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SYSTEM AND METHOD FOR ALIGNING WITH A REFERENCE TARGET

RELATED APPLICATIONS

The present disclosure claims priority to U.S. Provisional Patent Application No.
61/954,261 entitled “System and Method for Aligning with a Reference Target” filed March
17, 2014 and U.S. Provisional Patent Application No. 62/024,887 entitled *“System and
Method for Aligning with a Reference Target” filed July 15, 2014, which are both

incorporated by reference herein in their entirety.

TECHNICAL FIELD

The present disclosure relates generally to operation of devices with articulated arms

and more particularly to aligning with a reference target.

BACKGROUND

More and more devices are being replaced with autonomous and semiautonomous
electronic devices. This is especially true in the hospitals of today with large arrays of
autonomous and semiautonomous electronic devices being found in operating rooms,
interventional suites, intensive care wards, emergency rooms, and the like. For example,
glass and mercury thermometers are being replaced with electronic thermometers,
intravenous drip lines now include electronic monitors and flow regulators, and traditional

hand-held surgical instruments are being replaced by computer-assisted medical devices.

These electronic devices provide both advantages and challenges to the personnel
operating them. Many of these electronic devices may be capable of autonomous or semi-
autonomous motion of one or more articulated arms and/or end effectors. Before these
articulated arms and their end effectors may be used, they are typically moved to or near a
desired working position and orientation. This movement may be performed by teleoperation
or remote operation using one or more user input controls. As the complexity of these
electronic devices increases and the articulated arms include large numbers of degrees of
freedom, movement into the desired working position and orientation by teleoperation may
become complex and/or time consuming. In addition, operators of these electronic devices
may not always be aware of the limits of motion of one or more of the articulated arms or the
end effectors, such as medical instruments, coupled to those articulated arms. As a
consequence, the operators may not always provide the best initial working position of the

articulated arms that provides for the best range of motion after set-up.
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Accordingly, improved methods and systems for the initial positioning of articulated

arms and their end effectors are desirable.

SUMMARY

Consistent with some embodiments, a computer-assisted medical device includes an
orientation platform, one or more first joints proximal to the orientation platform, one or
more second joints distal to the orientation platform, one or more links distal to the
orientation platform, a reference instrument coupled to orientation platform by the second
joints and the links; and a control unit coupled to the first joints and the second joints. The
control unit determines a pose of the reference instrument. The pose includes a reference
point and a reference orientation. The control unit further positions the orientation platform
over the reference point using the first joints, rotates the orientation platform to align the
orientation platform with the reference orientation using the first joints, and maintains the

pose of the reference instrument using the second joints.

Consistent with some embodiments, a method of controlling motion in a medical
device includes determining a pose of a reference instrument of the medical device. The pose
includes a reference point and a reference orientation. The method further includes
positioning an orientation platform of the medical device over the reference point using one
or more first joints, rotating the orientation platform to align the orientation platform with the
reference orientation using the first joints, and maintaining the pose of the reference
instrument using one or more second joints. The one or more first joints are proximal to the
orientation platform. The one or more second joints are distal to the orientation platform and

proximal to the reference instrument.

Consistent with some embodiments, a non-transitory machine-readable medium
comprising a plurality of machine-readable instructions which when executed by one or more
processors associated with a medical device are adapted to cause the one or more processors
to perform a method, The method includes determining a pose of a reference instrument of
the medical device. The pose includes a reference point and a reference orientation. The
method further includes positioning an orientation platform of the medical device over the
reference point using one or more first joints, rotating the orientation platform to align the
orientation platform with the reference orientation using the first joints, and maintaining the

pose of the reference instrument using one or more second joints. The one or more first joints



10

15

20

25

WO 2015/142947 PCT/US2015/021097

are proximal to the orientation platform. The one or more second joints are distal to the

orientation platform and proximal to the reference instrument.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a simplified diagram of a computer-assisted system according to some

embodiments.

Figure 2 is a simplified diagram showing a computer-assisted device according to

some embodiments.

Figures 3A and 3B are simplified diagrams showing a top view of poses of the
orientation platform of Figure 2 before and after a targeting operation according to some

embodiments.

Figure 4 is a simplified diagram of a method of aligning with a reference target

according to some embodiments.

Figure 5 is a simplified diagram of a process of maintaining a pose of a reference

instrument during movement of an orientation platform according to some embodiments.
In the figures, elements having the same designations have the same or similar functions.

DETAILED DESCRIPTION

In the following description, specific details are set forth describing some
embodiments consistent with the present disclosure. It will be apparent to one skilled in the
art, however, that some embodiments may be practiced without some or all of these specific
details. The specific embodiments disclosed herein are meant to be illustrative but not
limiting. One skilled in the art may realize other elements that, although not specifically
described here, are within the scope and the spirit of this disclosure. In addition, to avoid
unnecessary repetition, one or more features shown and described in association with one
embodiment may be incorporated into other embodiments unless specifically described

otherwise or if the one or more features would make an embodiment non-functional.

Figure 1 is a simplified diagram of a computer-assisted system 100 according to some
embodiments. As shown in Figure 1, computer-assisted system 100 includes a device 110
with one or more movable or articulated arms 120. Each of the one or more articulated arms

120 may support one or more end effectors. In some examples, device 110 may be consistent
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with a computer-assisted surgical device. The one or more articulated arms 120 each provide
support for surgical instruments, imaging devices, and/or the like. Device 110 may further be
coupled to an operator workstation (not shown), which may include one or more master
controls for operating the device 110, the one or more articulated arms 120, and/or the end
effectors. In some embodiments, device 110 and the operator workstation may correspond to
a da Vinci® Surgical System commercialized by Intuitive Surgical, Inc. of Sunnyvale,
California. In some embodiments, computer-assisted surgical devices with other
configurations, fewer or more articulated arms, and/or the like may be used with computer-

assisted system 100.

Device 110 is coupled to a control unit 130 via an interface. The interface may
include one or more cables, connectors, and/or buses and may further include one or more
networks with one or more network switching and/or routing devices. Control unit 130
includes a processor 140 coupled to memory 150. Operation of control unit 130 is controlled
by processor 140. And although control unit 130 is shown with only one processor 140, it is
understood that processor 140 may be representative of one or more central processing units,
multi-core processors, microprocessors, microcontrollers, digital signal processors, field
programmable gate arrays (FPGAs), application specific integrated circuits (ASICs), and/or
the like in control unit 130. Control unit 130 may be implemented as a stand-alone
subsystem and/or board added to a computing device or as a virtual machine. In some
embodiments, control unit may be included as part of the operator workstation and/or

operated separately from, but in coordination with the operator workstation.

Memory 150 may be used to store software executed by control unit 130 and/or one
or more data structures used during operation of control unit 130. Memory 150 may include
one or more types of machine readable media. Some common forms of machine readable
media may include floppy disk, flexible disk, hard disk, magnetic tape, any other magnetic
medium, CD-ROM, any other optical medium, punch cards, paper tape, any other physical
medium with patterns of holes, RAM, PROM, EPROM, FLASH-EPROM, any other memory
chip or cartridge, and/or any other medium from which a processor or computer is adapted to

read.

As shown, memory 150 includes a motion control application 160 that may be used to
support autonomous and/or semiautonomous control of device 110. Motion control

application 160 may include one or more application programming interfaces (APIs) for
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receiving position, motion, and/or other sensor information from device 110, exchanging
position, motion, and/or collision avoidance information with other control units regarding
other devices, and/or planning and/or assisting in the planning of motion for device 110,
articulated arms 120, and/or the end effectors of device 110. And although motion control
application 160 is depicted as a software application, motion control application 160 may be

implemented using hardware, software, and/or a combination of hardware and software.

In some embodiments, computer-assisted system 100 may be found in an operating
room and/or an interventional suite. And although computer-assisted system 100 includes
only one device 110 with two articulated arms 120, one of ordinary skill would understand
that computer-assisted system 100 may include any number of devices with articulated arms
and/or end effectors of similar and/or different design from device 110. In some examples,

each of the devices may include fewer or more articulated arms and/or end effectors.

Figure 2 is a simplified diagram showing a computer-assisted device 200 according to
some embodiments. For example, the computer-assisted device 200 may be consistent with
computer-assisted device 110. As shown in Figure 2, the computer-assisted device 200
includes various links and joints. The computer-assisted device generally has three different
sets of links and joints. Starting at the proximal end with a mobile cart 210 is a set-up
structure 220. Coupled to a distal end of the set-up structure is a series of set-up joints 240.
And coupled to a distal end of the set-up joints 240 is a manipulator 260, such as a universal
surgical manipulator. In some examples, the series of set-up joints 240 and manipulator 260
may correspond to one of the articulated arms 120. And although computer-assisted device
200 is shown with only one series of set-up joints 240 and a corresponding manipulator 260,
one of ordinary skill would understand that the computer-assisted device 200 may include
more than one series of set-up joints 240 and corresponding manipulators 260 so that the

computer-assisted device 200 is equipped with multiple articulated arms.

As shown, the computer-assisted device 200 is mounted on the mobile cart 210. The
mobile cart 210 enables the computer-assisted device 200 to be transported from location to
location, such as between operating rooms or within an operating room to better position the
computer-assisted device 200 near a patient table. The set-up structure 220 is mounted on the
mobile cart 210. As shown in Figure 2, the set-up structure 220 includes a two part column
including column links 221 and 222. Coupled to the upper or distal end of the column link
222 is a shoulder joint 223. Coupled to the shoulder joint 223 is a two-part boom including
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boom links 224 and 225. At the distal end of the boom link 225 is a wrist joint 226, and

coupled to the wrist joint 226 is an orientation platform 227.

The links and joints of the set-up structure 220 include various degrees of freedom for
changing the position and orientation (i.e., the pose) of the orientation platform 227. For
example, the two-part column may be used to adjust a height of the orientation platform 227
by moving the shoulder joint 223 up and down along an axis 232. The orientation platform
227 may additionally be rotated about the mobile cart 210, the two-part column, and the axis
232 using the shoulder joint 223. The horizontal position of the orientation platform 227 may
also be adjusted along an axis 234 using the two-part boom. And the orientation of the
orientation platform 227 may also adjusted by rotation about an axis 236 using the wrist joint
226. Thus, subject to the motion limits of the links and joints in the set-up structure 220, the
position of the orientation platform 227 may be adjusted vertically above the mobile cart 210
using the two-part column. The positions of the orientation platform 227 may also be
adjusted radially and angularly about the mobile cart 210 using the two-part boom and the
shoulder joint 223, respectively. And the angular orientation of the orientation platform 227

may also be changed using the wrist joint 226.

The orientation platform 210 may be used as a mounting point for one or more
articulated arms. The ability to adjust the height, horizontal position, and orientation of the
orientation platform 227 about the mobile cart 210 provides a flexible set-up structure for
positioning and orienting the one or more articulated arms about a work space, such as a
patient, located near the mobile cart 210. Figure 2 shows a single articulated arm coupled to
the orientation platform using a first set-up joint 242. And although only one articulated arm
is shown, one of ordinary skill would understand that multiple articulated arms may be
coupled to the orientation platform 227 using additional first set-up joints. An example of

this is described in further detail with respect to Figures 3A and 3B.

The first set-up joint 242 forms the most proximal portion of the set-up joints 240
section of the articulated arm. The set-up joints 240 may further include a series of joints and
links. As shown in Figure 2, the set-up joints 240 include at least links 244 and 246 coupled
via one or more joints (not expressly shown). The joints and links of the set-up joints 240
include the ability to rotate the set-up joints 240 relative to the orientation platform 227 about
an axis 252 using the first set-up joint 242, adjust a height of the link 246 relative to the

orientation platform along an axis 254, and rotate the manipulator at least about an axis 256
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at the distal end of the link 246. The set-up joints 240 may further include additional joints,
links, and axes permitting additional degrees of freedom for altering a pose of the

manipulator 260 relative to the orientation platform 227.

The manipulator 260 is coupled to the distal end of the set-up joints 240 and includes
additional links and joints that permit control over a pose of an end effector or instrument 262
mounted at a distal end of the manipulator 260. The degrees of freedom in the manipulator
260 may permit at least control of the roll, pitch, and yaw of the instrument 262 relative to the
distal end of the set-up joints 240. In some examples, the degrees of freedom in the
manipulator 260 may further include the ability to advance and/or retreat the instrument 262
about a longitudinal axis of the instrument 262. In some examples, the degrees of freedom of
the set-up joints 240 and the manipulator 260 may further be controlled so as to maintain a
remote center 270 about a point on the instrument 262. In some examples, the remote center
270 may correspond to a surgical port in a patient so that as the instrument 262 is used, the
remote center 270 remains stationary to limit stresses on the anatomy of the patient at the
remote center 270. In some examples, the manipulator 260 may be consistent with a
universal surgical manipulator for use with the da Vinci® Surgical System commercialized
by Intuitive Surgical, Inc. of Sunnyvale, California. In some examples, the instrument 262
may be an imaging device such as an endoscope, a gripper, a surgical tool such as a cautery

or a scalpel, and/or the like.

Given the large number of degrees of freedom in the set-up structure 220, the set-up
joints 240, and the manipulator 260, it is not always an easy task to determine the best
positions of each of the joints so that a pose of the manipulator 260 and, more importantly, a
pose of the instrument 262 are maintained as desired. Further, as the desired poses of the
manipulator 260 and the instrument 262 are adjusted during operation of the computer-
assisted device, suitable flexibility in ranges of motion and orientation should be available so
that the desired poses may be obtained without reaching a range of motion limit on any of the
joints in the set-up joints 240 or the manipulator 260. To accomplish this, poses of the set-up
structure 220 and the orientation platform are typically selected during a set-up phase or
targeting operation so that the joints in the set-up joints 240 and the manipulator 260 are
located near a center of their respective ranges of motion while at the same time establishing
or maintaining a desired pose of the instrument 262 and/or a position of the remote center

270. For the computer-assisted device 200 of Figure 2, this may generally correspond to
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poses for the orientation platform 227, the set-up joints 240, and the manipulator 260 so that
an approximate rotational center point of the orientation platform 227 (e.g., the axis 236
about which the wrist joint 226 rotates) is located vertically over the remote center 270 and
the orientation platform 227 is rotated so that the first set-up joint 242 is approximately near
its center of motion. In some examples, the height of the orientation platform 227 may

further be adjusted relative to the remote center 270 to a suitable working height.

Figures 3A and 3B are simplified diagrams showing a top view of poses of the
orientation platform 227 of Figure 2 before and after a targeting operation according to some
embodiments. Figure 3A shows a pose of a portion 300 of a computer-assisted device, such
as computer assisted device 200, before the targeting operation. The portion 300 of the
computer-assisted device shown in Figure 3A corresponds to those portions of the computer-
assisted device beginning at the orientation platform 227 and links and joints distal to the
orientation platform 227. As shown in Figure 3A, four articulated arms 310-340 are coupled
to the orientation platform 227, although one of ordinary skill would understand that any
other number of articulated arms may be used. Each of the four articulated arms 310-340
may include different set-up joints, manipulators, and/or instruments. As shown, the four
articulated arms include two interior arms 320 and 330, which are located between two
exterior arms 310 and 340. An instrument on one of the articulated arms 310-340, typically
one of the interior arms 320 or 330, is chosen as a reference target for the targeting operation.
For simplicity of explanation, the instrument 262 on articulated arm 320 is being selected as
the reference target, although any of the instruments on the other articulated arms may also be

selected as the reference target.

Before the targeting operation begins, the instrument 262 and the remote center 270
are typically positioned and oriented within the work space to help specify a region of interest
in the work space. In some examples, the instrument 262 and the remote center 270 may be
positioned and/or oriented relative to a patient’s anatomy. In some examples, the instrument
262 may be inserted through a surgical port on the patient with the remote center 270 being
positioned at the surgical port. In some examples, a surgeon and/or other medical personnel
may manually position and orient the instrument 262 and the remote center 270 using a
clutching feature of the articulated arm 320. In some examples, the instrument 262 may
correspond to an endoscope, and the endoscope may be positioned and/or oriented toward a

target portion of the patient’s anatomy. Once the instrument 262 is positioned and oriented, it
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is important to maintain that position and orientation during the targeting operation to reduce
the likelihood of any injury to the patient and/or damage to the instrument 262. In some
examples, for the purposes of the targeting operation, the remote center 270 may correspond
to the position of the instrument 262 and an orientation axis 360 may correspond to the
orientation of the instrument 262 with the orientation axis 360 being aligned with a shaft of
the instrument 262. In some examples, once the instrument 262 is positioned and oriented,
the surgeon and/or the other medical personnel may start the targeting operation using a

control located on articulated arm 320 and/or at an operator console.

In some embodiments, one of the goals of the targeting operation may be to align a
rotational center 350 of the orientation platform 227, such as the rotational center of the wrist
joint 226, so that it is vertically above the remote center 270. Another goal of the targeting
operation may be to rotate the orientation platform 227 so that a front face of the orientation
platform is in alignment with the horizontal component of the orientation axis 360. In some
examples, when the orientation axis 360 is vertical, this orientation goal may be omitted. In
some examples, the orientation of the front face may correspond to a front face orientation
vector 370. In some examples, this rotation may orient the articulated arms 310-340 near
centers of the ranges of motion of their respective first set-up joints. In some examples, an
additional goal of the targeting operation may be to adjust a height of the orientation platform
227 relative to the remote center 270 to place vertical adjustment joints in the articulated arm
320 near a center of their respective range of movement, to provide a suitable working
distance between the orientation platform 227 and the remote center 270 to allow for
adequate space for manipulating articulated arm 320 without collision with the orientation
platform 227, to provide suitable separation between the orientation platform 227 and the
remote center 270 to maintain a sterile field around the remote center 270, and/or to maintain
a predetermined distance between the orientation platform 227 and the remote center 270 as

determined by an operator.

Figure 3B shows changes in the position and orientation of the portion 300 of the
computer-assisted device as a result of the targeting operation. As shown, the rotational
center 350 of the orientation platform 227 is moved so that it aligns vertically with the remote
center 270. Further, the orientation platform 227 is rotated so that the front face orientation
vector 370 is aligned with the horizontal component of the orientation axis 360. Figure 3B

further shows that the positions of the various joints in the set-up joints and the manipulator
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of articulated arm 320 are altered to compensate for the changes in the relative position and

orientation of the instrument 262 with respect to the orientation platform 227.

To achieve these goals, the position of the remote center 270 and the orientation of the
orientation axis 360 are determined using sensors for monitoring the positions of the joints in
the computer-assisted device and one or more kinematic models of the computer assisted
device. Joints in the set-up structure proximal to the orientation platform 227 are adjusted to
move the rotational center 350 over the remote center 270 and the orientation platform 227 is
rotated to align the front face orientation vector 370 with the horizontal component of the
orientation axis 360. In some examples, joints in the set-up structure may be adjusted to
change the height of the orientation platform 227. In some examples, when the set-up
structure corresponds to the set-up structure 220 of Figure 2, the rotational center 350 may
also be aligned by changing the length of the two-part boom and rotating the shoulder joint
223, the orientation platform 227 may be rotated using the wrist joint 226, and the height of
the orientation platform 227 may be adjusted using the two-part column. While the set-up
structure is being moved, the joints in the set-up joints and the manipulator of the articulated
arm 320 are adjusted to compensate for the movement and reorientation of the orientation
platform 227. This is done to maintain a fixed position of the remote center 270 and a fixed
orientation of the orientation axis 360 even though the relative position and orientation of the
instrument 262 relative to the orientation platform 227 are changing. In some examples, the
joint sensors and one or more kinematic models, and/or inverse Jacobian transposes may be
used to determine the joint changes in the set-up joints and the manipulator. In some
examples, the position of the remote center 270 and the orientation of the orientation axis 360
may further be maintained using resistance from the patient port and/or by the surgeon and/or
other medical personnel. In addition, the other articulated arms 310, 330, and/or 340 may
move along with the orientation platform 227. In some embodiments, collision avoidance
algorithms may also be used to prevent collisions between the articulated arms 310-340 and
between the articulated arms 310-340 and the set-up structure proximal to the orientation

platform 227.

In some embodiments, one or more of the joints of the articulated arms 310-340 may
be placed in a float state while the orientation platform 227 is in motion. Free and/or mostly
free movement of each of the joints in the float state is permitted. In some examples, the

joints being placed in the float state may be a subset of the joints in the respective articulated

10
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arm 310-340. In some examples, this permits these joints to react to reduce and/or mitigate
the effects of external stimulus applied to the respective articulated arm 310-340. In some
examples, brakes on each of the joints in the float state, which are non-actuated joints, may
be released allowing motion of each of the non-actuated joints. In some examples, each of
the joints in the float state, which are actuated joints, may be commanded to move to the
actual positions and/or actual velocities determined for those respective joints based on
values from one or more sensors associated with the articulated joints and/or the articulated
arms 310-340 and/or one or more kinematic models. In some examples, setting the command
positions of a feedback controller of the actuated joints to the actual positions and/or the
command velocities of the feedback controller to the actual joint velocities gives the
impression that the actuated joints are moving freely, and when gravity compensation is also

being applied, then also with the impression of apparent weightlessness.

In some embodiments, the movement of the joints in the float state may be subject to
damping. To reduce and/or prevent unrestricted and/or wild movement of the articulated arm
while in the float state, one or more of the joints placed in the float state may be subject to
some form of damped motion. For example, it may not be desirable for any of the articulated
arms 310-340 that is subject to a strong external stimulus, such as a hard collision, to move
away from the strong external stimulus without some limitation. Constraining the float state
movement of the articulated arms 310-340 may reduce the risks of injury and/or damage
caused by a fast moving articulated arm. In some examples, the damped motion may be
implemented on non-actuated joints by partially releasing the brakes so as to place a drag on
movement of the non-actuated joints. In some examples, the brakes may be partially released
by controlling one or more voltages, currents, duty cycles, and/or the like of signals used to
control the brakes. In some examples, the damped motion may be implemented on actuated
joints by commanding the actuated joints to move a portion of the distance behind the actual
position based on direction of motion, by increasing a derivative constant in the feedback
controller without significantly affecting its stability margins, and/or by introducing a
backward current and/or voltage on the actuators of the actuated joints to emulate a resisting
force and/or torque. In some examples, the damped motion may be implemented on actuated
joints by commanding the velocities of the actuated joints to a value below the joint velocities

determined based on the corresponding sensor values.

11
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Figure 4 is a simplified diagram of a method 400 of aligning with a reference target
according to some embodiments. One or more of the processes 410-450 of method 400 may
be implemented, at least in part, in the form of executable code stored on non-transient,
tangible, machine readable media that when run by one or more processors (e.g., the
processor 140 in control unit 130) may cause the one or more processors to perform one or
more of the processes 410-450. In some embodiments, method 400 may be performed by an
application, such as motion control application 160. In some embodiments, method 400 may
be used to adjust positions and/or orientations of various joints and links in the set-up
structure, set-up joints, and/or manipulator joints of a computer-assisted device while

maintaining the pose (position and orientation) of a reference instrument.

At a process 410, a pose of a reference instrument is determined. The reference target
for the alignment or targeting operation of method 400 is based on the pose (position and
orientation) of a reference instrument. The reference instrument is typically located at the
distal end of an articulated arm of a computer-assisted device. In some examples, one or
more sensors associated with joints and links of the articulated arm and the computer-assisted
device and one or more kinematic models of the articulated arm and the computer-assisted
device may be used to determine the position and orientation of the reference instrument. In
some examples, the pose of the reference instrument may be determined based on a reference
point on the reference instrument and a reference orientation of the reference instrument. In
some examples, the reference instrument may have been previously posed, either manually or
with computer assistance, by an operator of the computer-assisted device. In some examples,
the operator may initiate determination of the pose of the reference instrument using one or
more control inputs. In some examples, the articulated arm may be the articulated arm 320
and reference instrument may be the instrument 262, with the pose of the reference

instrument being determined by the remote center 270 and the orientation axis 360.

At a process 420, an orientation platform is positioned over a reference point of the
reference instrument. To better position the orientation platform over a desired workspace
for the computer-assisted device, one or more joints of the computer-assisted device that are
proximal to the orientation platform are commanded to move the orientation platform of the
computer-assisted device so that it is positioned over the reference point determined during
process 410. In some examples, the orientation platform may be moved so as to position a

predetermined point on or near the orientation platform vertically above the reference point.
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In some examples, the predetermined point may be associated with a centroid and/or other
central point on the orientation platform and/or an axis about which the orientation platform
may be rotated. In some examples, positioning of the orientation platform may include
adjusting a horizontal distance and/or an angular position of the orientation platform relative
to a central column of the computer-assisted device. In some examples, one or more
kinematic models and/or motion planning algorithms may be used to determine one or more
movement and/or positioning commands to be sent to one or more actuators of the computer-
assisted device. In some examples, when the computer-assisted device is the computer-
assisted device 200, one or more of the joints in the set-up structure 220 may be commanded
to position the orientation platform 227 horizontally over the remote center. In some

examples, process 420 may include positioning rotational center 350 over remote center 270.

At a process 430, the orientation platform is rotated to align the orientation platform
with an orientation of the reference instrument. To provide for improved range of motion in
the reference instrument, the orientation platform may be rotated to align the orientation
platform with the orientation of the reference instrument determined during process 410. In
some examples, the orientation platform may be rotated to align a predetermined orientation
vector of the orientation platform with the orientation of the reference instrument. In some
examples, the orientation platform may be rotated about its axis of rotation so that a first set-
up joint in the articulated arm to which the reference instrument is attached is at or near its
rotational range of motion. In some examples, the orientation platform may be rotated using
or more rotational joints, such as a wrist joint, located proximal to the orientation platform.
In some examples, one or more kinematic models and/or motion planning algorithms may be
used to determine one or more movement and/or positioning commands to be sent to one or
more actuators of the computer-assisted device. In some examples, process 430 may be
performed concurrently with process 420. In some examples, process 430 may be omitted
when the orientation of the reference instrument does not include a horizontal component. In
some examples, when the computer-assisted device is the computer-assisted device 200, the
orientation platform 227 may be rotated about axis 236 and rotational center 350 using wrist
joint 226 in order to align the front face orientation vector 370 with a horizontal component

of the orientation axis 360.

At an optional process 440, a distance between the orientation platform and the

reference instrument may be adjusted. In some examples, the distance between the
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predetermined point on the orientation platform and the reference point of the reference
instrument may be adjusted. In some examples, the distance of the orientation platform may
be adjusted to place joints in the articulated arm near centers of their respective ranges of
motion, to reduce the likelihood of collisions between the articulated arm and/or the reference
instrument with the set-up structure of the computer-assisted device, to help maintain a sterile
field around the reference instrument, and/or to maintain a predetermined distance
determined by an operator. In some examples, the distance may be the vertical distance
between the reference point determined during process 410 and the predetermined point
aligned during process 420. In some examples, the distance between the orientation platform
and the reference instrument may be adjusted using one or more joints located proximal to
the orientation platform. In some examples, one or more kinematic models and/or motion
planning algorithms may be used to determine one or more movement and/or positioning
commands to be sent to one or more actuators of the computer-assisted device. In some

examples, process 440 may be performed concurrently with processes 420 and/or 430.

At a process 450, the pose of the reference instrument is maintained during movement
of the orientation platform. While the orientation platform is being moved during processes
420, 430, and/or 440, the pose of the reference instrument relative to a workspace for the
computer-assisted device is maintained. The pose is maintained even though the position
and/or orientation of the reference instrument relative to the orientation platform may be
changing. This may be accomplished by adjusting one or more joints of the articulated arm
distal to the orientation platform in response to the movements of the one or more joints
proximal to the orientation platform that are being commanded during processes 420, 430,

and/or 440.

As discussed above and further emphasized here, Figure 4 is merely an example
which should not unduly limit the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications. According to some embodiments,
one or more of the processes 420-450 may be performed concurrently. According to some
embodiments, additional conditions may result in premature termination of method 400 such
as by returning control of the computer-assisted device to an operator and/or by suspension of
operation of the computer-assisted device. In some examples, the additional conditions may
include inability to complete the desired movement, manual intervention and/or override

from an operator using one or more controls on an operator workstation and/or the articulated
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arms, detection of operator disengagement with the operator workstation using one or more
safety interlocks, position tracking errors in the computer-assisted device, system faults,
and/or the like. In some examples, the desired movement may not be possible due to the
detection of imminent collisions among the links and/or joints of the computer-assisted
device, range of motion limits in one or more of the joints of the computer-assisted device,
inability to position and/or orient the orientation platform while maintaining the pose of the
reference instrument during process 450, and/or the like. In some examples, premature
termination of method 400 may result in an error notification being sent to the operator. In
some examples, the error notification may include a text message, an audio indicator, a

spoken phrase, and/or the like.

Figure 5 is a simplified diagram of the process 450 of maintaining the pose of the
reference instrument during movement of the orientation platform according to some
embodiments. As the orientation platform is being positioned and oriented during processes
420, 430, and/or 440, the movements of the orientation platform affect each of the links and
joints of the articulated arm distal to the orientation platform, including the reference
instrument. As these movements introduce changes in the pose of the reference instrument,
processes 510-550 compensate for those changes so that the pose of the reference instrument

is maintained.

At a process 510, a reference transform of the reference instrument is determined.
Prior to the initiation of movement during processes 420, 430, and/or 440, one or more
kinematic models of the computer-assisted device are used to determine a reference transform
for the reference instrument. In some examples, the one or more kinematic models may
include one or more kinematic models for the set-up structure proximal to the orientation
platform, the set-up joints distal to the orientation platform, and/or the manipulator to which
the reference instrument is attached. In some examples, the reference transform may model
the pose of the reference instrument in a world coordinate system for the computer-assisted

device and/or the workspace of which the reference instrument is a part.

At a process 520, an actual transform of the reference instrument is determined. As
the joints proximal to the orientation platform are commanded during processes 420, 430,
and/or 440, the pose of the reference instrument begins to change because the reference
instrument is distal to the orientation platform. The commanded changes in joint positions

and/or angles in the joints proximal to the orientation platform are monitored and the one or
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more kinematic models are again applied to determine the actual transform of the reference
instrument. The actual transform represents how the movements of processes 420, 430,

and/or 440 are tending to move the reference instrument away from its desired pose.

At a process 530, differences between the actual transform and the reference
transform are determined. The differences between the actual transform and the reference
transform represent errors that would be introduced into the pose of the reference instrument
unless they are compensated for by changes in joint positions and/or angles in the joints distal
to the orientation platform. In some examples, the differences may be determined by
subtracting corresponding matrix and/or vector representations of the action and reference

transforms.

At a process 540, compensating joint changes are determined based on the
differences. Using the differences between the actual transform and the reference transform
determined during process 530, one or more compensating joint changes is determined.
Because the compensating joints are located distal to the orientation platform, the differences
between the actual transform and the reference transform is mapped from the world
coordinate system of the actual and reference transforms to a local coordinate system based
on the compensating joints. In effect, this transforms the errors in the absolute pose of the
reference instrument from the world coordinate system to relative errors in the pose between
the reference instrument and the most proximal of the compensating joints. In some
examples, one or more kinematic models may be used to transform the differences to the
local coordinate system. In some examples, the compensating joints may include one or
more of the manipulator joints. In some examples, compensating joints may further include
one or more of the set-up joints between the orientation platform and the manipulator. Once
the relative errors in the pose are determined, they may be used to determine the
compensating joint changes. In some examples, an inverse Jacobian may be used to map the
relative errors to the compensating joint changes. In some examples, the compensating joint

changes may include joint velocities for the compensating joints.

At a process 550, the compensating joints are driven. One or more commands are
sent to the one or more actuators in the compensating joints based on the compensating joint
changes determined during process 540. The commands sent to the compensating joints
correct for the errors in the pose of the reference instrument introduced by the movements in

the joints proximal to the orientation platform so that the pose of the reference instrument in
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the world coordinate system is maintained with minimal error. As long as processes 420,
430, and/or 440 continue to makes changes to the position and/or orientation of the
orientation platform, processes 520-550 are repeated to compensate for any errors introduced

into the pose of the reference instrument.

As discussed above and further emphasized here, Figure 5 is merely an example
which should not unduly limit the scope of the claims. One of ordinary skill in the art would
recognize many variations, alternatives, and modifications. According to some embodiments,
the compensating joints may include a subset of the joints in the set-up joints and/or the
manipulator. In some examples, the compensating joints may include just the roll, pitch, and
yaw joints of the manipulator. In some examples, other joints in the manipulator and/or the
set-up joints may be locked to prevent relative movement during processes 510-550. In some
examples, one or more non-actuated joints of the set-up joints and/or the manipulator distal to
the orientation platform may be unlocked and/or placed in a float state during processes 510-
550 so that errors in the pose of the reference instrument may be at least partially reduced by
changes in the unlocked joints. In some examples, the changes in the unlocked joints may
reduce the amount that the compensating joints are to be driven. In some examples, the pose
of the reference instrument may be at least partially maintained using resistance from a

patient port and/or by an operator of the computer-assisted device.

Some examples of control units, such as control unit 130 may include non-transient,
tangible, machine readable media that include executable code that when run by one or more
processors (e.g., processor 140) may cause the one or more processors to perform the
processes of method 400. Some common forms of machine readable media that may include
the processes of method 400 are, for example, floppy disk, flexible disk, hard disk, magnetic
tape, any other magnetic medium, CD-ROM, any other optical medium, punch cards, paper
tape, any other physical medium with patterns of holes, RAM, PROM, EPROM, FLLASH-
EPROM, any other memory chip or cartridge, and/or any other medium from which a

processor or computer is adapted to read.

Although illustrative embodiments have been shown and described, a wide range of
modification, change and substitution is contemplated in the foregoing disclosure and in
some instances, some features of the embodiments may be employed without a corresponding
use of other features. One of ordinary skill in the art would recognize many variations,

alternatives, and modifications. Thus, the scope of the invention should be limited only by
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the following claims, and it is appropriate that the claims be construed broadly and in a

manner consistent with the scope of the embodiments disclosed herein.
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WHAT IS CLAIMED IS:

‘What is claimed is:

1. A computer-assisted medical device comprising:
an orientation platform;
one or more first joints proximal to the orientation platform;
one or more second joints distal to the orientation platform;
one or more links distal to the orientation platform;
a reference instrument coupled to the orientation platform by the second joints and the
links; and
a control unit coupled to the first joints and the second joints;
wherein the control unit:
determines a pose of the reference instrument, the pose including a reference
point and a reference orientation;
positions the orientation platform, using the first joints, over the reference
point;
rotates the orientation platform, using the first joints, to align the orientation
platform with the reference orientation; and

maintains the pose of the reference instrument using the second joints.

2. The device of claim 1 wherein the control unit further adjusts a distance between the

orientation platform and the reference point.
3. The device of claim 2 wherein the distance is selected to maintain a sterile field.

4. The device of claim 2 wherein the distance is selected to maintain a working height of

the orientation platform above the reference point.

5. The device of claim 1 wherein the reference point is a remote center of the reference
instrument.

6. The device of claim 1 wherein the reference instrument is an endoscope.

1. The device of claim 1 wherein the reference point is associated with a surgical port on

a patient.
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8. The device of claim 1 wherein the control unit further locks one or more of the second
joints.
9. The device of claim 1 wherein the control unit further unlocks one or more of the

second joints that are non-actuated joints.

10. The device of claim 1 wherein the control unit releases one or more brakes associated

with the one or more of the second joints that are unlocked.

11. The device of claim 1 wherein the control unit partially releases one or more brakes

associated with the one or more of the second joints that are unlocked.

12. The device of claim 1 wherein the control unit further positions a centroid of the

orientation platform vertically above the reference point.

13. The device of claim 1 wherein the control unit further positions a rotational center of

the orientation platform vertically above the reference point.

14. The device of claim 1 wherein the control unit further sends one or more commands
to one or more first actuators coupled to the first joints to position and rotate the orientation

platform.

15. The device of claim 1 wherein the control unit further sends one or more commands
to one or more first actuators coupled to the second joints to maintain the pose of the

reference instrument.

16. The device of claim 1 wherein the control unit further:

determines a reference transform of the reference instrument in a first coordinate
system prior to positioning or rotating the orientation platform;

determines an actual transform of the reference instrument in the first coordinate
system while the orientation platform is being positioned and rotated;

determines differences between the reference transform and the actual transform; and

maintains the pose of the reference instrument by driving the second joints based on

the differences.

17. The device of claim 16 wherein the control unit further converts the differences to a

second coordinate system local to the second joints.
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18. The device of claim 16 wherein the control unit further determines commands for the

second joints based on an inverse Jacobian for the second joints.

19. The device of claim 16 wherein the control unit further determines the reference
transform and the actual transform based on positions of the first and second joints and one or

more kinematic models of the computer-assisted medical device.

20. The device of claim 19 wherein the positions of the first and second joints are based

on readings from one or more sensors monitoring the first and second joints.

21. The device of claim 1 wherein the control unit further determines the pose of the
reference instrument based on positions of the first and second joints and one or more

kinematic models of the computer-assisted medical device.

22. The device of claim 21 wherein the positions of the first and second joints are based

on readings from one or more sensors monitoring the first and second joints.

23. The device of claim 1 wherein the control unit further aligns a front face orientation

vector of the orientation platform with a horizontal component of the reference orientation.

24. The device of claim 1 wherein the second joints are configured to control a roll, a

pitch, and a yaw of the reference instrument relative to the orientation platform.

25. The device of claim 1 wherein the control unit further positions the orientation
platform, rotates the orientation platform, and maintains the pose of the reference instrument

concurrently.

26. The device of claim 1, further comprising one or more articulated arms distal to the

orientation platform, each of the articulated arms comprising one or more third joints.

27. The device of claim 26 wherein the control unit further locks one or more of the third
joints.
28. The device of claim 26 wherein the control unit further places one or more of the third

joints in a float state.

29. The device of claim 28 wherein the control unit releases one or more brakes
associated with the one or more of the third joints that are non-articulated joints when the one

or more of the third joints are in the float state.
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30. The device of claim 28 wherein the control unit partially releases one or more brakes
associated with the one or more of the third joints when the one or more of the third joints are

in the float state.

31. The device of claim 28 wherein the control unit commands the one or more of the
third joints that are actuated joints to a respective actual position when the one or more of the

third joints are in the float state.

32. The device of claim 28 wherein the control unit commands the one or more of the
third joints that are actuated joints to a respective actual velocity when the one or more of the

third joints are in the float state.

33. The device of claim 28 wherein the control unit introduces a respective resisting force
or torque on the one or more of the third joints that are actuated joints when the one or more

of the third joints are in the float state.

34. The device of claim 28 wherein the control unit commands the one or more of the
third joints that are actuated joints to a respective position between a respective actual
position and a respective commanded position when the one or more of the third joints are in

the float state.

35. The device of claim 28 wherein the control unit commands the one or more of the
third joints that are actuated joints to a respective velocity that is lower than a respective

actual velocity when the one or more of the third joints are in the float state.

36. A method of controlling motion in a medical device, the method comprising:

determining a pose of a reference instrument of the medical device, the pose including
a reference point and a reference orientation;

positioning an orientation platform of the medical device over the reference point
using one or more first joints, the one or more first joints being proximal to the orientation
platform;

rotating the orientation platform, using the first joints, to align the orientation platform
with the reference orientation; and

maintaining the pose of the reference instrument using one or more second joints, the
one or more second joints being distal to the orientation platform and proximal to the

reference instrument.
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37. The method of claim 36, further comprising adjusting a distance between the

orientation platform and the reference point.

38. The method of claim 36 wherein the reference point is a remote center of the

reference instrument.
39. The method of claim 24 wherein the reference instrument is an endoscope.

40. The method of claim 36, further comprising unlocking one or more of the second

joints that are non-actuated joints.

41. The method of claim 36, further comprising:

determining a reference transform of the reference instrument in a first coordinate
system prior to positioning or rotating the orientation platform;

determining an actual transform of the reference instrument in the first coordinate
system while the orientation platform is being positioned and rotated;

determining differences between the reference transform and the actual transform; and

maintaining the pose of the reference instrument by driving the second joints based on

the differences.

42. The method of claim 36, further comprising aligning a front face orientation vector of

the orientation platform with a horizontal component of the reference orientation.

43. The method of claim 36 wherein maintaining the pose of the reference instrument
comprises controlling a roll, a pitch, and a yaw of the reference instrument relative to the

orientation platform.

44. The method of claim 36 wherein the positioning of the orientation platform, the
rotating of the orientation platform, and the maintaining of the pose of the reference

instrument are performed concurrently.

45. A non-transitory machine-readable medium comprising a plurality of machine-
readable instructions which when executed by one or more processors associated with a
medical device are adapted to cause the one or more processors to perform a method
comprising:

determining a pose of a reference instrument of the medical device, the pose including

a reference point and a reference orientation;
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positioning an orientation platform of the medical device over the reference point
using one or more first joints, the one or more first joints being proximal to the orientation
platform;
rotating the orientation platform, using the first joints, to align the orientation platform
5  with the reference orientation; and
maintaining the pose of the reference instrument using one or more second joints, the
one or more second joints being distal to the orientation platform and proximal to the

reference instrument.

10
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