprises a fourth joint configured to adjust a tilt

angle of the third axis of the second bar relative to the surface of the table.
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to The system of Claim 15, wherein the tilt angle of the first bar axis and the tilt
angle of the second bar axis can be adjusted independently.

17. The system of Claim 11, wherein the first and second arm supports are
configured to be stored below the table.

18. The system of Claim 11, wherein one or more of the first joint and the second
jomnt, are motorized or controlled by hydraulics.

19. The system of Claim 11, wherein the first arm support supports at least two
robotic arms that are linearly translatable relative to one another.

20. The system of Claim 11, further comprising multiple robotic arms on the first
arm support and muitiple arms on the second arm support, wherein the number of arms on

the first arm support i1s equal to the number of arms on the second arm support.
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