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CROSSED-CYLINDER WRIST MECHANISM WITH
TWO DEGREES OF FREEDOM

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to and the benefit of U.S. Patent
Application No. 62/027,508, filed on July 22, 2014, entitled “Crossed-Cylinder Wrist
Mechanism with Two Degrees of Freedom”, which is incorporated by reference herein in

its entirety.

TECHNICAL FIELD
[0002] This disclosure relates generally to devices having a crossed-cylinder wrist
mechanism with two degrees of freedom and methods of manufacturing the same, and

particularly surgical devices having the wrist mechanism with two degrees of freedom.

BACKGROUND
[0003] Minimally Invasive Surgery (MIS) is a growing field including both
laparoscopic and robotic operations. Surgeons and engineers are making continual
efforts to mitigate the negative effects of procedures on patients. Reducing the size of the
surgical instruments is one effective method pursued in this effort. In some examples,
surgical instruments may include wrist mechanisms. Also, other areas such as robotics
may use wrist mechanisms. For instance, wrist mechanisms are commonly used in a
wide variety of grasping, cutting, and manipulating operations. In some examples, wrist
mechanisms may allow control of an angle of a tool with respect to a mounting shatft.
Typically, the wrist mechanism is placed at the end of the shaft, before the tool (e.g.,
cutter or grasper) to improve the dexterity of the tool. In some conventional examples,
the wrist mechanism may be one or more hinges that permit the tool to move with respect
to the shaft with two degrees of freedom. However, in some examples, these
conventional wrist mechanisms may produce large swept volumes when they move due

to the distance between centers of rotation for the two degrees of freedom. Also, due to
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manufacturing constraints and the increased importance of friction at small scales, it may
be challenging to produce a small-scale wrist mechanism that is relatively easy to

manufacture and assemble.

SUMMARY

[0004] According to an aspect, a device may include a first member, a second
member, and a wrist mechanism disposed between the first member and the second
member. The wrist mechanism may include a first cylinder portion coupled to the first
member, and a second cylinder portion coupled to the second member. The first cylinder
portion may be rollably engaged with the second cylinder portion such that movement of
the first cylinder portion with respect to the second cylinder portion is configured to
cause the first member to move in at least two directions with respect to the second
member. The second cylinder portion may be positioned with respect to the first cylinder
portion such that a longitudinal axis of the second cylinder portion is orthogonal to a
longitudinal axis of the first cylinder portion.

[0005] In some examples, the device may include one or more of the following
features (or any combination thereof). Each of the first cylinder portion and the second
cylinder portion may define a rounded surface portion, and the rounded surface portion
may define a plurality of gear tecth. Each gear tooth of the plurality of gear teeth may
include a first gear profile and a second gear profile, where the second gear profile is
different than the first gear profile. The plurality of gear teeth may be arranged into a
plurality of rows of gear teeth including a first row of gear teeth and a second row of gear
teeth, where the second row of gear teeth is staggered from the first row of gear teeth.
The wrist mechanism may include a coupling member configured to couple the first
cylinder portion to the second cylinder portion to keep the first cylinder portion in contact
with the second cylinder portion but permit the first cylinder portion to roll with respect
to the second cylinder portion. The coupling member may include a plurality of
activation members coupled to the first cylinder portion. The first member may include a
tool member, and the second member may include a shaft. The distance between the
longitudinal axis of the first cylinder portion and the longitudinal axis of the second

cylinder portion may be within a range of 1-5 millimeters. The first cylinder portion may
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be configured to move in a direction parallel to the longitudinal axis of the second
cylinder portion, and move in a direction around the longitudinal axis of the second
cylinder portion. The first cylinder portion may be configured to roll around the
longitudinal axis of the first cylinder portion such that the first cylinder portion moves
along at least a portion of a surface length of the second cylinder portion in a direction
parallel to the longitudinal axis of the second cylinder portion, and the first cylinder
portion may be configured to move along a surface arc of the second cylinder portion
such that the first cylinder portion moves around the longitudinal axis of the second
cylinder portion. The at least two directions may include a first direction and a second
direction, the second direction being orthogonal to the first direction. Each of the first
cylinder portion and the second cylinder portion may include a plurality of stacked
carbon nanotube composite sheets. The wrist mechanism may have a diameter of 4
millimeters or less than 4 millimeters.

[0006] According to an aspect, a medical device may include a tool member, a
shaft, and a wrist mechanism disposed between the tool member and the shaft. The wrist
mechanism may include a first cylinder portion coupled to the shaft, and a second
cylinder portion coupled to the tool member. The second cylinder portion may be
positioned with respect to the first cylinder portion such that a longitudinal axis of the
second cylinder portion is orthogonal to a longitudinal axis of the first cylinder portion.
Each of the first cylinder portion and the second cylinder portion may define a rounded
surface portion, and the rounded surface portion may define a plurality of rows of gear
teeth.

[0007] The medical device may include one or more of the above or below
features (or any combination thereof).  The second cylinder portion may define a
platform that is devoid of gear teeth. The medical device may include a plurality of
actuation members coupled to corner portions of the platform. When a force applied to
one or more of the plurality of actuation members, the tool member may be configured to
move in at least two directions. The plurality of rows of gear teeth may include a first
row of gear teeth, a second row of gear teeth adjacent to the first row, and a third row of
gear teeth adjacent to the second row, where the gear teeth of the second row is offset

from the gear teeth of the first row, and the gear teeth of the first row is aligned with the



WO 2016/014694 PCT/US2015/041584

gear teeth of the third row. Each gear tooth of the plurality of rows of gear teeth may
include an involute profile and a rack profile.

[0008] According to an aspect, a wrist mechanism may include a first cylinder
portion, and a second cylinder portion rollably engaged with the first cylinder portion.
Each of the first cylinder portion and the second cylinder portion may define a rounded
surface portion, and the rounded surface portion may define a plurality of rows of gear
teeth. The plurality of rows of gear teecth may include a first row of gear teeth, and a
second row of gear teeth adjacent to the first row, where the gear teeth of the second row
is offset from the gear tecth of the first row.

[0009] In some examples, the wrist mechanism may include the above or below
features (or any combination thereof). Each gear tooth of the plurality of rows of gear
teeth may include an involute profile and a rack profile. The second cylinder portion may
be positioned with respect to the first cylinder portion such that a longitudinal axis of the

second cylinder portion is orthogonal to a longitudinal axis of the first cylinder portion.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] FIG. 1 illustrates a device having a crossed-cylinder wrist mechanism with

two degrees of freedom according to an aspect.

[0011] FIG. 2 illustrates a crossed-cylinder wrist mechanism according to an
aspect.
[0012] FIG. 3A illustrates a cross-section of a gear tooth in an axial direction

according to an aspect.

[0013] FIG. 3B illustrates a cross-section of the gear tooth in a radial direction
according to an aspect.

[0014] FIG. 4A illustrates the cylinder portions with an angle of 0° with respect
to each other according to an aspect.

[0015] FIG. 4B illustrates the cylinder portions with an angle of 90° with respect
to each other according to an aspect.

[0016] FIG. 4C illustrates the cylinder portions with an angle of 45° with respect

to each other according to an aspect.
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[0017] FIG. 5A illustrates a single sheet of material having gear teeth and an
opening configured to receive an alignment pin according to an aspect.

[0018] FIG. 5B illustrates a perspective of an assembled cylinder portion having a
plurality of sheets in a stacked configuration according to an aspect.

[0019] FIG. 5C illustrates another perspective of the assembled cylinder portion
having the plurality of sheets in the stacked configuration according to an aspect.

[0020] FIG. 5D illustrates an assembled wrist mechanism depicting cylinder

portions in a crossed-cylinder configuration according to an aspect.

[0021] FIG. 6 illustrates a crossed-cylinder wrist mechanism according to an
aspect.
[0022] FIG. 7A illustrate an involute profile of a cylinder portion according to an
aspect.
[0023] FIG. 7B illustrate a rack profile of the cylinder portion according to an
aspect.
[0024] FIG. 8 illustrates an example of cylinder portions and vectors used to

describe the kinematics of the wrist mechanism according an aspect.

[0025] FIG. 9 illustrates a planar view of the wrist mechanism according to an
aspect.
[0026] FIG. 10 illustrates a planar view of the wrist mechanism according to

another aspect.

[0027] FIG. 11 illustrates a graph of a surface of the wrist mechanism traced by a
point according to an aspect.

[0028] FIG 12 illustrates a graph of a surface of the wrist mechanism traced by
another point according to an aspect.

[0029] FIG. 13 illustrates a graph depicting the mechanical advantage of the wrist
mechanism according to an aspect.

[0030] FIG. 14 illustrates a graph depicting the mechanical advantage of the wrist
mechanism according to another aspect.

[0031] FIG. 15 illustrates a follower force on the wrist mechanism according to

an aspect.
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[0032] FIG. 16 illustrates a follower force on the wrist mechanism according to
another aspect.

[0033] FIG. 17 illustrates a location of input and output forces in three
dimensions on the wrist mechanism according to an aspect.

[0034] FIG. 18 illustrates a graph of a first force applied to the wrist mechanism
according to an aspect.

[0035] FIG. 19 illustrates a graph of a second force applied to the wrist
mechanism according to an aspect.

[0036] FIG. 20 illustrates a graph of a second force applied to the wrist
mechanism according to an aspect.

[0037] FIG. 21 illustrates a graph of the maximum loads that can be applied to a
gear tooth in terms of compression according to an aspect.

[0038] FIG. 22 illustrates a graph of the maximum loads that can be applied to a

gear tooth in terms of bending according to an aspect.

DETAILED DESCRIPTION

[0039] Detailed embodiments are disclosed herein. However, it is understood
that the disclosed embodiments are merely examples, which may be embodied in various
forms. Therefore, specific structural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a basis for the claims and as a representative basis
for teaching one skilled in the art to variously employ the embodiments in virtually any
appropriately detailed structure. Further, the terms and phrases used herein are not
intended to be limiting, but to provide an understandable description of the invention.
[0040] The terms “a” or “an,” as used herein, are defined as one or more than one.
The term ““another,” as used herein, is defined as at least a second or more. The terms
“including” and/or “having”, as used herein, are defined as comprising (i.e., open
transition). The term “coupled” or “moveably coupled,” as used herein, is defined as
connected, although not necessarily directly and mechanically.

[0041] The term patient may hereafter be used for a person who benefits from the
medical device or the methods disclosed in the present application. For example, the

patient can be a person whose body is operated through the medical device or the method
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disclosed by the present invention. For example, in some aspects, the patient may be a
human female, a human male, or any other mammal.

[0042] The terms proximal and distal described in relation to various devices,
apparatuses, and components as discussed in the subsequent text of the present
application are referred with a point of reference. The point of reference, as used in this
description, is a perspective of an operator. The operator may be a person, such as a
surgeon, a physician, a nurse, a doctor, a technician, and the like who may perform the
procedure and operate the medical device as described in the present invention, or the
operator may be a teleoperated or robotic manipulator technology that likewise operates
the medical device. The term proximal refers to an area or portion that is closer or closest
to the operator during a surgical procedure. The term distal refers to an area or portion
that is farther or farthest from the operator.

[0043] The devices discussed herein provide a two-degree-of-freedom (2-DOF)
wrist mechanism having a first cylinder portion rollably or rotatably engaged with a
second cylinder portion such that the first cylinder portion rolls with respect to the second
cylinder portion in a first direction, and/or the second cylinder portion rolls with respect
to the first cylinder portion in a second direction that is different from the first direction.
In some examples, the first cylinder portion and the second cylinder portion may roll or
rotate with respect to cach other such that they are positively engaged and have no slip
(or substantially no slip). In some examples, each of the first cylinder portion and the
second cylinder portion is a section (e.g., one half) of a right circular cylinder, and each
of the first and second cylinder portions has an associated longitudinal axis that is defined
along the length (between the ends) of the cylinder portion. The two half cylinders may
contact ecach other in a manner that the longitudinal axis of the first cylinder portion is
orthogonal to the longitudinal axis of the second cylinder portion, thereby producing a
crossed-cylinder wrist mechanism.

[0044] In some examples, the first cylinder portion remains stationary in space
(e.g., the first cylinder portion is coupled to a fixed support, such as a surgical instrument
shaft) while the second cylinder portion moves in two ways with reference to the first
cylinder portion. First, the second cylinder portion may move by rolling around its own

longitudinal axis so that the second cylinder portion moves along a surface length of the
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first cylinder in a direction parallel to the first cylinder’s longitudinal axis. Second, the
second cylinder portion may move along a circular surface arc of the first cylinder
portion so that the second cylinder portion moves (orbits) around the first cylinder’s
longitudinal axis. In other examples, both the first cylinder portion and the second
cylinder portion are free to move with reference to each other, and so each cylinder
portion may move in these two ways with reference to the other cylinder portion. From
these examples, it can be seen that the two cylinder portions act together to form a two
degrees-of-freedom rotational joint so that the orientation of an object coupled to the
second cylinder portion may be changed with two rotational degrees of freedom with
reference to an object coupled to the first cylinder portion. In some examples, the
crossed-cylinder wrist mechanism may be capable of rotating up to 90° in either of the
two directions (2-DOF) (e.g., the first cylinder portion may rotate up to 90° along the
second cylinder portion’s axis, and around the second cylinder portion’s circumference).
[0045] The crossed-cylinder wrist mechanism may improve dexterity and
manipulation of small-scale tools, including cutters, graspers, and other robotic tools. In
some examples, the wrist mechanism may include a coupling member configured to
couple the first cylinder portion to the second cylinder portion in order to keep the
cylinder portions together but permit the first cylinder portion to roll with respect to the
second cylinder portion (and/or vice versa). In some examples, the coupling member
may include wires or cables. Also, the wires or cables may operate as an actuator
mechanism to allow the operator to control the movement of the cylinder portions. In
some examples, four cables are attached to the platform of the second cylinder portion,
and forces applied to one or more of these cables cause the second cylinder portion to roll
or rotate in at least two directions.

[0046] In some examples, the cylinder portions’ motion may be restricted to two
directions (e.g., a first direction and a second direction orthogonal to the first direction).
For example, to limit the cylinder portions’ motion, gear teeth may be disposed on the
outer surfaces of the cylinder portions to allow rolling motion in only the first direction
and the second direction. In other examples, the rolling motions of the cylinder portions

are not limited to two directions but rather may roll in more than two directions.
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[0047] The wrist mechanism may be a small-scale wrist mechanism. For
example, the small-scale wrist mechanism may have dimensions on the order of 1-5 mm
(e.g., the diameter of the wrist mechanism as a whole, or a distance between the
longitudinal axes of the two cylinder portions is on the order of 1-5 mm, to that the wrist
mechanism can be effectively used for minimally invasive surgery). In some examples,
the wrist mechanism may be substantially around 3 mm. In some examples, the wrist
mechanism may be substantially around 4 mm. For instance, when instruments approach
5 mm in diameter (or less), they reach a threshold where the entry incisions can be small
enough such that no scar is left on the patient. Laparoscopic instruments on this scale
exist but typically lack wrist mechanisms (or wrist articulation) and only have one degree
of freedom. Robotic surgical instruments can achieve a high level of dexterity but often
requires a greater diameter (e.g., above 5 mm in diameter). Typically, smaller diameter
robotic instruments employ what can be referred to as “snake wrist” architecture that
comprises a continuum flexure, a plurality of individual flexures, or a plurality of
revolute or rolling joints with parallel rotation axes and limited individual-joint ranges of
motion. The plurality of joints or flexures in the snake wrist architectures combine to
give a large overall range of motion but this typically also results in large swept volumes.

[0048] The design of the wrist mechanism may provide minimal rubbing or
contacting parts, which may result in relatively low friction while preventing slip. In
some examples, the surfaces of the cylinder portions may be populated with gearing that
enables the two cylinder portions of the joint to roll in two directions while preventing
slip. For example, involute gear profiles may be used along the curvature of the cylinder
portions, and a rack profile may be used along the axis of the cylinder portions. In an
involute gear, the profiles of the teeth are involutes of a circle. The involute of a circle is
the spiraling curve traced by the end of an imaginary taut string unwinding itself from
that stationary circle called the base circle. Irrespective of whether a gear is spur or
helical, in every plane of the involute gears, the contact between a pair of gear teeth
occurs at a single instantaneous point where two involutes of the same spiral hand meet.
Rotation of the gear causes the location of the contact point to move across the respective

tooth surfaces.
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[0049] Additionally, every other row of gearing may be offset by half the pitch
(e.g., the circular pitch) of the involute gearing to increase the number of gear teeth that
are engaged at any instant. This concept is discussed in more detail with respect to FIGS.
2, 3A-3B, and 7A-7B. There may be little friction in between the cylinder portions
because they roll across one another with relatively little relative motion. Binding, a
limiting factor in many small-scale designs caused by friction, is attenuated by this
rolling motion. Also, low friction between the cylinder portions may eliminate (e.g.,
reduce, substantially eliminate) the need for any type of lubricant applied to the wrist
mechanism. The gearing between the cylinder portions may ensure that there is
effectively no slip (or substantially no slip), leading to a positive engagement design. As
a result, there is a predictable relationship between an input motion or force and the
resulting output motion or force.

[0050] In some examples, the small-scale wrist mechanism may be fabricated
using sheets of carbon nanotube composite material. For example, the small-scale wrist
mechanism may include stacked sheets of carbon nanotube composite material, where
cach sheet is lithographically patterned. In some examples, each sheet is individually
patterned using photolithography. For assembling the small-scale wrist mechanism, the
sheets of carbon nanotube composite material may be stacked according to a stacked
configuration. In some examples, the small-scale wrist mechanism may be manufactured
using micro laser-sintering (MLS) or other additive methods of manufacturing.

[0051] In other examples, the wrist mechanism may be a large-scale wrist
mechanism (e.g., large enough so that its dimensions are unusable inside a patient’s body,
but may be useful for medical device joints outside the body or for joints in other large
devices). In some examples, the large-scale wrist mechanism may be fabricated using
FDM 3D printing technology. These and other features are further explained with
reference to the figures.

[0052] FIG. 1 illustrates a device 100 having a crossed-cylinder wrist mechanism
104 with the 2-DOF capability according to an aspect.

[0053] In some examples, the device 100 may be a surgical device used during a
surgical procedure. In some examples, the device 100 may be used in Minimally

Invasive Surgery (MIS) or laparoscopic surgical operations. The device 100 may include
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a shaft 106 and a tool member 102 (e.g., a surgical end effector), where the wrist
mechanism 104 is disposed between and coupled to the shaft 106 and the tool member
102. The shaft 106 may be an elongated circular cross section structure, such as a
circular-cross-section tube. In other examples, the shaft 106 may have one or more non-
circular-shaped cross section portions. The shaft 106 may include a handle configured to
be being gripped by an operator of the device 100.

[0054] The tool member 102 may be any type of tool used for a surgical
procedure. In some examples, the tool member 102 may be a cutter or scissor. In some
examples, the tool member 102 may be a grasper or coupling member configured to
grasp or couple another component. In still other examples, the tool member 102 may
perform other known surgical functions, such as fusing or stapling tissue, applying clips,
cauterizing tissue, and imaging tissue. In other examples, the device 100 having the wrist
mechanism 104 may be an implant inserted into the body of the patient. In some
examples, the device 100 may couple two body components (e.g., a first member, a
second member) with the wrist mechanism 104 in order to provide various ranges of
motions. For example, the first member may be any type of structural component
capable of being coupled to the first cylinder portion 103, and the second member may be
any type of structural component capable of being coupled to the second cylinder portion
105. In some examples, the first member may include the tool member 102, and the
second member may include the shaft 106. However, the first member may include
another type of component besides the tool member 102, and the second member may
include another type of component besides the shaft 106. In some examples, the wrist
mechanism 104 may function as an artificial joint. In these examples, the device 100
may not have the tool member 102 and the shaft 106.

[0055] The device 100 may have a proximal end portion 108 and a distal end
portion 110. The wrist mechanism 104 may be disposed between the proximal end
portion 108 and the distal end portion 110. The wrist mechanism 104 may be disposed
between the tool member 102 and the shaft 106. For example, the wrist mechanism 104
may be coupled to a distal end portion 114 of the shaft 106, and the wrist mechanism 104

may be coupled to a proximal end portion 116 of the tool member 102.

11
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[0056] The wrist mechanism 104 may include a first cylinder portion 103 and a
second cylinder portion 105. In some examples, each of the first cylinder portion 103
and the second cylinder portion 105 is one half of a cylinder as described above. For
example, a central axis may be defined between the ends of a full cylinder, and the half
cylinder may be the bottom or top half of the full cylinder (e.g., the half of the cylinder
above the central axis or below the central axis). In some examples, cach of the first
cylinder portion 103 and the second cylinder portion 105 is a three-dimensional
cylindrical gear structure. In some examples, each of the first cylinder portion 103 and
the second cylinder portion 105 includes a three-dimensional rounded surface portion
with linear edges, and a flat surface or relatively flat surface. The first cylinder portion
103 may be coupled to the proximal end portion 116 of the tool member 102. In some
examples, the flat surface of the first cylinder portion 103 is coupled to the proximal end
portion 116 of the tool member 102. The second cylinder portion 105 may be coupled to
the distal end portion 114 of the shaft 106. In some examples, the flat surface of the
second cylinder portion 105 is coupled to the distal end portion 114 of the shaft 106.
[0057] The first cylinder portion 103 may be rollably coupled to or engaged with
the second cylinder portion 105 such that the first cylinder portion 103 rolls with respect
to the second cylinder portion 105 (and/or vice versa) in at least two directions, ¢.g., a
first direction and a second direction. In some examples, the first cylinder portion 103
rolls with respect to the second cylinder portion 105 (and/or vice versa) in only the first
and second directions. In some examples, the first direction may be orthogonal to the
second direction. In some examples, the first direction is non-orthogonal, but non-
parallel to the second direction.

[0058] An outer surface of the first cylinder portion 103 may contact an outer
surface of the second cylinder portion 105. In some examples, portions of the three-
dimensional rounded surface portion of the first cylinder portion 103 may contact
portions of the three-dimensional rounded surface portion of the second cylinder portion
105 in a manner that the first cylinder portion 103 rolls with respect to the second
cylinder portion 105 (and/or vice versa). Also, the first cylinder portion 103 may be
positioned with respect to the second cylinder portion 105 such that the axis of the first

cylinder portion 103 is orthogonal to the axis of the second cylinder portion 105. In some
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examples, because the axis of the first cylinder portion 103 is orthogonal to the axis of
the second cylinder portion 105, the first cylinder portion 103 and the second cylinder
portion 105 may be considered crossed, thereby producing the crossed-cylinder wrist
mechanism. In other words, the cross-cylinder wrist mechanism may be achieved by
rotating one of the cylinder portions 103, 105 so that the axes of each cylinder portion
103, 105 are orthogonal to each other.

[0059] Each cylinder portion 103, 105 may move parallel to the other cylinder
portion’s axis as it rolls, thereby providing two rotational degrees of freedom. For
example, each cylinder portion 103, 105 may roll along a straight line on the surface of
the other cylinder portion 103, 105, thereby allowing two degrees of freedom (e.g., roll in
either direction). Further, the outer surfaces of the cylinder portions 103, 105 include
gear teeth. The gear teeth on the outer surfaces of the cylinder portions 103, 105 may
assist in preventing torsion and shear between the two cylinder portions. Also, the gear
teeth may be designed to function in two directions of roll, as further described in FIGS.
2 and 3A-3B.

[0060] The wrist mechanism 104 may include a coupling member 112 configured
to couple the first cylinder portion 103 to the second cylinder portion 105 in order to keep
the cylinder portions 103, 105 together but permit the first cylinder portion 103 to roll
with respect to the second cylinder portion 105 (and/or vice versa). In some examples,
the coupling member 112 may function as a compressive force between the cylinder
portions 103, 105 that ensures that cylinder portions 103, 105 stay in contact with each
other. For example, one or more springs may be used to compress cylinder portions 103
and 105 against each other, such as by coupling the one or more springs between the tool
member 102 and shaft 106. In some examples, the coupling member 112 may be wires
or cables. For example, one or more wires may be coupled to the first cylinder portion
103 and the second cylinder portion 105 in order to keep the cylinder portions 103, 105
together. In these examples, the coupling member 112 may function as part of an
activation mechanism, where a force (e.g., pulling) applied to the wires or cables causes
the wrist mechanism 104 to move in the first and/or second direction. However,

generally, the coupling member 112 may be any type of coupling mechanism that keeps
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the cylinder portions 103, 105 together but permits the first cylinder portion 103 to roll
with respect to the second cylinder portion 105 (and/or vice versa).

[0061] FIG. 2 illustrates a crossed-cylinder wrist mechanism 204 according to an
aspect. In some examples, the wrist mechanism 204 may include any of the features
discussed with reference to the wrist mechanism 104 of FIG. 1 and/or the device 100 of
FIG. 1. The wrist mechanism 204 may include a first cylinder portion 203 and a second
cylinder portion 205. In some examples, each of the first cylinder portion 203 and the
second cylinder portion 205 is one half of a cylinder. In some examples, each of the first
cylinder portion 203 and the second cylinder portion 205 is a three-dimensional
cylindrical gear structure. In some examples, the first cylinder portion 203 mirrors the
second cylinder portion 205 such that they are centered when interfacing with each other.
For example, when the first cylinder portion 203 and the second cylinder portion 205
contact each other (e.g., face each other) and the longitudinal axis of the first cylinder
portion 203 is parallel to the longitudinal axis of the second cylinder portion 205, the first
cylinder portion 203 has a structure that mirrors the structure of the second cylinder
portion 205. In some examples, the first cylinder portion 203 has a structure that is the
same as the second cylinder portion 205. However, in some examples, the first cylinder
portion 203 and the second cylinder portion 205 are not identical. For examples, the first
cylinder portion 203 may be different in at least one aspect (e.g., height, length, width,
and/or curvature, etc.) than the second cylinder portion 205.

[0062] In some examples, each of the first cylinder portion 203 and the second
cylinder portion 205 includes a three-dimensional rounded surface portion 220 with
edges 222, and a platform 224. The edges 222 may define the ends of the first cylinder
portion 203 and the second cylinder portion 205. In some examples, the edges 222 may
define a surface that is a semi-circle at each end of a particular cylinder portion.
However, the edges 222 may define a surface having other curved and non-curved
shapes. The edges 222 may extend between (or be disposed between) the rounded (or
curved) surface portion 220 and the platform 224. In some examples, the edges 222 are
flat or substantially flat surfaces. In other examples, the edges 222 include one or more

curved portions.
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[0063] In some examples, the platform 224 may define a surface opposite to the
rounded surface portion 220 (e.g., the platform 224 may define a surface plane having a
width and length). In some examples, the platform 224 may have a uniform width and a
uniform length. In other examples, the platform 224 may have multiple different widths
and/or multiple different lengths. In some examples, the platform 224 may define a
surface that is rectangular. In other examples, the platform 224 may define a surface
having a non-rectangular shape. In other examples, the platform 224 includes projections
or extensions that extend away from its surface (e.g., include one or more portions having
a height or multiple heights). In some examples, the platform 224 may define a recess,
hole, or cavity that extend into the cylinder portion. In some examples, the platform 224
of the first cylinder portion 203 may be coupled to the tool member 102 of FIG. 1, and
the platform 224 of the second cylinder portion 205 may be coupled to the shaft 106 of
FIG. 1. In some examples, the platform 224 and the edges 222 may be devoid of gears.
[0064] The three dimensional round surface portion 220 of the first cylinder
portion 203 may define a surface having an arc or curve in which the first cylinder
portion 203 can roll (e.g., rolling with respect to the first cylinder portion’s axis 226).
Also, the three dimensional round surface portion 220 of the second cylinder portion 205
may define a surface having an arc or curve in which the first cylinder portion 203 can
roll about (e.g., rolling across the second cylinder portion’s axis 228 in both directions).
The three dimensional round surface portion 220 of the first cylinder portion 203 may
face the three dimensional round surface portion 220 of the second cylinder portion 205.
The platform 224 of the first cylinder portion 203 and the platform 224 of the second
cylinder portion 205 do not face either other (e.g., they face in opposite directions).

[0065] The first cylinder portion 203 may be rollably coupled to or engaged with
the second cylinder portion 205 such that the first cylinder portion 203 rolls with respect
to the second cylinder portion 205 (and/or vice versa) in at least two directions, ¢.g., a
first direction and a second direction. In some examples, the first cylinder portion 203
rolls with respect to the second cylinder portion 205 (and/or vice versa) in only the first
and second directions. In some examples, the first direction may be orthogonal to the
second direction. In other examples, the first cylinder portion 203 rolls with respect to

the second cylinder portion 205 (and/or vice versa) in more than two directions.
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[0066] An outer surface of the first cylinder portion 203 may contact an outer
surface of the second cylinder portion 205. In some examples, portions of the three-
dimensional rounded surface portion 220 of the first cylinder portion 203 may contact
portions of the three-dimensional rounded surface portion 220 of the second cylinder
portion 205 in a manner that the first cylinder portion 203 may roll with respect to the
second cylinder portion 205 (and/or vice versa). Also, the first cylinder portion 203 may
be positioned with respect to the second cylinder portion 205 such that the axis 226 of the
first cylinder portion 203 is orthogonal to the axis 228 of the second cylinder portion 205.
In some examples, because the axis 226 of the first cylinder portion 203 is orthogonal to
the axis 228 of the second cylinder portion 205, the first cylinder portion 203 and the
second cylinder portion 205 may be considered crossed, thereby producing a crossed-
cylinder wrist mechanism. In other words, the cross-cylinder wrist mechanism may be
achieved by rotating one of the cylinder portions 203, 205 so that the axes 226, 228 of
each cylinder portion 203, 205 are orthogonal to each other.

[0067] In some examples, the second cylinder portion 205 remains stationary in
space (e.g., the second cylinder portion 205 is coupled to a fixed support, such as the
shaft 106 of FIG. 1) while the first cylinder portion 203 moves in two ways with
reference to the second cylinder portion 205. First, the first cylinder portion 203 may
move by rolling around its own axis 226 so that the first cylinder portion 203 moves
along a surface length of the three dimensional rounded surface portion 220 of the second
cylinder portion 205 in a direction parallel to the second cylinder portion’s axis 228.
Second, the first cylinder portion 203 may move along the three dimensional rounded
surface portion 220 of the second cylinder portion 205 so that the first cylinder portion
203 moves (orbits) around the second cylinder’s axis 228. Also, in some examples, the
first cylinder portion 203 may move in both of these directions simultaneously. In other
examples, both the first cylinder portion 203 and the second cylinder portion 205 are free
to move with reference to each other, and so each cylinder portion 203, 205 may move in
these two ways with reference to the other cylinder portion. From these examples, the
two cylinder portions 203, 205 act (or function) together to form a two degrees-of-
freedom rotational joint so that the orientation of an object coupled to the first cylinder

portion 203 may be changed with two rotational degrees of freedom with reference to an
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object coupled to the second cylinder portion 205. In some examples, the crossed-
cylinder wrist mechanism may be configured to rotating up to 90° in either of the two
directions (2-DOF) (e.g., the first cylinder portion may rotate up to 90° along the second
cylinder portion’s axis 228, and around the second cylinder portion’s circumference). In
some examples, when rolling purely along the axis 228 of the second cylinder portion
205, the first cylinder portion 203 rolls like a wheel causing the center of the platform
224 of the first cylinder portion 203 to remain at the same relative elevation. Conversely,
when the platform 224 of the first cylinder portion 203 rolls along the curvature of the
second cylinder portion 205, it is as if a rectangle is being rolled over a half circle.

[0068] The rounded surface portion 220 of the cylinder portions 203, 205
includes gear teeth 230. The gear teeth 230 on the rounded surface portion 220 of the
cylinder portions 203, 205 may assist in preventing torsion and shear between the two
cylinder portions 203, 205. In some examples, the rounded surface portion 220 on each
of the first cylinder portion 203 and the second cylinder portion 205 defines a plurality of
rows of gear teeth 230, where each row of gear teeth 230 includes a plurality of gear teeth
230. Each row of gear teeth 230 may extend between the edges 222. In some examples,
the number of rows of gear teeth 230 on the first cylinder portion 203 may be the same as
the number of rows of gear teeth 230 on the second cylinder portion 205. In other
examples, the number of rows of gear teeth 230 on the first cylinder portion 203 may be
different than the number of rows of gear teeth 230 on the second cylinder portion 205.
In some examples, the number of gear teecth 230 on one or more rows of gear teeth 230
(or all of them) on the first cylinder portion 203 may be the same as the number of gear
teeth 230 on one or more rows of gear teeth 230 (or all of them) on the second cylinder
portion 205. In other examples, the number of gear teeth 230 on one or more rows of
gear teeth 230 (or all of them) on the first cylinder portion 203 may be different as the
number of gear teeth 230 on one or more rows of gear teeth 230 (or all of them) on the
second cylinder portion 205. With respect to either the first cylinder portion 203 or the
second cylinder portion 205 (or both of them), the plurality of rows of gear teeth 230
includes a first row of gear teeth 230 to N™ row of gear teeth 230, where N may be any

integer greater or equal to 5. In some examples, N may be 18. The plurality of gear teecth
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230 in cach row may include a first gear tooth to M™ gear tooth, where M is greater or
equal to 3. In some examples, M may be 6.

[0069] In some examples, with respect to each of the first cylinder portion 203
and the second cylinder portion 205, adjacent gear rows may include gear teeth 230 that
are offset from one another. In some examples, the offset is one half of the tooth pitch.
In some examples, the offset may range from 0 to 1 times the tooth pitch. The offset gear
rows may increase the number of gear teeth 230 that are engaged at any instant, thereby
reducing slip and decreasing friction. The plurality of rows of gear teeth 230 may include
a first row, a second row adjacent to the first row, and a third row adjacent to the second
row. The gear teeth 230 of the second row may be offset with respect to the gear teeth
230 of the first row, and the gear teeth 230 of the third row may be offset with respect to
the gear teeth 230 of the second row, and so forth for all of the rows. Accordingly, the
gear teeth 230 of the first row and the gear teeth 230 of the third row may be arranged in
the same manner (e.g., the arrangement of the first row is the same as the arrangement of
the third row with the second row being offset from the first and third rows). In some
examples, every other row is offset by half of the pitch of a gear tooth, which increases
the number of gear teeth 230 that are engaged at any instant.

[0070] There may be relatively little friction between the first cylinder portion
203 and the second cylinder portion 205 because they roll across one another with
relatively little relative motion. Additionally, the low friction between the first cylinder
portion 203 and the second cylinder portion 205 may eliminate (or reduce) the need for
any type of lubricant. The gearing between the first cylinder portion 203 and the second
cylinder portion 205 ensures that there is effectively no slip, leading to a positive
engagement design, and may provide a predictable relationship between an input motion
or force and the resulting output motion or force.

[0071] FIG. 3A illustrates a rack profile 340 of an illustrative gear tooth 330 in an
axial direction of a cylinder portion according to an aspect. FIG. 3B illustrates an
involute profile 350 of the same gear tooth 330 in a radial direction of the cylinder
portion according to an aspect. In other examples, the profile of the gear tooth in the
radial direction may be cycloidal. FIGS. 3A and 3B illustrate examples of the gear teeth
230 of FIG. 2.
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[0072] In some examples, the wrist mechanisms described herein may include
two different gear profiles. In some examples, the cross-section of the first cylinder
portion 203 and the cross-section of the second cylinder portion 205 are different (e.g.,
the length, width, curvature, and/or the height are different). As a result, the gearing is
designed with two different gear profiles (e.g., an involute profile 350 — FIG. 3B, and a
rack profile 340 — FIG. 3A). In some examples, the same surface (e.g. the rounded
surface portion 220) includes both gear profiles. For example, the rounded surface
portion 220 of the first cylinder portion 203 includes both the involute profile 350 of FIG.
3B and the rack profile 340 of FIG. 3A, and the rounded surface portion 220 of the
second cylinder portion 205 includes the both of the involute profile 350 of FIG. 3B and
the rack profile 340 of FIG. 3A.

[0073] In some examples, each tooth 330 on the rounded surface portion 220 of
the first cylinder portion 203 includes both the involute profile 350 of FIG. 3B (e.g., the
involute profile 350 being a cross-section in the radial direction along the curvature of the
first cylinder portion 203) and the rack profile 340 of FIG. 3A (e.g., the rack profile 340
being a cross-section in the axial direction along axis 226), and each tooth 330 on the
rounded surface portion 220 of the second cylinder portion 205 includes both the involute
profile 350 of FIG. 3B (e.g., the involute profile 350 being a cross-section in the radial
direction along the curvature of the second cylinder portion 205) and the rack profile 340
of FIG. 3A (e.g., the rack profile 340 being a cross-section in the axial direction along
axis 228).

[0074] Each gear tooth 330 has a cross-section of a rack tooth in the direction of
the cylinder’s axis (FIG. 3A). Also, each gear tooth 330 has a cross-section of a normal
spur gear tooth (the involute profile 350) in the orthogonal direction (FIG. 3B). In this
way, cach gear tooth 330 may fit into a gap on the mating cylinder portion 203, 205.
Each row of gear teeth 330 may be offset or staggered. For example, by staggering
(offsetting) a row of gear teeth 330, the motion is constrained to the 2-DOFs while
allowing both cylinder portions 203, 205 to be identical, thereby reducing the number of
unique parts. A difference between the gear teeth 330 in the crossed-cylinder mechanism
and the normal spur gear tecth is the load they carry. In normal spur gear teeth, the force

acts along the line of action, so that the most significant stresses in the tooth are often
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cither shear stresses or bending stresses. However, in the crossed-cylinder wrist
mechanism, the gear teeth 330 also support the compressive force acting to keep the
cylinder portions 203, 205 in contact.

[0075] With respect to the rack profile 340 of FIG. 3A, the gear tooth 330 may
include a top portion 332 and angled lateral edges 334. The bottom of the tooth 330 (e.g.,
the part that is closest to the rounded surface portion 220) is wider than the top of the
tooth 330 defined by the top portion 332. The angled lateral edges 334 are disposed at an
angle such that the tooth 330 tapers toward the top portion 332. In some examples, the
angled lateral edges 334 are angled towards each other. The top portion 332 may connect
the angled lateral edges 334. In some examples, the angled lateral edges 334 are linear or
straight.

[0076] With respect to the involute profile 350 of FIG. 3B, the tooth 330 may
define rounded (or curved) lateral edges 354 and a top portion 352 that defines the top of
the tooth 330. The bottom of the tooth 330 (e.g., the part that is closest to the rounded
surface portion 220) is wider than the top of the tooth 330 defined by the top portion 352.
The rounded lateral edges 354 may define a rounded or curved portion on each side of the
profile 350. The rounded lateral edges 354 may bulge in a direction away from other.
The top portion 352 may connect the rounded lateral edges 354.

[0077] FIG. 7A illustrate an involute profile 750 of the first cylinder portion 203
according to another aspect. FIG. 7B illustrate a rack profile 740 of the first cylinder
portion 203 according to another aspect. It is noted that the involute profile 750 and the
rack profile 740 may be the same for the second cylinder portion 205.

[0078] Each tooth 330 incorporates both geometries such that no matter how the
joint is displaced (from plus or minus 90 degrees in two orthogonal directions), it will
have gear teeth engaged to prevent it from slipping. Thus, each tooth 330 becomes a
pseudo-pyramid shape with a trapezoidal rack profile on two sides, and the involute

profile on the other sides.

[0079] In some examples, the tooth width is half the circular pitch, p = %, or

r

w, = % , where D, is the diametric pitch. Every other row of teeth along the axis of the
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cylinder is separated by a distance of w,. Additionally, each adjacent row of teeth is

rotated by % degrees so that when a given tooth is engaged it is surrounded on all

sides by mating teeth.

[0080] In some examples, the wrist mechanism 204 is configured with a pitch
diameter of 3 cm and 18 teeth per full circumference (9 teeth per half-circumference).
The designed pressure angle is 20°, and the wrist mechanism 204 has a 3 percent
backlash. The wrist mechanism 204 may be assembled by placing the half cylinders
together with their axes orthogonal to each other. In one instance, the wrist mechanism
was tested by manually rotating the top half-cylinder with respect to the bottom half-
cylinder in both degrees of freedom as described above, and the resulting motion was
smooth without identifiable interference. In some examples, the wrist mechanism 204
may be able to rotate up to £90° in both directions (e.g., along the bottom cylinder’s axis,
and around the bottom cylinder’s axis).

[0081] FIGS. 4A-4C illustrate various views of a wrist mechanism 404 according
to an aspect. FIG. 4A illustrate the cylinder portions with an angle of 0° with respect to
cach other according to an aspect. FIG. 4B illustrates the cylinder portions with an angle
of 90° with respect to each other according to an aspect. FIG. 4C illustrates the cylinder
portions with an angle of 45° with respect to each other according to an aspect.

[0082] FIGS. 5A-5D illustrate various views of a wrist mechanism fabricated by
stacking carbon nanotube composite sheets according to an aspect. In some examples,
the wrist mechanism may be fabricated using one or more of the techniques described in
U.S. Patent Application No. 13/453,066 (filed Apr. 23, 2012; titled “Carbon Composite
Support Structure”) and U.S. Patent Application No. 12/239,339 (filed Sep. 26, 2008;
titled “X-Ray Radiation Window with Carbon Nanotube Frame”), both of which are
incorporated by reference in their entirety.

[0083] The wrist mechanism of FIGS. 5A-5D may be considered a small-scale
wrist mechanism. In some examples, the wrist mechanism has a maximum dimension
(along the diagonal of the half-cylinder’s square) within the range of 3 mm to 4 mm.
However, the wrist mechanism may have any type of size greater than 4 mm or less than

3 mm. FIG. 5A illustrates a single sheet 550 (e.g., single layer) having gear teeth 554 and
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an opening 552 configured to receive an alignment pin 556 (see Fig. 5SD) according to an
aspect. FIG. 5B illustrates a perspective of an assembled cylinder portion having
plurality of sheets 550 in a stacked configuration according to an aspect. FIG. 5C
illustrates another perspective of the assembled cylinder portion having the plurality of
sheets 550 in the stacked configuration according to an aspect. FIG. 5D illustrates an
assembled wrist mechanism depicting cylinder portions in a crossed configuration
according to an aspect.

[0084] Referring to FIGS. 5A-5D, each sheet 550 includes a single layer of
carbon nanotube composite material. In some examples, the carbon nanotube composite
material includes carbon nanotube forests infiltrated by chemical vapor deposition with
carbon. For example, each sheet 550 is lithographically patterned to provide a half-spur
gear with alignment features, as shown in FIG. 5A. Thin spacer layers were also
produced to give the right spacing between gear teeth 554. Because of the resolution
used in the layering process (e.g., each tooth was produced using one layer), the sloped
sides of the rack tooth profile were approximated using a rectangular profile. Each
cylinder portion was then assembled by stacking multiple sheets 550 in the correct order
on the alignment pin 556. The sheets 550 are coupled together using a coupling
substance disposed on a surface of each cylinder portion. In some examples, the coupling
substance includes an epoxy that is spread along the back surface of each cylinder
portion. Although FIG. 5D illustrates adjacent rows of gear teeth being aligned, the gear
teeth of the wrist mechanism of FIGS. 5A-5D are actually staggered as shown with
respect to the other figures. For example, one sheet 550 with gear teeth is offset with the
gear teeth of an adjacent sheet 550 such that a tooth on one sheet 550 located proximately
in the center of the teeth gap of the other sheet 550. The result is that the tecth on every
other sheet 550 are lined up.

[0085] In some examples, the wrist mechanism of FIGS. 5A-5D includes a pitch
diameter of 2.03 mm and 18 teeth on the full circumference. However, the wrist
mechanism described herein may have a pitch diameter greater or less than 2.03 mm, and
the number of teeth on the full circumference of each sheet 550 may be greater or less
than 18 teeth. In some examples, the pressure angle is 25°, and the backlash is 5 percent,

however these amounts may vary. The wrist mechanism is configured to be actuated by
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cables attached to the top cylinder portion and that pull on the top cylinder portion to
move it in the 2 DOFs as described herein.

[0086] The devices and techniques described herein provide a new design for a 2-
DOF robotic wrist. The crossed-cylinder wrist mechanism may operate according to a
rolling motion while minimizing friction during the operation. Also, the wrist mechanism
is designed and configured at relatively small size scales as shown in FIGS. 5A-5D. In
some examples, the small size is anywhere between 1 mm and 4 mm-—again a size range
suitable for minimally-invasive surgical instruments. In some examples, the small-scale
wrist mechanism can be fabricated by lithographically patterning sheets of carbon
nanotube composite material or lithographically etching sheets of stainless steel (e.g.,
precipitation hardened 17-4, 17-7, austenitic 300 series, or martensitic 400 series), and
then stacking the sheets to form two geared cylinder portions. Also, the wrist mechanism
may be fabricated as a large-scale model using FDM 3D printing. Also, the wrist
mechanism may be capable of rotating up to 90° in either of two directions (2-DOF). In
some examples, the crossed-cylinder wrist mechanism may improve dexterity and
manipulation of small-scale tools, including cutters, graspers, and other robotic tools.
[0087] FIG. 6 illustrates crossed-cylinder wrist mechanism 604 with the 2-DOF
capability according to an aspect. For example, the wrist mechanism 604 may include a
first cylinder portion 603 (e.g., top cylinder portion) rollably engaged with a second
cylinder portion 605 (e.g., bottom cylinder portion) such that the first cylinder portion
603 moves with respect to the second cylinder portion 605 in a first direction, and/or the
second cylinder portion 605 moves with respect to the first cylinder portion 603 in a
second direction that is different from the first direction. In some examples, the second
cylinder portion 605 may remain stationary, and the first cylinder portion 603 may move
in a direction parallel to the second cylinder portion’s axis 628, and/or move in a
direction around the second cylinder portion’s axis 628. In other examples, the first
cylinder portion 603 may remain stationary, and the second cylinder portion 605 may
move in a direction parallel to the first cylinder portion’s axis 626, and/or move in a
direction around the first cylinder portion’s axis 626. In other examples, both the first

cylinder portion 603 and the second cylinder portion 605 are free to move with reference
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to each other, and so each cylinder portion may move in these two ways with reference to
the other cylinder portion.

[0088] Also, the first cylinder portion 603 may be coupled to actuation cables 680
in order to control the movement of the first cylinder portion 603 about the second
cylinder portion 605. In some examples, an actuation cable 680 is coupled to each corner
of a platform 624 of the first cylinder portion 603. The second cylinder portion 605 may
be coupled to a shaft, and four actuation cables 680 may be attached at each corner (or
each corner portion) of the platform 624 to keep the cylinder portions 603 and 605 in
compressive contact during actuation. The actuation cables 680 may be routed between
the sides of the joint and the shaft (e.g., through a lumen of the shaft).

[0089] FIG. 8 illustrates an example of cylinder portions and the vectors used to
describe the kinematics of the crossed cylinders wrist according to an aspect. FIG. 9
illustrates a planar view of the crossed cylinders wrist mechanism according to an aspect.
In FIG. 9, the x — z plane is dependent on &,. FIG. 10 illustrates a planar view of the
crossed cylinders wrist mechanism according to an aspect. In FIG. 10, the y — z plane is

dependent on 6, .

[0090] Referring to FIG. 8, the kinematics of the mechanism may be described by
two vectors. One vector from the origin O to the center of the platform surface at point P
and another from point P to some arbitrary point of interest, as shown in FIG. 8. The first
vector was derived by looking at the 2D motion in the x — z and y - z separately. The
elevation of the point P only depends on &, (an angular displacement in the x - z plane).
This is because when the joint is displaced by &, (the angular displacement in the y - z
plane) the point P acts like the center of a wheel and will only translate in the plane.

These angles can be seen in FIGS. 9 and 10. Using this information the two separate

expressions can be joined to define the vector in Eq. 1 below:
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[0091] This motion of this point traces out a surface that can be seen FIG. 11.

FIG. 11 illustrates a surface traced by point P as €, and 8, vary from plus and minus 90
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degrees. Also, FIG 12 illustrates a surface traced by point * (¢ and b=0,c = 1) as 6, and

6, vary from plus and minus 90 degrees.

[0092] The second vector can be described using a body-fixed frame with its

origin attached to point P. The vector from P to * in the new coordinate frame is Eq. 2:
¢ U T i
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[0093] When the joint is un-deflected, or 8, = 8, = 0, the rotating frame is lined
up with the global coordinate system. For any given position, the rotating frame can be
thought to go through some initial rotation about the y axis followed by another rotation
about its new x axis. These rotations correspond to 8, and 6, respectively. Therefore, in
order to transform s, into the global coordinate frame, two simple rotations matrices

(Egs. 3 and 4) can be multiplied together to express a single rotation matrix (Eq. 5)

transforming vectors from the global coordinate frame into the rotating frame.
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[0094] Conversely, the transformation from the rotation frame back into the
global coordinate system can be achieved by simply using the transposed rotation matrix

(Eq. 6) to modify a vector of interest.
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[0095] Using this method, 1) ,can be transformed into the global coordinate

system by the expression 7., = R"r/,,. This yields Eq. 7:
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[0096] The total vector from the origin to point * is now a matter of vector

addition, where . =r, +7,,. Eq. 8:
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[0097] This expression can generate surfaces traced by any point fixed to the
platform. For example, if some sort of gripper (of length equal to 1 radius) were fixed to
the platform, it would trace out a surface with the same shape shown in FIG. 12. The
somewhat elliptical surface is a product of the non-constant center of rotation. As the
distance above the surface of the platform increases the surface will take on a more
spherical shape. While the effective radius is increasing the change in center of rotation
stays constant.

[0098] The wrist mechanism may have one or more mechanical advantages. For
example, the expression given in Eq. 8 can be modified to give the location of any point
of interest fixed to the platform. This can be useful when determining the relationship
between input and output forces. The crossed cylinders wrist has uncoupled motion in
two directions. To simplify initial calculations, the mechanical advantage was initially
derived for two planar cases.

[0099] The principle of virtual work can be applied to a simplified planar model
of the crossed cylinders wrist to develop an expression for the mechanical advantage.
FIGS. 9 and 10 show the parameters used in the following derivation. An input force
(Eq. 9) applied at the top right corner, or a magnitude of @ away from point P is assumed

to, in some implementations, act vertically downward.
By o= o,
[00100] An opposing follower force, modeling some output force, is applied a

distance ¢ above the center of the upper half of the joint as expressed in Eq. 10:
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[00101] The position vectors to the input and output forces are expressed in Eqgs.

11 and 12 respectfully.
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[00102] Taking the derivatives of the position vectors with respect to the

generalized coordinate and simplifying the virtual displacements become Eqs. 13 and 14:
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[00103] The virtual work for each applied force is simply the dot product of each

applied force with its corresponding virtual displacement. oW, = F; - or,. Therefore, oW,

is expressed in Eq. 15:
AW = =l I—resin 4 e fy cosfy — g oos Loy

[00104] Interestingly, the expression for OW,, can be simplified significantly

using trigonometric identities until it simply becomes Eq. 16:
AW L = o Pl (o b o) 88y

[00105] The sum of these virtual work terms is the total virtual work for the system

and is equal to 0. Carrying out this summation and rearranging terms, the mechanical

advantage or the ratio F, ,/ F, is Eq. 17:

[00106] As a check, this planar case was compared with an equivalent system
based on the 3D kinematic model derived in Eq. 8. The result can be seen plotted in FIG.
13. FIG. 13 illustrates the mechanical advantage in the x — z plane with a max value of

0.5 and the zero value at -70 degrees according to an aspect. Note that the mechanical
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advantage does pass through zero. This occurs when the input force passes directly over
the point of contact at approximately -60 degrees.

[00107] The same process can be followed to derive an expression for the
mechanical advantage in the y - z plane. The 3D position equations developed in Eq. 8
are used here to demonstrate the method used previously. The same vector describing the
input force as expressed in Eq. 9 can be reused here. The output force however is

modeled as a follower force in the rotating coordinate frame in Eq. 18:

b\ £ g“ Y
sut = 8 owdd

[00108] This vector can then be transformed into the global coordinate frame in
Eq. 19:

T ‘§T o £ Iy . . &3 >

R Fow = COR Had b ooy sn
[00109] The rest of the process follows the same steps taken in the previous

section but with the initial position vectors derived from Eq. 8. Accordingly, the location
of the input force contains no a or ¢ component, and is expressed in Eq. 20:

i cF s n ey Ve
v iy v e 4 ITE A YYD et
Py DR GY  ORILE BRIt

Loy f0 VA o B P N peees £ Lo £d. wivs 84 SO T
G T R E P T P OO o Tl BRI A HR

[00110] Similarly, the vector to the output force has no component of a or b in it as

shown by Eq. 21:

Pys

. o T
Feaag = 1117

[00111] The derivation of the position vectors described in Eqgs. 20-21 is
cumbersome and quickly becomes complicated. That is, however, until the planar

assumption is applied. Both equations include the term 06, /56, , or the change of 6,
with respect to 6,. As these two separate DoFs are independent of each other, those

terms with this relationship equal zero and can be eliminated. When that is done the

virtual displacements become Eqs. 22-23:

= .
N i 3

Le £ x . ¥
LIFVan eebas 3 Ta, Y RN
Ny b SRR O O
FEe A i

28



WO 2016/014694 PCT/US2015/041584

Spee, = \: Cecwin @y )it 811 — fro 4 ccos il § — Jooos @y sl ] §«\:~ Aty
[00112] The corresponding virtual work is shown in Eqs. 24-25:
AWy, = — Pl (Boos 8y cos iy ) 88y
FWoe = S o ¥ ain gy foain g sl )+ von By (g 4 eoos B+ oo slnly Droos# sln 1 88y
[00113] Using trigonometric identities, Eq. 25 simplifies conveniently to Eq. 26:

5
e
EIRE S S

[00114] Finally, summing the two separate virtual work terms and rearranging, the

mechanical advantage in the y - z plane is Eq. 27:

P com Ho b ¢
[00115] The mechanical advantage for the purely planar case where 6,=0 can be

seen in FIG. 14. For example, FIG. 14 illustrates the mechanical advantage in the y — z
plane, where the max value is 0.17 and zeros at plus or minus 90 degrees. Referring to
FIGS. 13 and 14, these graphs depict the comparison of the two methods for deriving the
mechanical advantage in two orthogonal planes, where the circles and the line represent
the 2D and 3D derivations respectively. As the planar and 3D derivations ultimately
yield the same equations it is no surprise that they plot the same curve. It is interesting to
note that unlike the x — z plane, the mechanical advantage never goes negative in some
implementations. It does however approach zero at the extremes of its angular
displacement.

[00116] FIGS. 15 and 16 show how the 3D derivations of can be used to find the

mechanical advantage for these two cases as functions of both 6, and 6,. Eq. 27 is

applied where 6, is no longer held constant. The result is the surface shown in Fig. 16.

An analogous approach is used to produce the surface shown in FIG. 15. FIGS. 15 and
16 illustrate the mechanical advantage for follower forces acting in either the x — z or the

y —z planes as both §, and €, vary from plus and minus 90 degrees. FIG. 15 illustrates
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the follower force in the x — z plane, and FIG. 16 illustrate the follower force in the y — z
plane.

[00117] While the input-to-output relationships in two dimensions are useful, the
relationships in three dimensions can be more practical in some implementations. The
illustration in FIG. 17 shows the parameters of interest.

[00118] FIG. 17 illustrates a location of input and output forces in three

dimensions where £ and F, are components of F,

out *

In FIG. 17, the input forces F; -

F, are applied at the corners of the platform. The output F

out

is a follower force applied
at some elevation ¢ above the platform surface. In the neutral position (&, and &, = 0), it

has components in both the x and y directions. As it is body fixed, £  will remain in a

out
plane parallel to the platform surface. Practically, there would be four actuation cables
attached to the corners of the platform, however, only three would be providing any
resistance against the output at any one time as shown. The angle ¢ defines the location
between the x — z and y - z planes where the output force acts. For the special cases ¢ =0
or 90 degrees, the problem simplifies to one of the two planar cases presented previously.

[00119] First, the input forces derived for both the planar cases are actually
combinations of two forces at the corners of the platform. A single force placed at the
center of any side of the mechanism (half way between F, and F, or F, and F; in FIG.
17) represents the placement of an actuation cable there. This is an infeasible
configuration as the base would interfere with the cabling. Therefore, four actuation
cables would likely be placed at the corners as shown in FIG. 17. When the crossed
cylinders wrist experiences an applied output force with components in both the x — z and
vy — z planes, there would be opposing forces in three of the four cables.

[00120] The three forces corresponding with the engaged cables are shown in

FIGS. 18, 19, and 20. FIG. 18 illustrates the force F] as functions of €, and 8, (F, =2N,
¢ =30 degrees). FIG. 19 illustrates the force F, as functions of 6, and 6, (F,=2N, ¢

=30 degrees). FIG. 20 illustrates the force F, as functions of 6, and &, (F,=2N, ¢ =30

degrees). The solutions for the planar cases can be combined to solve for the input, or

actuation, forces required for a desired output force. As mentioned before, mechanical
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advantage would be less meaningful in this case because the three cable forces would
need to be combined into some fictitious force. For the purpose of illustration, an output
force of 2N has been chosen to represent a likely loading condition for a 3 mm

instrument. The angle ¢ has been set arbitrarily to 30 degrees.

[00121] The values for F,

in

solved for previously are broken down into
components and then recombined to arrive at expressions for F, F,, and F,. When F,,
for the x - z plane is divided in two it then equals F,. Similarly, half of F, forthey -z
plane equals F,. This is due to the symmetry about the center of the joint. F, is the sum
of F| and F, as it contributes to both sets of planar motion. The three charts shown in
FIGS. 19-21 represent the amount of force applied at each corner to achieve the desired
(in this case 2N) output.

[00122] The angle ¢ can be varied from 0 to 90 degrees and it will have a
predictable impact on the three input forces. As ¢ approaches 0, F, and F; increase in

magnitude as they will provide more and more of the resistance against the output force.
Conversely, F, and F, will increase in magnitude as ¢ approaches 90 degrees. Because

of symmetry, the results shown here can be applied to any corner of the crossed cylinders

wrist. When applied to the corner diagonally across the results will be identical. For the

other two corners the positions for F; and F, will be switched but the magnitudes will be

the same.

[00123] It is important to characterize the load carrying capabilities of the gearing
in order to define the limits of the mechanism. As the loading conditions deviate far from
typical gearing configurations, the problem has been simplified relatively significantly.
The approach is to find the maximum load allowable for a single gear tooth in several
loading scenarios. This provides a baseline for the magnitude of loads that the
mechanism is capable of carrying.

[00124] FIGS. 21-22 show the maximum loads that can be applied to a single tooth
as a function of the number of teeth on the mechanism. FIG. 21 illustrates a graph of the
maximum loads that can be applied to a single tooth in terms of compression, and FIG.

22 illustrates a graph of the maximum loads that can be applied to a single tooth in terms
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of bending. The marker (dot) in each graph indicates the maximum stress for the
mechanism as it is currently configured with 4 gear teeth on each row. The compressive
load is calculated using the stress over the area (FIG. 21), while the bending stress is
derived from the Lewis Bending Equation (FIG. 22). There is an inverse relationship
between the number of teeth and the applied load due to the changing cross-sectional area
of the individual tooth. Additionally, the load can be adjusted by the contact ratio
between the base and the platform. This ratio is the number of teeth that are engaged at a
point in time, effectively increasing the load capacity of the mechanism. Using the
contact ratio as a scaling factor, FIG. 21 shows that a tooth is capable of a compressive
load of 416 N (93.5 1b.) and similarly, and FIGS. 22 shows a maximum bending capacity
of 106 N (23.8 Ib.) for a 4 tooth mechanism.

[00125] While certain features of the described implementations have been
illustrated as described herein, many modifications, substitutions, changes and
equivalents will now occur to those skilled in the art. It is, therefore, to be understood
that the appended claims are intended to cover all such modifications and changes as fall

within the scope of the embodiments.
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What is Claimed is:

1. A device comprising:

a first member;

a second member; and

a wrist mechanism disposed between the first member and the second member,
the wrist mechanism including a first cylinder portion coupled to the first member, and a
second cylinder portion coupled to the second member, the first cylinder portion being
rollably engaged with the second cylinder portion such that movement of the first
cylinder portion with respect to the second cylinder portion is configured to cause the
first member to move in at least two directions with respect to the second member,

the second cylinder portion being positioned with respect to the first cylinder
portion such that a longitudinal axis of the second cylinder portion is orthogonal to a

longitudinal axis of the first cylinder portion.

2. The device of claim 1, wherein each of the first cylinder portion and the second
cylinder portion defines a rounded surface portion, the rounded surface portion defining a

plurality of gear teeth.

3. The device of claim 2, wherein each gear tooth of the plurality of gear teeth includes a
first gear profile and a second gear profile, the second gear profile being different than

the first gear profile.

4. The device of any one of claims 2-3, wherein the plurality of gear teeth are arranged
into a plurality of rows of gear teeth including a first row of gear teeth and a second row
of gear teeth, the second row of gear teeth being staggered from the first row of gear

teeth.

5. The device of any one of claims 1-4, wherein the wrist mechanism includes a coupling

member configured to couple the first cylinder portion to the second cylinder portion to
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keep the first cylinder portion in contact with the second cylinder portion but permit the

first cylinder portion to roll with respect to the second cylinder portion.

6. The device of claim 5, wherein the coupling member includes a plurality of activation

members coupled to the first cylinder portion.

7. The device of any one of claims 1-6, wherein the first member includes a tool

member, and the second member includes a shaft.

8. The device of any one of claims 1-7, wherein a distance between the longitudinal axis
of the first cylinder portion and the longitudinal axis of the second cylinder portion is

within a range of 1-4 millimeters.

9. The device of any one of claims 1-8, wherein the first cylinder portion is configured to
move in a direction parallel to the longitudinal axis of the second cylinder portion, and

move in a direction around the longitudinal axis of the second cylinder portion.

10. The device of any one of claims 1-9, wherein the first cylinder portion is configured
to roll around the longitudinal axis of the first cylinder portion such that the first cylinder
portion moves along at least a portion of a surface length of the second cylinder portion
in a direction parallel to the longitudinal axis of the second cylinder portion, the first
cylinder portion is configured to move along a surface arc of the second cylinder portion
such that the first cylinder portion moves around the longitudinal axis of the second

cylinder portion.
11. The device of any one of claims 1-10, wherein the at least two directions include a

first direction and a second direction, the second direction being orthogonal to the first

direction.
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12. The device of any one of claims 1-11, wherein each of the first cylinder portion and
the second cylinder portion includes a plurality of stacked carbon nanotube composite

sheets or a plurality of stacked stainless steel sheets.

13. The device of any one of claims 1-12, wherein the wrist mechanism has a diameter

of 5 millimeters or less than 5 millimeters.

14. A medical device comprising:

a tool member;

a shaft; and

a wrist mechanism disposed between the tool member and the shaft, the wrist
mechanism including a first cylinder portion coupled to the shaft, and a second cylinder
portion coupled to the tool member,

the second cylinder portion being positioned with respect to the first cylinder
portion such that a longitudinal axis of the second cylinder portion is orthogonal to a
longitudinal axis of the first cylinder portion,

cach of the first cylinder portion and the second cylinder portion defining a
rounded surface portion, the rounded surface portion defining a plurality of rows of gear

teeth.

15. The medical device of claim 14, wherein the second cylinder portion defines a
platform that is devoid of gear teeth, the medical device further comprising:

a plurality of actuation members coupled to corner portions of the platform,
wherein when a force applied to one or more of the plurality of actuation members, the

tool member is configured to move in at least two directions.

16. The medical device of any one of claims 14-15, wherein the plurality of rows of gear
teeth include a first row of gear teeth, a second row of gear teeth adjacent to the first row,
and a third row of gear teeth adjacent to the second row, the gear teeth of the second row
being offset from the gear teeth of the first row, the gear teeth of the first row being
aligned with the gear teeth of the third row.
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17. The medical device of any one of claims 14-16, wherein each gear tooth of the

plurality of rows of gear teeth includes an involute profile and a rack profile.

18. A wrist mechanism comprising;:

a first cylinder portion; and

a second cylinder portion rollably engaged with the first cylinder portion,

cach of the first cylinder portion and the second cylinder portion defines a
rounded surface portion, the rounded surface portion defining a plurality of rows of gear
teeth, the plurality of rows of gear teeth include a first row of gear teeth, and a second
row of gear teeth adjacent to the first row, the gear teeth of the second row being offset

from the gear teeth of the first row.

19. The wrist mechanism of claim 18, wherein each gear tooth of the plurality of rows of

gear teeth includes an involute profile and a rack profile.

20. The wrist mechanism of any one of claims 18-19, wherein the second cylinder
portion is positioned with respect to the first cylinder portion such that a longitudinal axis
of the second cylinder portion is orthogonal to a longitudinal axis of the first cylinder

portion.
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