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(57) Abstract: A robot guiding system employing a robot unit (10) including an endoscope (12) and a robot (11), and a control unit
(20) including an endoscopic image controller (22) and a robot controller (21). In operation, the endoscope (12) generate an endo -
scopic image of an anatomical region as the robot (11) move the endoscope (12) within the anatomical region in response to robot
actuator commands. The endoscopic image controller (22) controls a display of the endoscopic image(14) of the anatomical region
and generates endoscope pose commands to maintain a visibility of two or more interventional instruments within the display of the
endoscopic image(14) relative to a center of the endoscopic image (14). The robot controller (21) generates the robotic actuator com-
mands responsive to the endoscope pose commands.
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ROBOTIC CONTROL OF SURGICAL INSTRUMENT VISIBILITY

The present invention generally relates to robotic control of an endoscope during a
minimally invasive surgical procedure (e.g., a minimally invasive coronary bypass
grafting surgery). The present invention specifically relates to maintaining a visibility of
surgical instruments within an endoscopic image.

Minimally invasive surgery is performed using elongated instruments inserted into a
patient’s body through small ports. An endoscopic camera is also inserted into the patient via
a small port to provide visualization of the instruments relative to the surgical site. For
example, FIG. 1 shows elongated instruments 30 inserted into a patient’s body through small
ports and endoscopic camera 12 also inserted into a patient’s body through small ports to
provide visualization of instruments 30 relative to the surgical site.

Currently, a surgeon holds and manually controls the two (2) surgical instruments
during surgery, and a physician assistant controls the endoscope and receives instructions
from the surgeon to move the endoscope to specific locations during surgery.
Communicating the exact desired location of the endoscope to the physician assistant is
difficult, especially given the challenging hand-eye coordination required to move the
endoscope and instruments around the pivot points at the entrance to the body, and given the
different positions and frames of reference of the surgeon, physician assistant and video
image. For example, “Left” on the video image, may mean “right and down” at the physician
assistant’s hands.

To overcome these difficulties, controlling the endoscope using an automated device
or robot (e.g., robot 11 shown in FIG. 1) has been proposed in prior art, essentially removing
the physician assistant from this task during surgery. However, given that the surgeon is
controlling two (2) instruments with both hands, the method with which the physician may
control the robotic endoscope is important and a number of propositions have been addressed
in prior art.

For example, one proposition proposes optical targets being placed on a surgical
instrument to allow the robotic endoscope to be positioned so that the markers are in the
center of the image. Known input devices for guidance of the robotic endoscope to position
the markers in the center of the image include, but are not limited to, head motion sensors,
joysticks and voice control. Alternatively, the robotic endoscope may be guided from live

endoscope images by determining a three-dimensional (“3D”) position of an anatomical
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feature with respect to the endoscope and moving the endoscope or a surgical instrument
toward the anatomical feature.

The abovementioned proposition assumes that an operating surgeon is responsible to
keep the instruments in the field-of-view of the endoscope. In practice, two problems
commonly arise: First, the surgeon typically moves one or both instruments outside of the
endoscope view. Second, the robotic system may rotate around its own axis changing the
spatial arrangement of instruments on the screen. Both of these situations are highly
challenging and risky. Additionally, the aforementioned proposition involves a calibrated
endoscope to perform the motion. However, calibration of an endoscope is technically
challenging for medical staff and preferably should be avoided.

To address these drawbacks the present invention provides guidance of the robotic
endoscope whereby all relevant instruments are always visible in an endoscopic field. The
present invention further provided guidance of the robotic endoscope whereby an appropriate
rotation and zooming of the endoscope is achieved.

One form of the present invention a robot guiding system employing a robot unit
including an endoscope and a robot, and a control unit including an endoscopic image
controller and a robot controller. In operation, the endoscope generate an endoscopic image
of an anatomical region as the robot moves the endoscope within the anatomical region in
response to robot actuator commands. The endoscopic image controller controls a display of
the endoscopic image of the anatomical region and generates endoscope pose commands to
maintain a visibility of two or more interventional instruments within the display of the
endoscopic image relative to a center of the endoscopic image. The robot controller
generates the robotic actuator commands responsive to the endoscope pose commands.

A second form of the present invention is a robot guiding method involving an
operation of an endoscope to generate and display an endoscopic image of an anatomical
region, and a commanding a robot to move the endoscope within the anatomical region as the
endoscope is generating the endoscopic image of the anatomical region. The commanding
of the robot maintains a visibility of two or more interventional instruments within the
display of the endoscopic image relative to a center of the endoscopic image.

The foregoing forms and other forms of the present invention as well as various
features and advantages of the present invention will become further apparent from the
following detailed description of various embodiments of the present invention read in

conjunction with the accompanying drawings. The detailed description and drawings are
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merely illustrative of the present invention rather than limiting, the scope of the present
invention being defined by the appended claims and equivalents thereof.

FIG. 1 illustrates an exemplary robotic control of an endoscope during a surgical
procedure as known in the art

FIG. 2 illustrates an exemplary embodiment of a robotic guiding system in
accordance with the present invention.

FIG. 3 illustrates a flowchart representative of an exemplary embodiment of an
instrument visibility control method in accordance with the present invention.

FIG. 4 illustrates an exemplary endoscopic field of view in accordance with the
present invention.

FIG. 5 illustrates an exemplary pivot mode of instrument visibility control method
shown in FIG. 3.

FIG. 6 illustrates an exemplary zoom mode of instrument visibility control method
shown in FIG. 3.

FIG. 7 illustrates an exemplary tracking of an uncalibrated endoscope as known in the
art.

FIG. 8 illustrates an exemplary zoom border in accordance with the present invention.

FIG. 9 illustrates an exemplary rotation mode of instrument visibility control method
shown in FIG. 3.

As shown in FIG. 2, a robotic guiding system employs a robot unit 10 and a
control unit 20 for any endoscopic procedure involving an endoscopic imaging of an
anatomical region (e.g., cranial region, thoracic region, abdominal region, patellar region,
etc.). Examples of such endoscopic procedures include, but are not limited to, minimally
invasive cardiac surgery (e.g., coronary artery bypass grafting or mitral valve
replacement), laparoscopic surgery (e.g., hysterectomy, prostactomy and gall bladder
surgery), natural orifice transluminal surgery (NOTES), single incision laparoscopic surgery
(SILS), pulmonary/bronchoscopic surgery and minimally invasive diagnostic interventions
(e.g., arthroscopy).

Robot unit 10 includes a robot 11, an endoscope 12 rigidly attached to robot 11
and a video capture device 13 attached to endoscope 12.

Robot 11 is broadly defined herein as any robotic device structurally configured with
motorized control of one or more joints for maneuvering an end-effector as desired for the
particular robotic procedure. In practice, robot 11 has a minimum of two (2) degrees-of-

freedom to ensure all instruments are always visible in an endoscopic field, robot 11 has a
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minimum of three (3) degrees-of-freedom for zooming the visible instruments in and out of
the endoscopic field, and robot has a minimum of four (4) degrees-of-freedom for a rotation
of the visible instruments within the endoscopic field.

Endoscope 12 is broadly defined herein as any device structurally configured with
ability to image from inside a body. Examples of endoscope 12 for purposes of the present
invention include, but are not limited to, any type of scope, flexible or rigid (e.g., endoscope,
arthroscope, bronchoscope, choledochoscope, colonoscope, cystoscope, duodenoscope,
gastroscope, hysteroscope, laparoscope, laryngoscope, neuroscope, otoscope, push
enteroscope, rhinolaryngoscope, sigmoidoscope, sinuscope, thorascope, etc.) and any device
similar to a scope that is equipped with an image system (e.g., a nested cannula with imaging).
The imaging is local, and surface images may be obtained optically with fiber optics, lenses,
and miniaturized (e.g. CCD based) imaging systems.

In practice, endoscope 12 is mounted to the end-effector of robot 11. A pose of the
end-effector of robot 11 is a location and an orientation of the end-effector within a
coordinate system of an actuator of robot. With endoscope 12 mounted to the end-effector of
robot 11, any given pose of a field-of-view (“FOV”’) of endoscope 12 within an anatomical
region corresponds to a distinct pose of the end-effector of robot 11 within the robotic
coordinate system. Consequently, each distinct individual endoscopic image of the
anatomical region generated by endoscope 12 may be linked to a corresponding pose of
endoscope 12 within the robotic coordinate system.

Video capture device 13 is broadly defined herein as any device structurally
configured with a capability to convert an endoscopic video signal from endoscope 12 into a
computer readable temporal sequence of endoscopic image frames (“EIF”) 14. In practice,
video capture device 13 may employ a frame grabber of any type for capturing individual
digital still frames from the endoscopic video signal.

Still referring to FIG. 1, control unit 20 includes a robot controller 21 and an
endoscopic image controller 25.

Robot controller 21 is broadly defined herein as any controller structurally configured
to provide one or more robot actuator commands (“RAC”) 29 to robot 11 as known in the art
for controlling a pose of the end-effector of robot 11 as desired for the endoscopic procedure.
More particularly, robot controller 21 employs an operator command module (“OCM”) 22
for converting operator pose commands (“OPC”) 25 from an operator of control unit 20 into
robot actuator commands 29 as known in the art, and further employs an image command

module (“ICM”) 23 for converting endoscope pose commands (“EPC”) 28 from endoscopic



10

15

20

25

30

WO 2015/121765 PCT/IB2015/050665

image controller 25 into robot actuator commands 29 as will be further explained in
connection with description of FIGS. 3-7.

For example, operator pose command(s) 27 may indicate an endoscopic path leading
to a desired 3D pose of the FOV of endoscope 12 within the anatomical region whereby robot
controller 21 converts operator pose command(s) 27 into robot actuator commands 29
including an actuation current for each motor of robot 11 as needed to move (i.e. translate
and/or rotate) endoscope 12 to the desired 3D pose of the FOV of endoscope 12 within the
anatomical region. By further example, endoscope pose command(s) 28 may indicate an
instrument visibility control upon the FOV of endoscope 12 reaching the desired 3D pose
whereby robot controller 21 converts endoscope pose command(s) 28 into robot actuator
commands 29 including an actuation current for each motor of robot 11 as needed to move
(i.e. translate, and/or rotate) endoscope 12 to maintain instrument visibility in the FOV of
endoscope 12.

Endoscope controller 25 is broadly defined herein as any controller structurally
configured for controlling an endoscopic image display of endoscopic image frames 14 as
known in the art. For purposes of the present invention, the endoscopic image display is
broadly define to include an operator viewing of a display of endoscopic image frames 14 via
an eyepiece (not shown) of endoscope 12 and/or by a screen monitor (not shown) for
videoscope embodiments of endoscope 12.

To address the visibility control of instruments as previously described herein in
connection with FIG. 1, endoscope controller 25 employs a visibility control module (“VCM”)
26 structurally configured for generating endoscope pose command(s) 28 to maintain
visibility of instruments with a FOV of endoscope 12, calibrated or uncalibrated, in
accordance with a flowchart 40 of FIG. 3.

Referring to FIG. 3, a stage S42 of flowchart 40 encompasses visibility control
module 26 (FIG. 2) detecting and tracking instrument(s) within the FOV of endoscope 12
(FIG. 2) as known in the art, and a stage S44 of flowchart 40 encompasses module 23
computing endoscope motion parameters to maintain the visibility of the detected/tracked
instrument(s) within the FOV of endoscope 12 based on a selection of spatial point between
the instruments. For example, as shown in an endoscopic image 14a of FIG. 4, a spatial point
(e.g., midpoint) between distal tips 30a and 3 1a of respective instruments 30 and 31 is
selected whereby robot 11 (FIG. 2) is controlled to move endoscope 12 (FIG. 2) (e.g., lateral,
longitudinal and/or rotational) to thereby position the spatial point at a center 33 of

endoscopic image 14a. In practice, flowchart 40, may be performed automatically with every
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motion of the instruments, or may be invoked by an operator of control unit 20 via an input
device (e.g., a button on the instrument, a foot pedal, voice command, etc.).

In embodiments of stage S42, marked or unmarked instruments may be detected and
tracked as known in the art.

In pivot mode embodiments of stage S44, the zoom and rotational angle are assumed
to be appropriate whereby the robot 11 is controlled to laterally move endoscope 12 to
thereby align a spatial point between the instruments to the center of endoscopic image. For
example, as shown in FIG. 5A, an endoscopic view 14b shows a spatial midpoint 33 of distal
tips 30a and 31a being spaced from a center of endoscopic view 14b. Accordingly, robot 11
is controlled to pivot endoscope 12 as indicated by the arrows to thereby align spatial
midpoint 33 with center 33 of endoscopic view 14c.

In practice, if the control operator wishes to keep both instruments within the FOV of
endoscope 12 but considers an importance of one instrument higher than the other instrument,
then the spatial point upon which robot 11 keeps within the center of the endoscopic image
may be at any location on a virtual line between the two instruments. For example, spatial
point 33 of FIG.5 may be closer to distal tip 30a than distal tip 31a if the visibility of
instrument 30 is considered to be important or higher priority than the visibility of instrument
31.

In zoom mode embodiments of stage S44 (FIG. 2), the lateral positioning and
rotational angle are assumed to be appropriate whereby the robot 11 is controlled to
longitudinally move endoscope 12 to thereby maintain an alignment of a spatial point
between the instruments at the center of endoscopic image when the instruments are being
moved toward or away from each other. For example, FIG. 6A illustrates arrows for
zooming in instruments 30 and 31 by longitudinally moving endoscope 12 towards center 32
of endoscopic image 14d as instruments 30 and 31 are being moved toward each other, and
FIG. 6B illustrates arrows for zooming out instruments 30 and 31 by longitudinally moving
endoscope 12 away from center 32 of endoscopic image 14e as instruments 30 and 31 are
being moved away from each other.

Specifically, one zooming technique for endoscope 12 implements a ‘pinch-to-zoom’
gesture used to zoom in and out on touch-screen enabled personal devices. Specifically,
when this control mode is activated, a virtual line is drawn between the two instrument tips
30a and 31a as exemplary shown in FIG. 6. Moving the two instrument tips either towards
the center of the image by pinching opposing arrows toward each other as shown in FIG. 6A

or moving the two instrument tips away from the center of the image by pinching opposing
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arrows away from other as shown in FIG. 6B (thus varying the distance between the tips) is
used to control the motion of the endoscope along its principal axis. A decrease in the
distance between tips could cause a translation of the endoscope along the principal axis, thus
bringing the endoscope closer to the instruments, or vice versa.

More particularly, a tracking vector 50 of a tracked point of an instrument (e.g., a
distal tip of the instrument) is used to construct a robot vector 51 and transform it to end
effector pose 60 described as two angles (¢, 6) around an insertion point 61 for endoscope 62.
A motion of endoscope 62 along its principal axis (i.e. in and out from insertion point 61)
will also generate a tracking vector describing motion of the instrument tracked point in the
image as a result of motion of the endoscope 61. In a simplest case, if assuming an image
plane is perpendicular to endoscope axis, the instrument will be moving on the image along
rays radiating from the image center and tracking vector (vtrk) 50 will be along these rays.
Consequently, the known velocity optimization scheme may be used this motion with the
understanding that (1) a direction of the robot motion is always known and it is always out
(zoom-out) and a robot stop criterion is when the instrument moves across the limit of border
area (e.g., a border area 70 as shown in FIG. 8).

In rotational mode embodiments of stage S44 (FIG. 2), the lateral positioning and
zoom angle are assumed to be appropriate whereby the robot 11 is controlled to rotate
endoscope 12 along an alignment of a spatial point between the instruments to the center of
endoscopic image as instruments 30 and 31 are rotated relative to each other within the
anatomical region.

Referring back to FIG. 1, in practice, endoscope pose commands 28 may have the
same or analogous form as operator pose commands 27. Specifically, module 26 similar to
an input module of a joystick determines and communicates the appropriate
lateral/longitudinal movement and/or rotational degrees for endoscope 12 to module 24.
Alternatively, endoscope pose commands 28 may indicate a degree of misalignment and/or
rotational offset of instruments to the center of the endoscopic image and module 24 performs
any necessary calculations of the appropriate lateral/longitudinal movement and/or rotational
degrees for endoscope 12.

From the description of FIGS. 2-7 herein, those having ordinary skill in the art will
appreciate the numerous benefits of the present invention including, but not limited to,
guidance of a robotic endoscope whereby instrument(s) are always visible at the appropriate

rotational angle within a field of view of the robotic endoscope.
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While various embodiments of the present invention have been illustrated and
described, it will be understood by those skilled in the art that the embodiments of the present
invention as described herein are illustrative, and various changes and modifications may be
made and equivalents may be substituted for elements thereof without departing from the true
scope of the present invention. In addition, many modifications may be made to adapt the
teachings of the present invention without departing from its central scope. Therefore, itis
intended that the present invention not be limited to the particular embodiments disclosed as the
best mode contemplated for carrying out the present invention, but that the present invention

includes all embodiments falling within the scope of the appended claims.



10

15

20

25

30

WO 2015/121765 PCT/IB2015/050665

CLAIMS

1. A robot guiding system, comprising:
a robot unit (10) including
an endoscope (12) operable to generate an endoscopic image (14) of an
anatomical region, and
arobot (11) operably connected to the endoscope (12) to move the endoscope
(12) within the anatomical region responsive to robotic actuator commands; and
a control unit (20) including
an endoscopic image controller (22) operably connected to the endoscope (12)
to control a display of the endoscopic images (14) of the anatomical region,
wherein the endoscopic image controller (22) is operable to generate
endoscope pose commands to maintain a visibility of at least two interventional instruments
within the display of the endoscopic image (14) relative to a center of the endoscopic image
(14),
a robot controller (21) operably connected to the robot (11) and the endoscopic
image controller (22) to generate the robotic actuator commands responsive to the endoscope

pose commands.

2. The robot guiding system of claim 1, wherein the endoscopic image controller (22)
aligns a spatial point between the at least two interventional instruments to the center of the

endoscopic image (14).

3. The robot guiding system of claim 2, wherein the spatial point is along at least one

virtual line connecting the at least two interventional instruments.

4. The robot guiding system of claim 3, wherein the spatial point is along a midpoint of

the at least one virtual line.

5. The robot guiding system of claim 3, wherein the spatial point is offset from a

midpoint of the at least one virtual line.

6. The robot guiding system of claim 2, wherein the endoscopic image controller (22)

generates the endoscope pose commands to pivot the endoscope (12) as required to maintain
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an alignment of the spatial point between the at least two interventional instruments to the

center of the endoscopic image (14).

7. The robot guiding system of claim 2, wherein the endoscopic image controller (22)
generates the endoscope pose commands to longitudinally move the endoscope (12) as
required to maintain visibility of at least two interventional instruments within the display of
the endoscopic image (14) relative to a center of the endoscopic image (14) responsive to the
at least two interventional instruments being moved toward each other within the anatomical

region.

8. The robot guiding system of claim 2, wherein the endoscopic image controller (22)
generates the endoscope pose commands to longitudinally move the endoscope (12) as
required to maintain the visibility of at least two interventional instruments within the display
of the endoscopic image (14) relative to a center of the endoscopic image (14) responsive to
the at least two interventional instruments being moved away from other within the

anatomical region.

0. The robot guiding system of claim 2, wherein the endoscopic image controller (22)
generates the endoscope pose commands to rotate the endoscope (12) as required to maintain
the visibility of at least two interventional instruments within the display of the endoscopic
image (14) relative to a center of the endoscopic image (14) responsive to the at least two

interventional instruments being rotated relative to each other within the anatomical region.

10.  The robot guiding system of claim 1, wherein the endoscope (12) is uncalibrated.

11. A control unit (20) for a robot (11) connected to an endoscope (12) generating an
endoscopic image (14) of an anatomical region, the control unit (20) comprising:

an endoscopic image controller (22) operable to control a display of the endoscopic
images (14) of the anatomical region,

wherein the endoscopic image controller (22) is operable to generate endoscope pose
commands to maintain a visibility of at least two interventional instruments within the
display of the endoscopic image (14) relative to a center of the endoscopic image (14); and

a robot controller (21) operably connected to the endoscopic image controller

(22) to generate robotic actuator commands responsive to the endoscope pose commands.

10
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12. The control unit (20) of claim 11, wherein the endoscopic image controller (22) aligns
a spatial point between the at least two interventional instruments to the center of the

endoscopic image (14).

13.  The control unit (20) of claim 12, wherein the endoscopic image controller (22)
generates the endoscope pose commands to pivot the endoscope (12) as required to maintain
an alignment of the spatial point between the at least two interventional instruments to the

center of the endoscopic image (14).

14. The control unit (20) of claim 12,

wherein the endoscopic image controller (22) generates the endoscope pose
commands to longitudinally move the endoscope (12) as required to maintain visibility of at
least two interventional instruments within the display of the endoscopic image (14) relative
to a center of the endoscopic image (14) responsive to the at least two interventional
instruments being moved toward each other within the anatomical region; and

wherein the endoscopic image controller (22) generates the endoscope pose
commands to longitudinally move the endoscope (12) as required to maintain visibility of at
least two interventional instruments within the display of the endoscopic image (14) relative
to a center of the endoscopic image (14) responsive to the at least two interventional

instruments being moved away from each other within the anatomical region.

15.  The control unit (20) of claim 12, wherein the endoscopic image controller (22)
generates the endoscope pose commands to rotate the endoscope (12) as required to maintain
the visibility of at least two interventional instruments within the display of the endoscopic
image (14) relative to a center of the endoscopic image (14) responsive to the at least two

interventional instruments being rotated relative to each other within the anatomical region.

16. A robot guiding method, comprising:

operating an endoscope to generate and display an endoscopic image (14) of an
anatomical region; and

commanding a robot (11) to move the endoscope (12) within the anatomical region as

the endoscope (12) is generating the endoscopic image (14) of the anatomical region,

11
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wherein the commanding of the robot (11) maintains a visibility of at least two
interventional instruments within the display of the endoscopic image (14) relative to a center

of the endoscopic image (14).

17.  The robot guiding method of claim 16, wherein a spatial point between the at least

two interventional instruments is aligned to the center of the endoscopic image (14).

18. The robot guiding method of claim 17, wherein the robot (11) is commanded to pivot
the endoscope (12) as required to maintain an alignment of the spatial point between the at

least two interventional instruments to the center of the endoscopic image (14).

19.  The robot guiding method of claim 17,

wherein the robot (11) is commanded to longitudinally move the endoscope (12) as
required to maintain visibility of at least two interventional instruments within the display of
the endoscopic image (14) relative to a center of the endoscopic image (14) responsive to the
at least two interventional instruments being moved toward each other within the anatomical
region; and

wherein the robot (11) is commanded to longitudinally move the endoscope (12) as
required to maintain visibility of at least two interventional instruments within the display of
the endoscopic image (14) relative to a center of the endoscopic image (14) responsive to the
at least two interventional instruments being moved away from other within the anatomical

region.

20.  The robot guiding method of claim 17, wherein the robot (11) is commanded to rotate
the endoscope (12) as required to maintain the visibility of at least two interventional
instruments within the display of the endoscopic image (14) relative to a center of the
endoscopic image (14) responsive to the at least two interventional instruments being rotated

relative to each other within the anatomical region.

12
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