w0 20207117561 A2 |0 00000 Y000 O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 U0 OO0 OO 0 OO O A0

International Bureau

/ (10) International Publication Number
(43) International Publication Date ===~ WO 2020/117561 A2
11 June 2020 (11.06.2020) WIRPOIPCT
(51) International Patent Classification: (72) Inventors: DONHOWE, Caitlin; ¢/o Verily Life Sciences
A61B 34/30 (2016.01) A61B 34/37 (2016.01) LLC, 269 East Grand Ave., South San Francisco, Califor-

nia 94080 (US). BARRAL, Joélle; c/o Verily Life Sciences

(21) International Application Number: LLC, 269 East Grand Ave., South San Francisco, California

PCT/US2019/063300 94080 (US). JIN, Xing; c/o Verily Life Sciences LLC, 269

(22) International Filing Date: East Grand Ave., South San Francisco, California 94080

26 November 2019 (26.11.2019) (Us).
(25) Filing Language: English (74) Agent: HE, Shan et al.; Kilpatrick Townsend & Stockton
L. . LLP, Mailstop: IP Docketing - 22, 1100 Peachtree Street,

(26) Publication Language: English N.E., Suite 2800, Atlanta, Georgia 30309 (US).

(30) Priority Data: 81) Designated States (unless otherwise indicated, for ever
62/775,501 05 December 2018 (05.12.2018)  US v kindgofnalional protection available). AE, AG, {\L, Al\/fj
16/694,223 25 November 2019 (25.11.2019) US AO, AT. AU, AZ. BA, BB, BG, BH. BN, BR, BW, BY, BZ.

(71) Applicant: VERILY LIFE SCIENCES LLC [US/US]; CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
269 East Grand Ave., South San Francisco, California DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
94080 (US). HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

(54) Title: IMPROVING ROBOTIC SURGICAL SAFETY VIA VIDEO PROCESSING

100 ~
1 1f4\_, 122 ROBOTIC SURGICAL DEVICE

SAFETY MODULE 124

LOADED
104 132 TOOL INFO.
/ N
2 I SURGICAL
SURGEON CONSOLE SURGICAL IMAGES | — POSITION | 130 IMAGES

A 4

INSTRUC-

— ONS 136
,i VIDEO MONITOR |<- - PREDICTOR e I
A 71 132
108|  |MASTER CONTROLS|~ | 118 TOOL CONTROLLER [~1'®

B e
/ SIGNAL
106 X F -~
110

h 4 ¥ \ 4

SURGICAL | [SURGICAL | [SURGICAL| [ cAMERA
TOOL 126A] [TooL 1268| [ToOL 1260 128
102

FIGURE 1

(57) Abstract: One example method for improving robotic surgical safety via video processing includes identifying, during a robotic
surgical procedure, one or more surgical tools using one or more images of the surgical procedure captured by a camera, the robotic
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IMPROVING ROBOTIC SURGICAL SAFETY VIA VIDEO PROCESSING

FIELD

[0001] The present application generally relates to robotic surgery and
video processing, and more particularly relates to improving the safety of robotic

surgery using video processing.
BACKGROUND

[0002] Robotic surgeries are becoming increasingly popular nowadays
because of their advantages over the traditional human-operated open surgeries.
Surgical tools utilized in robotic surgeries have improved levels of dexterity over a
human surgeon. These tools can provide the surgeon maximum range of motion
and precision. In addition, high-definition cameras associated with the surgical
tools can provide a better view of the operating site to the surgeon than human
eyes can provide. Further, the small size of the robotic surgical tools allows the
surgeries to be done in a minimally invasive manner thereby causing less trauma
on the patient’s body.

[0003] To ensure safety during a surgery, it is important for a surgeon to
be able to visually monitor the surgical tools he is using. However, it is a non-
trivial task to calculate the positions of the surgical tools relative to the camera,
considering that the surgical tools and the camera are typically attached to the
distal ends of long, semi-rigid robot arms. Small deflections or errors in joint
measurements can become relatively large errors in predicted tool positions.
Additionally, even if the tools are within the camera view and visible to the
surgeon, because there is no haptic feedback from the surgical tools to the surgeon,
it is possible for the surgeon to inadvertently apply too much force to patient

anatomy without realizing it, causing unintentional injury to the patient.
SUMMARY

[0004] Various examples are described for improving robotic surgical safety
via video processing. One example method includes identifying, during a robotic
surgical procedure, one or more surgical tools using one or more images of the
surgical procedure captured by a camera, the robotic surgical procedure employing
a robotic surgical device controlling the one or more identified surgical tools;

predicting, for at least one of the one or more images, one or more loaded surgical
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tools that are controlled by the robotic surgical device and should be in a field of
view of the camera; comparing the one or more identified surgical tools with the
one or more loaded surgical tools; determining that at least one of the one or more
loaded surgical tools does not match any of the one or more identified surgical tools;
and causing the at least one loaded tool of the robotic surgical device to be disabled.
[0005] Another method includes identifying a surgical tool used by a robotic
surgical device in a surgical procedure using one or more images of the surgical
procedure; estimating a pose of the surgical tool based, at least in part, upon the
one or more images; determining a difference between the estimated pose of the
surgical tool and a predicted pose of the surgical tool predicted through a kinematic
chain model of the robotic surgical device; calculating a force exerted by the
surgical tool based, at least in part, upon the difference of the estimated pose and
predicted pose of the surgical tool; determining that the force is higher than a
threshold; and causing the force of the surgical tool to be reduced.

[0006] One example robotic surgical device includes a processor; a camera;
and a non-transitory computer-readable medium having processor-executable
instructions stored thereupon, which, when executed by the processor, cause the
processor to: identify, using one or more images of a surgical procedure captured
by the camera during a robotic surgical procedure, one or more surgical tools used
in the surgical procedure; predict, for at least one of the one or more images, one
or more loaded surgical tools that are loaded during the surgical procedure and
should be in a field of view of the camera; compare the one or more identified
surgical tools with the one or more loaded surgical tools; determine that at least
one of the one or more loaded surgical tools does not match any of the one or more
identified surgical tools; and cause the at least one loaded surgical tool of the
robotic surgical device to be disabled.

[0007] An example non-transitory computer-readable medium comprising
processor-executable instructions to cause a processor to identify, during a robotic
surgical procedure, one or more surgical tools using one or more images of the
surgical procedure captured by a camera, the robotic surgical procedure employing
a robotic surgical device controlling the one or more identified surgical tools;
predict, for at least one of the one or more images, one or more loaded surgical tools
that are controlled by the robotic surgical device and should be in a field of view of
the camera; compare the one or more identified surgical tools with the one or more

loaded surgical tools; determine that at least one of the one or more loaded surgical
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tools does not match any of the one or more identified surgical tools; and cause the
at least one loaded surgical tool of the robotic surgical device to be disabled.
[0008] Another example non-transitory computer-readable medium
comprising processor-executable instructions to cause a processor to identify a
surgical tool used by a robotic surgical device in a surgical procedure using one or
more images of the surgical procedure; estimate a pose of the surgical tool based,
at least in part, upon the one or more images; determine a difference between the
estimated pose of the surgical tool and a predicted pose of the surgical tool
predicted through a kinematic chain model of the robotic surgical device; calculate
a force exerted by the surgical tool based, at least in part, upon the difference of
the estimated pose and predicted pose of the surgical tool; determine that the force
is higher than a threshold; and cause the force of the surgical tool to be reduced.
[0009] These illustrative examples are mentioned not to limit or define the
scope of this disclosure, but rather to provide examples to aid understanding
thereof. Illustrative examples are discussed in the Detailed Description, which
provides further description. Advantages offered by various examples may be

further understood by examining this specification.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The accompanying drawings, which are incorporated into and
constitute a part of this specification, illustrate one or more certain examples and,
together with the description of the example, serve to explain the principles and
implementations of the certain examples.

[0011] Figure 1 shows an example of a robotic surgery system with
improved safety via video processing;

[0012] Figure 2 shows an example kinematic chain model of a robotic arm
holding a surgical tool that can be utilized to predict the position of the surgical
tool;

[0013] Figures 3A and 3B show example safety issues that can be addressed
by the robotic surgery system with improved safety via video processing;

[0014] Figure 4 shows a block diagram illustrating aspects of the safety
module of the robotic surgery system with improved safety via video processing;
[0015] Figures 5A-5D shows examples of simulated images for matching
identified surgical tools with loaded surgical tools to identify safety issues

associated with the robotic surgical device;
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[0016] Figure 6 shows an example method for improving robotic surgical
safety via video processing;

[0017] Figure 7 shows an example method for estimating tool force in a
robotic surgery system with improved safety via video processing; and

[0018] Figure 8 shows an example computing device suitable for

implementing aspects of the techniques and technologies presented herein.
DETAILED DESCRIPTION

[0019] Examples are described herein in the context of improving robotic
surgical safety via video processing. Those of ordinary skill in the art will realize
that the following description is illustrative only and is not intended to be in any
way limiting. Reference will now be made in detail to implementations of examples
as illustrated in the accompanying drawings. The same reference indicators will
be used throughout the drawings and the following description to refer to the same
or like items.

[0020] In the interest of clarity, not all of the routine features of the
examples described herein are shown and described. It will, of course, be
appreciated that in the development of any such actual implementation, numerous
implementation-specific decisions must be made in order to achieve the developer’s
specific goals, such as compliance with application- and business-related
constraints, and that these specific goals will vary from one implementation to
another and from one developer to another.

[0021] In an illustrative example of a robotic surgery system with improved
safety via video processing, one or more surgical tools are loaded by a robotic
surgical device using respective robotic arms. A surgeon can operate these surgical
tools through controls at a surgeon console. A camera is also loaded by the robotic
surgical device to capture images or videos of a surgical procedure performed using
the loaded surgical tools.

[0022] The position of a loaded surgical tool relative to the camera can be
predicted using a kinematic model of the robotic arm holding the surgical tool and
a kinematic model of the robotic arm holding the camera. This relative position
can be utilized to determine whether a certain loaded tool is in the field of view of
the camera. If so, it means that the surgeon can see the loaded tool in camera and

thus it should be enabled to allow the surgeon to use it. If the loaded surgical tool
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is predicted to be outside the camera view, it would be unsafe to allow the surgeon
to use it and thus it should be disabled.

[0023] The technology presented herein improves the safety of the robotic
surgery system by adding an additional mechanism for identifying the position of
the surgical tool and by estimating the force exerted by the surgical tool based on
the estimated tool position. Predicting the location of a surgical tool solely based
on a kinematic analysis may be insufficient or inaccurate in some cases because
various factors can cause a calculated surgical tool position to be incorrect, such as
compliance within one or more joints, sensor tolerances within the kinematic
chain, external forces applied at one or more locations along the kinematic chain
that deflect a member of the chain, etc. Thus, examples according to this disclosure
employ image analysis in addition to modelling a kinematic chain to determine
whether a loaded surgical tool is within a camera’s field of view. In particular,
apart from predicting the positions of loaded tools using the kinematic chain model
of the robotic surgical device, the positions of the loaded surgical tools can also be
estimated by using videos of the surgical procedure captured by the camera.
Images captured during a surgical procedure can be analyzed to identify surgical
tools that are in the field of view of the camera. The identification can include
detecting the positions, poses, and types of the surgical tools captured in the
surgical images. The information about the identified surgical tools can then be
compared with the information of the loaded surgical tool(s) predicted to be in the
camera’s field of view through the kinematic models at the time the surgical
images are captured to identify any discrepancies, any excessive forces applied by
the surgical tool(s), or other safety issues.

[0024] As used herein, surgical tools that are identified from the images are
referred to as “identified surgical tools” or “identified tools” and the positions of the
identified surgical tools estimated based on the images are referred to as
“identified positions.” Surgical tools that are determined to be in the camera’s field
of view based on the kinematic chain models are referred to herein as “loaded tools”
and the positions of the loaded tools predicted through the kinematic chain models
are referred to as “predicted positions.”

[0025] In one implementation, the positions of the identified surgical tools
are compared with the predicted positions of the loaded surgical tools to determine
a one-to-one correspondence between the identified surgical tools and the loaded

surgical tools. It can then be determined whether the number of identified surgical
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tools in the surgical images is the same as the number of the loaded surgical tools.
If they are different, then the loaded surgical tools that are predicted to be in the
camera view but are not detected in the surgical images should be disabled. On the
other hand, surgical tools that are predicted to be outside the camera view, but are
detected in the surgical images should be enabled.

[0026] For the surgical tools that have a one-to-one correspondence
between the loaded surgical tools and the identified surgical tools, the type of a
loaded surgical tool can be compared with the type of its corresponding identified
surgical tool. If the types of the two tools are different, then the surgical tool might
be loaded erroneously and should be disabled. If the types of the two tools are the
same, a difference between the positions and poses of the two tools in a three-
dimensional space can be calculated to estimate the force exerted by the surgical
tool. The estimated tool force can be compared with a force threshold to determine
if excessive force has been applied by the surgical tool. If so, a warning message
can be generated to notify the surgeon to reduce the tool force.

[0027] This illustrative example is given to introduce the reader to the
general subject matter discussed herein and the disclosure is not limited to this
example. The following sections describe various additional non-limiting and non-
exhaustive examples and examples of improving robotic surgical safety via video
processing.

[0028] Referring now to Figure 1, Figure 1 shows an example robotic
surgical system 100 with improved safety via video processing. The robotic
surgical system 100 can include a robotic surgical device 114 configured to operate
on a patient 130. The robotic surgical system 100 can also include a surgeon
console 104 connected to the robotic surgical device 114 and configured to be
operated by a surgeon 102 in order to control and monitor the surgeries performed
by the robotic surgical device 114. The robotic surgical system 100 might include
additional stations (not shown in Figure 1) that can be used by other personnel in
the operating room, for example, to view surgery information, video, etc., sent from
the robotic surgical device 114. The robotic surgical device 114, the surgeon
console 104 and other stations can be connected directly or through a network,
such as a local-area network (“lLAN”), a wide-area network (“WAN”), the Internet,
or any other networking topology known in the art that connects the robotic

surgical device 114, the surgeon console 104 and other stations.
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[0029] The robotic surgical device 114 can be any suitable robotic system
that can be used to perform surgical procedures on a patient. A robotic surgical
device 114 may have one or more robotic arms connected to a base. The robotic
arms may be manipulated by a tool controller 116, which may include one or more
user interface devices, such as joysticks, knobs, handles, or other rotatable or
translatable devices to effect movement of one or more of the robotic arms. The
robotic arms may be equipped with one or more surgical tools to perform aspects
of a surgical procedure. For example, the robotic arms may be equipped with
surgical tools 126A-126C, (which may be referred to herein individually as a
surgical tool 126 or collectively as the surgical tools 126). The surgical tools 126
can include, but are not limited to, tools for grasping for holding or retracting
objects, such as forceps, graspers and retractors, tools for suturing and cutting,
such as needle drivers, scalpels and scissors, and other tools that can be used
during a surgery. Each of the surgical tools 126 can be controlled by the surgeon
102 through the surgeon console 104 and the tool controller 116.

[0030] In addition, the robotic surgical device 114 may be equipped with
one or more cameras 128, such as an endoscope camera, configured to provide a
view of the operating site to guide the surgeon 102 during the surgery. In some
examples, the camera 128 can be attached to one of the robotic arms of the robotic
surgical device 114 controlled by the tool controller 116 as shown in Figure 1. In
other examples, the camera 128 can be attached to a mechanical structure of the
robotic surgical device 114 that is separately from the robotic arms.

[0031] Different robotic surgical devices 114 may be configured for
particular types of surgeries, such as cardiovascular surgeries, gastrointestinal
surgeries, gynecological surgeries, transplant surgeries, neurosurgeries,
musculoskeletal surgeries, etc., while some may have multiple different uses. As a
result, different types of surgical robots, including those without robotic arms, such
as for endoscopy procedures, may be employed according to different examples. It
should be understood that while only one robotic surgical device 114 is depicted,
any suitable number of robotic surgical devices may be employed within a robotic
surgical system 100.

[0032] In some examples, robotic surgical devices (or a respective
controller) may be configured to record data during a surgical procedure. For
example, images and videos of the surgical procedures performed by the robotic

surgical device 114 can also be recorded and stored for further use. For instance,
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a datastore 124 can be employed by the robotic surgical device 114 to store surgical
images 132 of surgical procedures captured by the camera 128. The surgical
images 132 can be stored as separate images or as one or more video files.

[0033] In the example shown in Figure 1, surgical images 132 of a robotic
surgical procedure captured by the camera 128 can also be transmitted to the
surgeon console 104 and be displayed on a video monitor 108 in real time so that
the surgeon 102 can view the procedure while the surgical tools 126 are being
operated on the patient 130. In this example, the surgeon 102 can use the surgeon
console 104 to control the surgical tools 126 and the camera 128. The surgeon 102
can use controls 106 on the surgeon console 104 to maneuver the surgical tools 126
and camera 128 by sending control signals 110 to the corresponding surgical tools
126 or camera 128.

[0034] For example, the surgeon 102 can move the camera 128 to various
positions of patient body to find the proper operating site. The surgeon 102 can
then move the camera 128 to a position where a surgical tool 126 to be used is
located to bring the surgical tool 126 inside the field of view of the camera 128.
The surgeon 102 may then move the surgical tool 126 along with the camera 128
to the operating site. For safety reasons, the robotic surgical system 100 will
prevent the surgeon 102 from moving a surgical tool 126 if the surgical tool 126 is
not in field of view of the camera 128. As a result, if a surgical tool 126 lies outside
the field of view of the camera 128, the robotic surgical system 100 can disable the
out-of-view surgical tool so that it cannot be moved or operated. Such a tool may
be re-enabled when it is back in the camera view. Here, a tool is considered to be
within the field of view of a camera if a substantial amount of the tool is within the
field of view of the camera. In other words, if only a small portion, such as the tip
of the tool, is within the camera view, it is still unsafe to allow the surgeon to
operate the tool and thus the tool is not considered to be within the camera view.
The amount of the tool that needs to be in the camera view in order to allow safe
operation might be different for different types of tools.

[0035] Whether a surgical tool 126 is in the field of view of the camera 128
can be determined by determining the position of the surgical tool 126 relative to
the camera 128. The robotic surgical device 114 can include a position predictor
118 to predict the position of the surgical tool 126. The prediction can be performed
through a kinematic chain model of the robotic arm of the robotic surgical device

114 holding the surgical tool 126. The kinematic chain model can predict the
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position of the surgical tool 126 based on the dimensions and connectivity of the
links and joints of the robotic arm. Information collected from various sensors
deployed in the robotic arm, such as the direction and degree of a rotation occurred
at a joint, can also be utilized to perform the prediction. In addition, computer
aided design (CAD) models of the surgical tool can also be utilized to predict the
position of the surgical tool.

[0036] Figure 2 illustrates an example kinematic chain model for an robotic
arm. In this example, the robotic arm includes three links, Link 1, Link 2 and
Link 3, having respective lengths .1, 1.2 and 1.3. The three links are connected via
two joints having respective angles 6, and 65. The base of the robotic arm and Link
1 form angle 6;. If the base of the robotic arm is used as the origin (0,0,0), the
coordinates (X,Y,Z) of the position of the tool tip in the three-dimensional space
can be determined based on the length of each of the three links, namely, L1, .2
and L3 and the values of angles 6, , 6, and 6;. Similarly, the position of the
camera 128 can be predicted by utilizing the kinematic chain model of the robotic
arm holding the camera 128.

[0037] Once the positions and poses of the surgical tools 126 and the
camera 128 are determined, the relative position of each surgical tool 126 with
regard to the camera 128 can also be determined. In addition, the field of view of
the camera 128 can be determined based on the parameters and settings of the
camera 128, such as the lens and zooming information. Based on these types of
information, it can be determined whether a surgical tool 126 is inside the field of
view of the camera 128 and thus determining whether the surgical tools 126 should
be disabled or not. The position predictor 118 can store the predicted position of
the surgical tools 126 as well as other information about the surgical tools loaded
by the tool controller 116, such as the type of each loaded tool, as the loaded tool
information 122.

[0038] However, wvarious errors, such as compliance errors and
measurement errors, can cause the prediction of the position or pose of the surgical
tools 126 and/or the camera 128 to be inaccurate. This problem is especially
prominent when the robotic surgical device 114 have long robotic arms. In those
cases, small deflections or errors in proximal joint measurements can become
relatively large errors in predicted position or pose for the surgical tool 126 or the
camera 128. As a result, a surgical tool 126 that is predicted to be inside the field

of view of the camera 128 might be actually outside the camera view. Allowing the
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surgeon 102 to move or operate such a tool can cause unintentional injury to the
patient 130. In addition, a surgical tool 126 that is predicted to be outside the field
of view of the camera 128 might actually be visible through the camera 128.
Disabling such an in-view surgical tool can cause frustration and confusion to the
surgeon 102 since he is able to see the tool but not control it.

[0039] Figure 3A illustrates one example of the problem caused by
inaccurate position prediction of the surgical tool 126. In Figure 3A, an out-of-view
surgical tool is erroneously predicted to be inside the camera view. The surgeon
102 is able to operate the out-of-view tool, but unable to see it in the surgical
images 132 displayed on the video monitor 108. As a result, the out-of-view
surgical tool might damage the tissue or organ that is also outside the field of view
of the camera 128 without the surgeon 102 realizing it.

[0040] Furthermore, even if a tool is in the field of view of the camera 128,
it is difficult for the surgeon 102 to know the amount of force applied by the surgical
tool 126 to the patient’s anatomy. Excessive amount of force applied on the
patent 130 can cause deflection on the surgical tool 126 thereby resulting in the
actual position of the surgical tool 126 to be different from the predicted position.
Figure 3B illustrates an example of this problem. In Figure 3B, an in-view surgical
tool is blocked by an out-of-view anatomy. The force applied by the surgical tool on
the out-of-view anatomy deflects the surgical tool causing its position deviating
from its predicted position. If the force deflecting the tool is large, it can cause
injury to the patient 130. For example, the applied force may injure the out-of-view
anatomy or it may cause significant deflection in the tool leading to undesired
movement of the tool within the patient 130.

[0041] To improve the safety of robotic surgeries and to address the above
problems, the robotic surgical device 114 can further include a safety module 120
according to the technologies disclosed herein. The safety module 120 can analyze
the surgical images 132 captured during the surgical procedure to identify the
position and pose of the surgical tools appeared in the surgical images 132. For
example, stereo images taken by surgical endoscopes, which are typically stereo
cameras, can be utilized to estimate depth information of the surgical tools more
accurately thereby facilitating the detection of the position and pose of the surgical
tool. Such information can be compared with the position information provided by

the position predictor 118 to identify safety issues in the surgical procedure and
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provide safety instructions 136 to the robotic surgical device 114 to address those
safety issues.

[0042] As used herein, the surgical images 132 can include one or more
videos of the surgical procedure captured by the camera 128 or any individual
images contained in such videos. The analysis can include identifying surgical
tools 126 used in the surgical procedure from the surgical images 132, for example,
through object recognition or other image/video processing techniques. The types
of the identified surgical tools 134 can also be determined. The position and type
information of the identified surgical tools 134 can then be compared with the
loaded tool information 122 obtained from the position predictor 118 that
corresponds to the analyzed surgical images 132 to determine if the identified
surgical tools match the loaded surgical tools.

[0043] A match can be determined if the number and the types of the
identified surgical tools are the same as the number and types of the loaded
surgical tools as specified in the loaded tool information 122. If the number of the
identified surgical tools is different from the number of the loaded surgical tools,
the safety module 120 can further identify the loaded surgical tools that are not in
the identified surgical tools. These tools represent the surgical tools that are
predicted to be in the field of view of the camera, but missing from the surgical
images 132. As discussed above, these out-of-view loaded surgical tools can cause
damages to the patient and thus should be disabled. The safety module 120 can
instruct the tool controller 116 to disable the out-of-view surgical tools. Disabling
a surgical tool 126 can include, but is not limited to, preventing the input of the
surgeon 102 from being sent to the surgical tool 126; deactivating energy applied
by the surgical tool 126, e.g., for cauterizing tissue, locking the drive motors or
joints to prevent movement of the surgical tool 126, and so on. Alternatively, or
additionally, the safety module 120 can slow down the out-of-view surgical tools to
reduce the risk of the injury caused by these tools.

[0044] Additionally, the safety module 120 can further determine surgical
tools that are in the identified surgical tools, but not in the loaded surgical tools.
These are the surgical tools that are predicted to be outside the field of view of the
camera, but are visible in the surgical images 132. The safety module 120 can
allow these surgical tools to be enabled, for example, by instructing the tool
controller 116 to remove any mechanisms implemented when disabling the

surgical tools so that they can be used by the surgeon 102 when needed. For
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example, enabling a surgical tool can include allowing the input of the surgeon 102
be sent to the surgical tool 126, activating energy applied by the surgical tool if
necessary, unlocking the drive motors or joints to allow movement of the surgical
tool and so on.

[0045] If the number of the tools in the loaded surgical tools and the
identified surgical tools are the same, but the types of the surgical tools are
different, it can be determined that a tool with a wrong type might have been
loaded and used in the surgical procedure. The safety module 120 can similarly
instruct the tool controller 116 to disable the unmatched surgical tools 126 to
prevent injury or avoid further damage.

[0046] Even if the number and the types of the loaded surgical tools match
those of the identified surgical tools, it is still possible that a surgical tool 126 is at
a position different from its predicted position. Such a positional difference can be
caused by the force exerted by the surgical tool 126 on patient issue deflecting the
surgical tool 126. In those scenarios, the force of a surgical tool 126 can be
estimated by the safety module 120 to determine whether the tool force is excessive
and unsafe to the patient 130.

[0047] The tool force can be estimated by evaluating the difference between
the positions and poses of the identified surgical tool and the corresponding loaded
surgical tool. The difference in tool pose along with information such as the shape
and materials of the tool and the robotic arm can be utilized to estimate the tool
force. The estimated tool force can then be compared with a threshold value to
determine if the force of the tool is excessive. If so, the safety module 120 can cause
a warning message to be generated and transmitted to the surgeon 102 so that the
surgeon 102 can take proper actions, such as moving the surgical tool to a different
location, changing the pose of the surgical tool, or even retracting the surgical tool.
Alternatively, or additionally, the safety module 120 can send a safety instruction
to the tool controller 116 to move the surgical tool in a non-intruding position
before disabling it. Additional details concerning the operations of the safety
module 120 are provided below with regard to Figures 4-7.

[0048] It should be understood that although Figure 1 illustrates the
various modules, such as the safety module 120, the position predictor 118, the tool
controller 116 and the datastore 124, are included in the robotic surgical device
114, one or more of these modules can be implemented in different ways within a

robotic surgical system. For example, the functionality described above need not
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be separated into discrete modules, or some or all of such functionality may be
located on a computing device separate from the robotic surgical device 114, such
as a central controlling device connected to the robotic surgical device 114 directly
or through a network and configured to control the operations of the robotic
surgical system 100.

[0049] In addition, upon detecting a safety issue, such as an out-of-view
surgical being predicted to be in view, or a tool with a wrong type is loaded, a
perceivable indication can be provided so that the personnel in the operating room,
including the surgeon 102, can be notified of the issue. For example, a vibration
can be generated, a special sound can be played, or an LED light on the robotic
surgical device 114 or other devices in the robotic surgical system 100 can be
turned on to indicate the safety issue. A warning message or a highlight can be
generated and presented on the video monitor 108 of the surgeon console 104 to
draw the attention of the surgeon 102.

[0050] Furthermore, mechanisms can be implemented to enable the
surgeon 102 or other authorized individuals to provide input to the safety check
performed by the safety module 120. For example, a user interface can be designed
and presented on the video monitor 108 along with the surgical images 132 to allow
the surgeon 102 to flag certain surgical tools that will not be used by the surgeon
102 so that they can be ignored by the safety module 120. Other mechanisms can
be implemented to receive inputs from the surgeon 102 or authorized individuals.
[0051] Referring now to Figure 4 where a block diagram illustrating
aspects of the safety module 120 of the robotic surgical system 100 is shown.
Figure 4 will be presented in conjunction with Figures 5A—5D where example
simulated images of loaded surgical tools and identified surgical tools are shown.
As illustrated in Figure 4, the safety module 120 can include a tool detection
module 402 configured to detect the surgical tools captured in the surgical images
132. The detection of the tools can be performed by using object recognition or
other image/video processing techniques.

[0052] For example, a trained machine-learning (‘ML) technique, such as
a convolutional neural network, can be trained and utilized to recognize surgical
tools from images or videos. Although convolutional neural networks are described
herein, any suitable ML technique may be trained to recognize different surgical
tools from images or videos, such as a long short-term memory (“LSTM”)

technique, a dynamic time warping (“DTW”) technique, a hidden Markov model
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(“HMM”), etc., or combinations of one or more of such techniques—e.g., CNN-
LSTM, CNN-HMM or MCNN (Multi-Scale Convolutional Neural Network).
[0053] The convolutional neural network can be trained, or fine-tuned if the
neural network is pre-trained, by using a set of training samples including surgical
procedure images and corresponding labeling indicating whether a surgical tool
exists in an image or not. After the training, the convolutional neural network can
estimate whether a given image or a set of images contain surgical tools or not and,
if so, where the surgical tools are positioned in the image.

[0054] The detected surgical tools can then be sent to a tool labeling
module 304, where the types of the identified surgical tools can be recognized based
on the surgical images 132 containing the detected surgical tools. The tool types
can include, but are not limited to, tools for grasping for holding or retracting
objects, such as forceps, graspers and retractors, tools for suturing and cutting,
such as needle drivers, scalpels and scissors, and other tools that can be used
during a surgery. Depending on the surgery being performed or to be performed,
sub-type of the surgical tools can also be identified. For example, the tool labeling
module 304 can identify a grasper tool as a fenestrated grasper for grasping
delicate tissue like peritoneum and bowel, or a traumatic grasper for securing
thicker tissue or organs.

[0055] Similar to the tool detection module 302, the tool labeling module
304 can employ machine learning or other object recognition techniques to
estimate the tool type of the identified surgical tools. For example, a convolutional
neural network can be used to recognize the tool type for each of the identified
surgical tools. The convolutional neural network can be trained using training
samples including images of surgical tools, computer-gensrated images based on
CAD files for the tools and their respective tool types. The training convolutional
network can be applied to the portion of the surgical images 132 that contain an
identified surgical tool to predict the tool type for the identified surgical tool.
[0056] Alternatively, or additionally, identifying the tool type can be
achieved through labeling the tool body. For example, a label or other visible
identifier carrying a serial number or anything representing the identity of a
surgical tool, such as a bar code or a quick response (“QR”) code, can be affixed to
the body of the surgical tool, such as the shaft of the surgical tool. The label can
be identified from the surgical images 132 and the serial number can be recognized

or interpreted from the identified label. The recognized serial number can then be
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utilized to, for example, query a database of surgical tools, to identify the
corresponding tool type. Other types of identifiers may be employed as well, such
as an RFID tag affixed to the surgical tool and positioned to be readable by the
robotic surgical system, e.g., by affixing the RFID tag at a location near the base
of the surgical tool.

[0057] It should be appreciated that the methods presented above for
detecting the surgical tools and identifying the tool type from the surgical images
132 are for illustration only and should not be construed as limiting. Other
methods can also be employed to facilitate the detection of the surgical too and the
tool type. For instance, information obtained through imaging mechanisms other
than the camera 128 can also be utilized to facilitate the identification of the
surgical tools. These imaging mechanisms can include, but are not limited to, the
ultrasound imaging, optical contrast imaging, fluorescent imaging and so on.
[0058] In one example, the camera 128 or the surgical tools 126 can be
equipped with an ultrasound probe for detecting objects such as lung tumor in
certain type of surgeries. The tool detection module 402 and/or the tool labeling
module 404 can access the ultrasound images taken by the ultrasound probe to
facilitate the detection of the surgical tool and the tool type. These additional
imaging mechanisms can be especially helpful when the surgical tools 126 are
hidden in the surgical images 132, for example, by anatomy tissue. The detected
tools can be utilized to visualize the hidden tools, such as by outlining the specific
tools in the surgical images 132, which can be beneficial for tasks such as find the
one-to-one correspondence between the loaded surgical tools and the identified
surgical tools as will be discussed below.

[0059] The position and type information of the identified surgical tools can
then be sent to a tool matching module 406 to determine whether the information
of the identified surgical tools match that of the loaded surgical tools determined
by the position predictor 118. To facilitate the matching, a simulated camera
image can be generated based on the positions of the identified surgical tools and
the loaded surgical tools, the camera field of view and distortions. KExample
simulated camera images are shown in Figures 5A—5D, where both the identified
surgical tools 504 estimated from the surgical images 132 and the loaded surgical
tools 502 predicted by the position predictor 118 are shown. In these figures, the
identified surgical tools 504 are illustrated in solid lines, and the loaded surgical

tools 502 are illustrated in dotted lines.
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[0060] In Figure 5A, there are two identified surgical tools: a grasper 504A
and a scalpel 504B, and two loaded surgical tools: a grasper 502A and a scalpel
502B. The tool matching module 406 can determine a one-to-one correspondence
between the two sets of surgical tools. In some implementations, the
correspondence can be determined by choosing tools with nearly matching
positions in the simulated images and matching tool types. For example, the tool
matching module 406 can determine that the position of the loaded surgical tool
502A is closer to the position of the identified surgical tool 504A than the identified
surgical tool 504B, and that the type of the loaded surgical tool 502A matches that
of the identified surgical tool 504A. The tool matching module 406 can thus
determine that the identified surgical tool 504A and the loaded surgical tool 502A
correspond to each other. Similarly, the tool matching module 406 can determine
that the identified surgical tool 504B and the loaded surgical tool 502B correspond
to each other because the position of the loaded surgical tool 502B is closer to the
position of the identified surgical tool 504B than the identified surgical tool 504A
and the type of the loaded surgical tool 502B matches that of the identified surgical
tool 504B.

[0061] The difference between the positions of two surgical tools can be
calculated, for example, as the Euclidean distance between center points of the two
surgical tools. The center point of a surgical tool’s end effector can be selected as
the center of gravity of the surgical tool or any other points that can be used to
represent a surgical tool consistently over the two sets of surgical tools. The
difference between the types of two surgical tools can be converted to a quantity
with a scale that is comparable to the distance between the positions of the two
surgical tools. As a result, the problem of finding the one-to-one correspondence
between the loaded surgical tools 502 and the identified surgical tools 504 can be
formulated as an optimization problem such as follows:

min 2 a,D(Py, P;) + a,D(T;, T)) 1)
@neq

where D(P;, P;) is the difference between the position P; of the identified surgical
tool i and the position P; of the loaded surgical tool j projected onto the imagining
plane of the camera 128; D(T;, T;) is the difference between the type T; of identified
surgical tool i and the type T; of loaded surgical tool j. a; and a, are two
parameters that can be utilized to adjust the relative importance between the

positional difference and the tool type difference in the minimization problem. Q
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is a set containing a possible correspondence between the identified surgical
tools 504 and the loaded surgical tools 502.

[0062] In the example shown in Figure 5A, Q can be {(grasper 504A,
grasper 502A), (scalpel 504B, scalpel 502B)}. That is, the identified grasper 504A
corresponds to the loaded grasper 502A and the identified scalpel 504B
corresponds to the loaded scalpel 502B. In this example, (i,j) in Equation (1) can
take the value of (grasper 504A, grasper 502A) and (scalpel 504B, scalpel 502B)
when calculating the difference D(Pi, P]-) and D(T;, T;). An alternative value for Q
in the example shown in Figure 5A can be {(scalpel 504B, grasper 502A), (grasper
504A, scalpel 502B)}, i.e. the identified scalpel 504B corresponds to the loaded
grasper 502A and the identified grasper 504A corresponds to the loaded scalpel
502B. The optimization problem shown in Equation (1) can find the proper Q
value, i.e. the proper correspondence between the identified surgical tools 504 and
the loaded surgical tools 502, by minimizing the difference between the two sets of
surgical tools.

[0063] Additional requirements can be added to help identify the
correspondence between the loaded surgical tools 502 and the identified surgical
tools 504. For example, relative position information, such as the grasper 504A (or
502A) should be on the left side of the scalpel 504B (or 502B), can be used to limit
the possible correspondences between the two sets of surgical tools. These
additional information can reduce the search space of Q and can be formulated as
one or more constraints of the optimization problem in Equation (1). It should be
understood that the optimization problem described above is merely for
illustration purposes, and should not be construed as limiting. Various methods
of finding the correspondence between the loaded surgical tools and the identified
surgical tools can be utilized.

[0064] Alternatively, or additionally, a label or other visible identifier, such
as a bar code or a QR code, representing an identification of a surgical tool can be
affixed on the tool body. The identification of the surgical tools can be read on the
identified surgical tools 504 from the surgical images 132 and interpreted to find
the corresponding loaded surgical tool 502. If visible identifiers are available on
tool body, the optimization process described above can be utilized to verify the
correspondence determined through the identifier or be used when the tool

identifier cannot be read reliably from the surgical images 132.
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[0065] The example shown in Figure 5A has the same number of identified
surgical tools 504 and loaded surgical tools 502. It is, however, possible that the
number of identified surgical tools 504 using the surgical images 132 is different
from the number of loaded surgical tools 502 determined by the position predictor
118. In the example shown in Figure 5B, there are two loaded surgical tools: a
grasper 502C and a scissor 502D, but only one identified surgical tool: a grasper
504C. This can occur when the position predictor 118 mistakenly determine that
the scissor tool 502D is in the field of view of the camera 128 when it is not. In this
case, the tool matching module 406 can determine that the number of loaded
surgical tools 502 and the identified surgical tools 504 do not match, and can
perform further analysis to determine the unmatched surgical tool.

[0066] For example, the tool matching module 406 can first find out which
of the loaded surgical tools 502C and 502D corresponds to the identified surgical
tool 504C, for example, by formulating and solving the optimization problem of
Equation (1) as discussed above. After identifying that the loaded surgical tool
502C corresponds to the identified surgical tool 504C, the tool matching module
406 can further retrieve information about the loaded surgical tool 502D that is
missing from the surgical images 132. For instance, the tool matching module 406
can determine that the loaded surgical tool 502D is a scissor tool and is loaded on
the second robotic arm of the robotic surgical device 114. Based on this
information, the tool matching module 406 can demand that the surgical tool
carried on the second robotic arm to be disabled, for example, by generating and
sending safety instructions 136 to the tool controller 116. The tool controller 116
can disable the loaded surgical tool 502D by, for example, preventing user input
from being sent to the surgical tool 502D; deactivating energy applied by the
surgical tool 502D, or locking the drive motors or joints of the surgical tool 502D.
In this way, the out-of-view scissor tool 502D cannot be moved and operated by the
surgeon 102 until it is brought in the field of view of the camera 128, thereby
preventing accidental injury to patient 130 by the scissor tool 502D. To move a
tool, such as the out-of-view scissor tool 502D, into the field of view of the camera,
the surgeon 102 can move the camera to the location of the tool and then move the
tool along with the camera back to the operating site.

[0067] Figure 5C also shows an example where the number of the loaded
surgical tools 502 does not match the number of identified surgical tools 504. In

this example, there are two identified surgical tools: a grasper 504K and a scissor
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504F, and one loaded surgical tool: a grasper 502KE. This can occur when the
position predictor 118 mistakenly determined that the scissor tool is outside the
field of view of the camera 128 and thereby disabled it preventing the surgeon from
using it. Similar to the example shown in Figure 5B, the tool matching module
406 can determine that the number of tools in the two sets of surgical tools does
not match and further determine that the identified surgical tool 504E corresponds
to the loaded surgical tool 502E. Regarding the identified surgical tool 504F, the
tool matching module 406 can determine that the scissor tool corresponding to the
identified surgical tool 504F is in the field of view of the camera 128 and is safe to
use even though the position predictor 118 determines otherwise. As a result, the
tool matching module 406 can instruct, via safety instruction 136, the tool
controller 116 to enable the scissor tool. This can help to avoid the frustration and
confusion of the surgeon 102 caused by the prediction error of the position
predictor 118.

[0068] Sometimes, even if the number of loaded surgical tools 502 matches
the number of the identified surgical tools 504, there can still be problems with the
surgical tools loaded by the robotic surgical device 114. Figure 5D illustrates such
an example. In Figure 5D, both the loaded surgical tools 502 and the identified
surgical tools 504 have two tools. However, the two tools that are close in position
have different tool types, i.e. the loaded surgical tool 502G is a grasper tool and the
identified surgical tool 504G is a scissor tool. One possible reason for this is that
the tool controller 116 has loaded a wrong tool on the robotic arm. This can cause
a serious problem in the surgery procedure, especially when the shapes of the
wrong tool and the correct tool are similar and the surgeon cannot immediately
recognize the difference in the surgical images 132 shown on the video monitor
108. Once the tool type mismatch is detected, the tool matching module 406 can
generate a safety instruction 136 to disable the wrongly loaded surgical tool and
provide a warning to the surgeon 102.

[0069] As shown in Figure 5A, even if the number of tools and the tool types
between the loaded surgical tools and the identified surgical tools match, there can
be discrepancy between the pose of an identified surgical tool 504A and the pose of
the corresponding loaded surgical tool 502A. As discussed above with respect to
Figure 3B, such a discrepancy can be the result of deflection on the surgical tool
caused by forces unknown to the position predictor 118. Ifthe discrepancy is large,

it can mean that an excessive force has been applied by the surgical tool on the
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patient body without the surgeon realizing it. To address this problem, the safety
module 120 can include a tool pose estimation module 408 to estimate the tool pose
of the identified surgical tools 504 relative to the camera 128. Such estimated tool
pose of a surgical tool can be compared with a predicted tool pose of the surgical
tool. The difference between the estimated and predicted tool pose can be utilized
to determine the amount of forces applied by the surgical tool causing the
deflection of the tool.

[0070] The tool pose estimation can be performed based on the surgical
images 132. For example, object recognition techniques can be utilized to identify
the pose of a surgical tool in the image, including the position of the surgical tool
and the orientation of the surgical tool relative to the camera in a three-
dimensional space. For example, a neural network trained to recognize the
surgical tool and the pose of the surgical tool can be utilized to identify the tool
pose. Alternatively, or additionally, the tool pose estimation module 408 can
determine the pose of an identified surgical tool 504 by comparing the identified
surgical tool 504 to a datastore 410 containing images of surgical tools in various
poses. The tool pose can be determined if there is a match between the image of
the identified surgical tool 504 and an image in the datastore 410.

[0071] In addition to estimate the tool pose using the two-dimensional
images, the knowledge of the tool type and the tool geometry, such as the shaft
width or head length, can be utilized to estimate the depth of the surgical tool
relative to the camera 128 so that the tool pose in the three-dimensional space can
be determined. Furthermore, in scenarios where the camera 128 is a stereoscopic
camera or the robotic surgical device 114 is equipped with a stereoscopic camera,
the depth information of the surgical tool can be estimated via triangulation of
corresponding pixels on the stereo images. Additional fiducials could also be added
to the tool shaft to give visual reference points for measurement. For example, a
mark or other type of labels, can be added on the tool shaft for every centimeter to
provide a visual reference points for the estimation of the tool pose. Various other
methods can be utilized to estimate the pose of the identified surgical tools 134 in
the surgical images 132.

[0072] The estimated pose 414 of the identified surgical tools 504 can then
to be sent to the tool matching module 406 to estimate the force exerted by the
surgical tool. The tool matching module 406 can compare the estimated pose 414

of a identified surgical tool 504 with a predicted pose of a corresponding loaded
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surgical tool 502. As discussed above, a kinematic chain model of the robotic arm
holding the loaded surgical tool 502 and a kinematic chain model of the robotic
arm holding the camera 128 can be utilized to predicted the pose of the loaded
surgical tool 502. Through the comparison, the tool matching module 406 can
calculate the difference between the estimated tool pose 414 and the predicted tool
pose.

[0073] The tool matching module 406 can then estimate the force of the
surgical tool based on the difference between the estimated and actual tool poses
as well as other information, such as the stiffness of the surgical tool and the
associated robotic arm, the location of the applied force along the kinematic chain.
The stiffness of the surgical tool and the robotic arm can be determined by the
geometry and materials of the surgical tool and the robotic arm holding the
surgical tool. The analysis can be performed for each of the identified surgical
tools in the field of view of the camera that have a corresponding loaded surgical
tool 502. It should be noted that this estimation is based on an assumption that
the difference in the tool poses of an identified surgical tool 504 and its
corresponding loaded surgical tool 502 is the result of tool forces deflecting the
surgical tool. If the deflection, thus the tool pose difference, is observed for all the
surgical tools under analysis, it is likely that the camera 128 has been deflected
causing the global effect of common deflection on all surgical tools. In that case,
the effect of the camera deflection can be subtracted from the tool pose estimation
of the identified surgical tool 504 when estimating the tool force.

[0074] The estimated force of the surgical tool can then be compared with
a force threshold. If the estimated force is larger than a threshold, the tool
matching module 406 can generate a warning message to notify the surgeon 102
about the excessive tool force. For example, the surgical tool that is exerting
excessive force can be flagged or highlighted in the surgical images 132 shown on
the video monitor 108. If the estimated force is too excessive, such as higher than
an even higher force threshold, the tool matching module 406 can cause the robotic
surgical device 114 to be paused, for example, by sending the safety instructions
136 to the tool controller 116 to request pausing the robotic surgical device 114 to
temporarily preventing the surgical procedure to continue. The robotic surgical
device 114 can resume its normal operations after the surgical tool exerting highly
excessive force is withdrawn, moved to another position, or changed in other ways

to reduce its force, such as via a reduction in proximal motor torques.
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[0075] It should be understood that while the above process describes
simulated camera images, such as those shown in Figures 5A-5D, generating these
simulated camera images are optional and the technology described herein does
not require those simulated images.

[0076] Referring now to Figure 6, where an example method 600 improving
robotic surgical safety via video processing is presented. The example method 600
will be discussed with respect to the example system 100 shown in Figure 1, but
may be employed according to any suitable system according to this disclosure.
[0077] At block 602, the safety module 120 obtains or accesses surgical
images 132 of an ongoing surgical procedure from, for example, from a real-time
video feed from an endoscopic camera 128.

[0078] At block 604, the safety module 120 identifies surgical tools used in
the surgical procedure using the surgical images 132. As discussed above, the
identification can be performed using trained ML techniques or other object
recognition or image/video processing techniques. In one example, the
identification of the surgical tool can be performed by applying a convolutional
neural network trained for recognizing surgical tools from images or videos onto
the surgical images 132. The output of the neural network can indicate whether a
surgical image 132 or a group of surgical images 132 contain surgical tools and if
s0, the positions of the surgical tools in the two-dimension surgical images 132.
[0079] In addition to the surgical images 132, other imaging mechanisms
can be utilized to facilitate the identification of surgical tools in the surgical images
132, such as ultrasound imaging, optical contrast imaging, fluorescent imaging
and so on. These additional imaging mechanism can be useful to identify surgical
tools when they are not easily recognized from the 132, such as being blurred or be
hidden by the patient tissue.

[0080] The identified surgical tools can then be analyzed to identify the
types of the respective identified surgical tools at block 606. The tool type can be
determined by employing a neural network training to recognize various types of
surgical tools. Images or image patches containing surgical tools can be feed into
the neural network and the output of the neural network can indicate the type of
the surgical tool contained in the input image. For example, the neural network
can be trained and utilized to determine the tool types including, but not limited
to, tools for grasping for holding or retracting objects, such as forceps, graspers and

retractors, tools for suturing and cutting, such as needle drivers, scalpels and
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scissors, and other tools that can be used during a surgery. Depending on how the
neural network is trained, it can also be utilized to identify sub-types of the
surgical tools. For example, the neural network can be utilized to identify a
grasper tool as a fenestrated grasper for grasping delicate tissue like peritoneum
and bowel, or a traumatic grasper for securing thicker tissue or organs.

[0081] In some scenarios, some of the surgical tools can have alabel or other
visible identifier affixed to the tool body, such as the shaft of the surgical tool. If
the label can be recognized from the surgical images 132, then the surgical tools
and their respective tool types can be identified by interpreting the label and
referencing to a surgical tool database.

[0082] At block 608, the position predictor 118 can generate the loaded tool
information 122 including the types, positions/poses and other information of the
loaded surgical tools 502 at the time when the surgical images 132 are captured.
The position predictor 118 can obtain data about the loaded surgical tools 502,
such as the tool types and the robotic arms for the respective loaded surgical tool
502, from the tool controller 116. Such information may be provided when each of
the surgical tools is loaded in the robotic surgical system 100, or may be obtained
based on one or more identifiers provided on the surgical tool(s). Based on the
information, the position predictor 118 can predict the position and pose of each
loaded surgical tool 502 with respect to the camera 128 based on a kinematic chain
model of the robotic arm holding the corresponding surgical tool and a kinematic
chain model of the robotic arm holding the camera 128. The predicted three-
dimension pose information of a loaded surgical tool 502 can be transformed into
a two-dimensional position information of the loaded surgical tool 502 by projecting
the position and pose information onto the imaging plane of the camera 128 so that
the position of the loaded surgical tool 502 can be compared with the position of
the identified surgical tool 504 in the surgical images 132. The predicted pose
and/or position of the loaded surgical tools 502 can be included in the loaded tool
information 122 along with the tool types and be sent to the safety module 120 for
comparison.

[0083] At block 610, the safety module 120 tries to determine a one-to-one
correspondence between the loaded surgical tools 502 and the identified surgical
tools 504. As discussed above in detail, the correspondence can be determined by
solving an optimization problem, such as that formulated in Equation (1), through

iterative operations to find a set of correspondence between the two sets of surgical
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tools that minimize the overall distance between the loaded surgical tools 502 and
the identified surgical tools 504. Various other methods for find the correspondence
can also be utilized.

[0084] After finding the correspondence, the safety module 120 can
determine, at block 612, whether the number of loaded surgical tools 502 matches
the number of the identified surgical tool 504. If the two numbers do not match,
the safety module 120 can identify those loaded surgical tools 502 that are not in
the identified surgical tools 504. These tools can potentially cause injuries to
patient because they can be operated by the surgeon 102 but are not in the field of
view of the camera 128. The safety module 120 can thus instruct the tool controller
116 to disable these tools.

[0085] At block 616, the safety module 120 also identifies those tools that
are in identified surgical tool 504 but are not in the loaded surgical tool 502. These
tools can cause confusion and frustration of the surgeon 102 because they are in
the field of view of the camera 128 but are disabled because they are predicted to
be outside the camera view by the position predictor 118. The safety module 120
can instruct the tool controller 116 to enable these tools so that surgeon 102 can
use them when needed.

[0086] For those loaded surgical tool 502 that have a corresponding
identified surgical tool 504, the safety module 120 further determines, at block
618, if the type of loaded surgical tool 502 matches the type of its corresponding
identified surgical tool 504. If the tool type does not match, the safety module 120
can instruct the tool controller 116 to disable the loaded surgical tool 502 because
it is likely that a wrong surgical tool has been loaded. For the rest of the loaded
surgical tools 502, i.e. loaded surgical tools 502 that have a corresponding
identified surgical tool 504 with a matching tool type, the safety module 120 can
perform a safety check on the tool force at block 622 to determine if any excessive
force has been applied by the loaded surgical tool 502. Details regarding the
operations at block 622 will be presented below with respect to Figure 7.

[0087] At block 624, the safety module 120 determines if it will continue to
monitor the safety of the robotic surgical device 114 . If so, the safety module 120
repeats the method as described above for a next period of time of the surgical
procedure. If not, the method ends at block 626.

[0088] It should be appreciated that the description of the method 600 of

Figure 6 is merely one example sequence, and that one or more blocks of the
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method 600 may be performed in different orders or may be omitted entirely. For
example, generating the loaded tool information 122 at block 608 can be performed
in parallel with the identification of the identified surgical tool 504 at blocks 602 —
606. In another example, the safety module 120 may omit the safety check on tool
force in block 622, for example, in order to speed up the process so that a real-time
safety feedback can be provided.

[0089] Referring now to Figure 7, where an example method 700 for
estimating the force exerted by a surgical tool is illustrated. The example method
700 will be discussed with respect to the example system 100 shown in Figure 1,
but may be employed according to any suitable system according to this disclosure.
At block 702, the safety module 120 estimates the pose of an identified surgical
tool 504 in the surgical images 132. As discussed above, a pose of a surgical tool
includes the position of the surgical tool and the orientation of the surgical tool
relative to the camera in a three-dimensional space. The estimation of the pose
can be performed by applying one or more trained ML techniques or other object
recognition techniques on the surgical images 132, such as by using a neural
network model trained to recognize surgical tool poses. Alternatively, or
additionally, the pose of an identified surgical tool 504 can be determined by
comparing the identified surgical tool 504 to a datastore 410 containing images of
surgical tools in various poses. Other methods and information can also be utilized
to determine the pose of the identified surgical tool 504 in the three dimensional
space, such as the tool type and the tool geometry, stereo images of the tool, and
SO On.

[0090] At block 704, the safety module 120 can access the pose of the loaded
surgical tool 502 that is predicted by the position predictor 118 as described in
block 608 of the method 600. Then at block 706, the safety module 120 calculates
the difference between the estimated pose of the identified surgical tool 504 and
the predicted pose of the loaded surgical tool 502. Such a difference is then utilized
to determine the tool force excreted by the loaded surgical tool 502 at block 708.
As discussed above, the difference in the tool poses of the loaded surgical tool 502
and identified surgical tool 504 can be the result of the force deflecting the loaded
surgical tool 502. As such, the difference in tool poses, along with other
information such as the stiffness of the tool, can be utilized to determine that force

that caused the tool deflection.
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[0091] At block 710, the estimated tool force is compared with a force
threshold. If the estimated tool force is higher than the force threshold, a warning
message can be generated and sent to the surgeon 102 at block 712 to notify him
to take proper actions to reduce the tool force. At block 714, the safety module 120
determines if there are more loaded surgical tools 502 for which the tool force is to
be estimated. If yes, the safety module 120 repeats the method 700 as described
above. If no more loaded surgical tools 502 to be analyzed, method 700 ends at
block 716.

[0092] It should be appreciated that while the blocks of the method 1500
are depicted and described in a particular order, no such ordering is required. For
example, blocks 702 and 704 may be performed in any order or substantially
simultaneously. In addition, the force estimation for different loaded surgical
tools 502 can be determined substantially simultaneously.

[0093] Referring now to Figure 8, Figure 8 shows an example computing
device 800 suitable for use in example systems or methods for improving robotic
surgical safety via video processing. The example computing device 800 includes
a processor 810 which is in communication with the memory 820 and other
components of the computing device 800 using one or more communications buses
802. The processor 810 is configured to execute processor-executable instructions
stored in the memory 820 to perform security check of the robotic surgical device
114 according to different examples, such as part or all of the example methods
600, 700 described above with respect to Figures 6 and 7. The computing device,
in this example, also includes one or more user input devices 870, such as a
keyboard, mouse, touchscreen, microphone, etc., to accept user input. The
computing device 800 also includes a 860 display to provide visual output to a user.
[0094] The computing device 800 can include or be connected to one or more
storage devices 830 that provides non-volatile storage for the computing device
800. The storage devices 830 can store system or application programs and data
utilized by the computing device 800, such as modules implementing the
functionalities provided by the safety module 120 and the position predictor 118.
The storage devices 730 might also store other programs and data not specifically
identified herein.

[0095] The computing device 800 also includes a communications interface
840. In some examples, the communications interface 840 may enable

communications using one or more networks, including a local area network
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(“LAN”); wide area network (“WAN”), such as the Internet; metropolitan area
network (“MAN”); point-to-point or peer-to-peer connection; etc. Communication
with other devices may be accomplished using any suitable networking protocol.
For example, one suitable networking protocol may include the Internet Protocol
(“IP”), Transmission Control Protocol (“I'CP”), User Datagram Protocol (“UDP”),
or combinations thereof, such as TCP/IP or UDP/IP.

[0096] While some examples of methods and systems herein are described
in terms of software executing on various machines, the methods and systems may
also be implemented as specifically configured hardware, such as field-
programmable gate array (FPGA) specifically to execute the various methods. For
example, examples can be implemented in digital electronic circuitry, or in
computer hardware, firmware, software, or in a combination thereof. In one
example, a device may include a processor or processors. The processor comprises
a computer-readable medium, such as a random access memory (RAM) coupled to
the processor. The processor executes computer-executable program instructions
stored in memory, such as executing one or more computer programs. Such
processors may comprise a microprocessor, a digital signal processor (DSP), an
application-specific integrated circuit (ASIC), field programmable gate arrays
(FPGAs), and state machines. Such processors may further comprise
programmable electronic devices such as PLCs, programmable interrupt
controllers (PICs), programmable logic devices (PL.Ds), programmable read-only
memories (PROMs), electronically programmable read-only memories (KPROMs
or EEPROMSs), or other similar devices.

[0097] Such processors may comprise, or may be in communication with,
media, for example computer-readable storage media, that may store instructions
that, when executed by the processor, can cause the processor to perform the steps
described herein as carried out, or assisted, by a processor. Examples of computer-
readable media may include, but are not limited to, an electronic, optical,
magnetic, or other storage device capable of providing a processor, such as the
processor in a web server, with computer-readable instructions. Other examples
of media comprise, but are not limited to, a floppy disk, CD-ROM, magnetic disk,
memory chip, ROM, RAM, ASIC, configured processor, all optical media, all
magnetic tape or other magnetic media, or any other medium from which a
computer processor can read. The processor, and the processing, described may be

in one or more structures, and may be dispersed through one or more structures.
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The processor may comprise code for carrying out one or more of the methods (or
parts of methods) described herein.

[0098] The foregoing description of some examples has been presented only
for the purpose of illustration and description and is not intended to be exhaustive
or to limit the disclosure to the precise forms disclosed. Numerous modifications
and adaptations thereof will be apparent to those skilled in the art without
departing from the spirit and scope of the disclosure.

[0099] Reference herein to an example or implementation means that a
particular feature, structure, operation, or other characteristic described in
connection with the example may be included in at least one implementation of the
disclosure. The disclosure is not restricted to the particular examples or
implementations described as such. The appearance of the phrases “in one
example,” “in an example,” “in one implementation,” or “in an implementation,” or
variations of the same in various places in the specification does not necessarily
refer to the same example or implementation. Any particular feature, structure,
operation, or other characteristic described in this specification in relation to one
example or implementation may be combined with other features, structures,
operations, or other characteristics described in respect of any other example or
implementation.

[00100] Use herein of the word “or” is intended to cover inclusive and
exclusive OR conditions. In other words, A or B or C includes any or all of the
following alternative combinations as appropriate for a particular usage: A alone;
B alone; C alone; A and B only; A and C only; B and C only; and A and B and C.
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CLAIMS

That which is claimed is:

1. A method comprising:

identifying, during a robotic surgical procedure, one or more surgical tools
using one or more images of the robotic surgical procedure captured by a camera,
the robotic surgical procedure employing a robotic surgical device controlling the
one or more identified surgical tools;

predicting, for at least one of the one or more images, one or more loaded
surgical tools that are controlled by the robotic surgical device and should be in a
field of view of the camera;

comparing the one or more identified surgical tools with the one or more
loaded surgical tools;

determining that at least one of the one or more loaded surgical tools does
not match any of the one or more identified surgical tools; and

causing the at least one loaded tool of the robotic surgical device to be

disabled.

2. The method of claim 1, wherein identifying the one or more surgical tools
using the one or more images comprises:
estimating a position of each of the one or more identified surgical tools;
and
recognizing a type of each of the one or more surgical tools using the one

Or more images.

3. The method of claim 2, wherein comparing the one or more identified
surgical tools with the one or more loaded surgical tools comprises determining a
correspondence between the identified surgical tools with the loaded surgical tools
based, at least in part, upon the estimated positions of the identified surgical tools

and predicted positions of the loaded surgical tools.
4. The method of claim 3, wherein the predicted positions of the loaded

surgical tools are obtained based, at least in part, upon a kinematic chain model

of the robotic surgical device.

29



WO 2020/117561 PCT/US2019/063300

5. The method of claim 3, wherein determining that at least one of the one or
more loaded surgical tools does not match any of the one or more identified surgical
tools comprises determining that the at least one loaded surgical tool has no

correspondence in the one or more identified surgical tools.

6. The method of claim 3, wherein determining that at least one of the loaded
surgical tools does not match any of the one or more identified surgical tools
comprises determining that a type of the at least one loaded surgical tool is
different from a type of a corresponding tool in the one or more identified surgical

tools.

7. The method of claim 1, wherein identifying the one or more surgical tools
from the one or more images comprises:

identifying one or more identifiers visible from the one or more images;
and

interpreting the one or more identifiers to identify the one or more

surgical tools.

8. The method of claim 1, further comprising;
determining that at least one of the identified surgical tools has no
correspondence in the one or more loaded surgical tools; and

causing the at least one identified surgical tool to be enabled.

9. A method comprising:

identifying a surgical tool used by a robotic surgical device in a surgical
procedure using one or more images of the surgical procedure;

estimating a pose of the surgical tool based, at least in part, upon the one
Or more images;

determining a difference between the estimated pose of the surgical tool
and a predicted pose of the surgical tool predicted through a kinematic chain
model of the robotic surgical device;

calculating a force exerted by the surgical tool based, at least in part, upon
the difference of the estimated pose and predicted pose of the surgical tool;

determining that the force is higher than a threshold; and

causing the force of the surgical tool to be reduced.
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10. The method of claim 9, wherein estimating the pose of the surgical tool
based on the one or more images comprises at least one of matching an image of
the surgical tool with a database of tool pose images, or predicting the pose of the
surgical tool by applying a neural network trained to identify tool poses on the

one or more images.

11. The method of claim 9, wherein estimating the pose of the surgical tool
comprises estimating a depth of the surgical tool relative to a camera capturing

the one or more images.

12. The method of claim 11, wherein the depth of the surgical tool is
estimated based on one or more of a geometry of the surgical tool, one or more

fiducials on the surgical tool, or one or more stereo images of the surgical tool.

13. The method of claim 9, wherein the force of the surgical tool is calculated
further based on one or more of a geometry of the surgical tool or a material of

the surgical tool.

14. A robotic surgical device comprising:
a Processor;
a camera; and
a non-transitory computer-readable medium having processor-executable
instructions stored thereupon, which, when executed by the processor, cause the
processor to:
identify, using one or more images of a surgical procedure captured
by the camera during a robotic surgical procedure, one or more surgical
tools used in the surgical procedure;
predict, for at least one of the one or more images, one or more
loaded surgical tools that are loaded during the surgical procedure and
should be in a field of view of the camera;
compare the one or more identified surgical tools with the one or
more loaded surgical tools;
determine that at least one of the one or more loaded surgical tools

does not match any of the one or more identified surgical tools; and
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cause the at least one loaded surgical tool of the robotic surgical

device to be disabled.

15. The robotic surgical device of claim 14, wherein identifying the one or more
surgical tools using the one or more images comprises estimating a position of each

of the one or more identified surgical tools.

16. The robotic surgical device of claim 14, wherein determining that at least
one of the one or more loaded surgical tools does not match any of the one or more
identified surgical tools comprises determining that the at least one loaded

surgical tool has no correspondence in the one or more identified surgical tools.

17. The robotic surgical device of claim 14, wherein identifying the one or more
surgical tools using the one or more images comprises recognizing a type of each

of the one or more surgical tools using the one or more images.

18. The robotic surgical device of claim 14, wherein determining that at least
one of the loaded surgical tools does not match any of the one or more identified
surgical tools comprises determining that a type of the at least one loaded surgical
tool is different from a type of a corresponding tool in the one or more identified

surgical tools.

19. A non-transitory computer-readable medium comprising processor-
executable instructions to cause a processor to:

identify, during a robotic surgical procedure, one or more surgical tools
using one or more images of the robotic surgical procedure captured by a camera,
the robotic surgical procedure employing a robotic surgical device controlling the
one or more identified surgical tools;

predict, for at least one of the one or more images, one or more loaded
surgical tools that are controlled by the robotic surgical device and should be in a
field of view of the camera;

compare the one or more identified surgical tools with the one or more
loaded surgical tools;

determine that at least one of the one or more loaded surgical tools does

not match any of the one or more identified surgical tools; and
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cause the at least one loaded surgical tool of the robotic surgical device to

be disabled.

20. The non-transitory computer-readable medium of claim 19, wherein
identifying the one or more surgical tools using the one or more images comprises

estimating a position of each of the one or more identified surgical tools.

21. The non-transitory computer-readable medium of claim 19, wherein
determining that at least one of the one or more loaded surgical tools does not
match any of the one or more identified surgical tools comprises determining that
the at least one loaded surgical tool has no correspondence in the one or more

identified surgical tools.

22, The non-transitory computer-readable medium of claim 19, wherein
determining that at least one of the loaded surgical tools does not match any of the
one or more identified surgical tools comprises determining that a type of the at
least one loaded surgical tool is different from a type of a corresponding tool in the

one or more identified surgical tools.

23. A non-transitory computer-readable medium comprising processor-
executable instructions to cause a processor to:

identify a surgical tool used by a robotic surgical device in a surgical
procedure using one or more images of the surgical procedure;

estimate a pose of the surgical tool based, at least in part, upon the one or
more images;

determine a difference between the estimated pose of the surgical tool and
a predicted pose of the surgical tool predicted through a kinematic chain model of
the robotic surgical device;

calculate a force exerted by the surgical tool based, at least in part, upon
the difference of the estimated pose and predicted pose of the surgical tool;

determine that the force is higher than a threshold; and

cause the force of the surgical tool to be reduced.
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