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obotic-assisted surgery is now well established in

clinical practice and has become the gold-standard

clinical treatment option for several clinical

indications. The field of robotic-assisted surgery is

expected to grow substantially in the next decade,
with a range of new robotic devices emerging to address
unmet clinical needs across different specialties. A vibrant
surgical robotics research community is pivotal for
conceptualizing such new systems as well as for developing
and training the engineers and scientists to translate them
into practice. The da Vinci Research Kit (dVRK), an
academic and industry collaborative effort to repurpose
decommissioned da Vinci surgical systems [Intuitive Surgical
Inc. (ISI), California, USA] as a research platform for surgical
robotics research, has been a key initiative for addressing a
barrier to entry for new research groups in surgical robotics.
In this article, we present an extensive review of the

Digital Object Identifier 10.1109/MRA.2021.3101646
Date of current version: 27 August 2021

2 * |EEE ROBOTICS & AUTOMATION MACAZINE * MONTH 2021

© PHOTOCREDIT

publications that have been facilitated by the dVRK over the
past decade. We classify research efforts into different
categories and outline some of the major challenges and
needs for the robotics community to maintain and build
upon this initiative.

Introduction

Robotics is at the heart of modern health-care engineering.
Robotic-assisted surgery, in particular, has been one of the
most significant technological additions to surgical capabilities
over the past two decades [1]. With the introduction of laparo-
scopic or minimally invasive surgery (MIS) as an alternative to
traditional open surgery, the decoupling of the surgeon’s direct
access to the internal anatomy generates the need to improve
ergonomics and creates a favorable arrangement for robotic
telemanipulator support. In MIS, the visceral anatomy is
accessed through small, trocar-made ports using specialized
elongated instruments and a camera (i.e., laparoscope) to
observe the surgical site. Robotic-assisted MIS (RMIS) uses
the same principle, but the tools and the scope are actuated by
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motors and control systems, providing enhanced instrument
dexterity and precision as well as immersive visualization at
the surgical console. The most successful and widely used
RMIS platform, the da Vinci surgical system, is shown in Fig-
ure 1(a). To date, more than 5,000 da Vinci surgical systems
have been deployed worldwide, performing more than 7 mil-
lion surgical procedures across different anatomical regions
[2]. Urology, gynecology, and general surgery represent the
main application areas where the da Vinci surgical system has
been used, although many other specializations have also
developed robotic approaches, for example, in thoracic and
transoral surgery [3] [Figure 1(b)].

The impact on both clinical science and engineering
research of the da Vinci surgical system has also been signifi-
cant, with more than 25,000 peer-reviewed articles reported,
as illustrated in Figure 1(b). Many clinical studies and case
reports belong to this body of literature and focus on investi-
gating the efficacy of RMIS or its development for new
approaches or specialties. In addition to clinical research, the
da Vinci surgical system has also facilitated many engineering
publications and stimulated innovation in surgical robotics
technology. In the early years since the clinical introduction of
the robot, such engineering research was predominantly
focused on the development of algorithms that utilized data
from the system, either video or kinematic information, or
external sensors adjunct to the main robotic platform. How-
ever, relatively few institutions had da Vinci surgical systems
available for research use, the majority of platforms were dedi-
cated to clinical utilization, and kinematic information was
accessible through an application programming interface,
which required a research collaboration agreement with ISL
This inevitably restricted the number of academic or industry
researchers able to contribute to the advancement of the field.

To address the challenges in booting surgical robotics
research, the dVRK research platform was developed through
a collaboration between academic institutions, Johns Hopkins
University and Worcester Polytechnic Institute, and ISI in
2012 [4]. Seminal papers [5], [6] where the platform was pre-
sented for the first time, outline the dVRK and its mission.
The idea behind the dVRK initiative is to provide the core
hardware, i.e., a first-generation da Vinci surgical system, to a
network of researchers worldwide by repurposing retired
clinical systems. This hardware is provided in combination
with dedicated electronics to create a system that offers
researchers access to any level of the control system of the
robot as well as the data streams within it. The dVRK compo-
nents are the master console (the interface at the surgeon
side), the robotic arms used to handle the tools and the scope
at the patient side, and the controller boxes containing the
electronics (Figure 2). To date, the dVRK, together with the
purely research-focused RAVEN robot [7], are the only exam-
ples of open research platforms in surgical robotics that have
been used across multiple research groups. The introduction
of the dVRK allowed research centers to share a common
hardware platform without restricted access to the underlying
back- and forward control system. This has led to a significant

boost to the development of research in surgical robotics dur-
ing the last decade and generated new opportunities for col-
laboration and to connect a surgical robot to other
technologies. Figure 1(d) shows the increasing number of
publications citing and using the dVRK.

With this article, we aim to provide a comprehensive over-
view of the research carried out to date using the dVRK. We
hope to help readers quickly understand the current activities
of the community and the possibilities enabled by the open
access architecture. It is our view that the impact of the system
should be a precedent for similar initiatives between indus-
try—academic consortia.

Search Protocol

The dVRK community is currently composed of 40 research
centers from more than 10 different countries. The initiative,
which began in 2012, is led by the United States. Subsequent
research sites have been added in Europe and Asia, and the
full timeline and list of research centers can be found at [4]
and [8]. Today, the dVRK consortium includes mostly univer-
sities and academic centers within hospitals, and some com-
panies (i.e., Surgnova [9], and of course, ISI, which supports
and underpins the entire initiative with its technology [8]).

Our review focuses on only scientific publications rather
than the research that resulted in patents. To identify and cat-
alog all the available publications involving the dVRK, we fol-
lowed a protocol querying three main databases: the dVRK
Wiki page [4], Google Scholar [10], and https:/www.dimen
sions.ai/ [11]. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) flow diagram associ-
ated with our search and its detailed explanation can be found
in “Database Search and Filtering” Only those papers pub-
lished in international conferences or journals have been
selected, excluding all the publications related to workshops
or symposiums. Two-hundred and fifty-three publications
were obtained as the final number.

In Figure 3, the dVRK community members (for which at
least one publication was found) are presented. They are listed
on a timeline indicating the year they received the dVRK sys-
tem, following the same order of [4]. In the case of publica-
tions involving multiple centers, the publication was assigned
to the principal investigator’s affiliation. In the case of collabo-
rations among dVRK community members and institutes
external to the community, the publication was assigned to
the dVRK community member.

Paper Classification—Research Fields and

Data Types

For analyzing the body of publications, six research fields
were used for clustering: automation; training, skill assess-
ment, and gesture recognition; hardware implementation and
integration; system simulation and modeling; imaging and
vision; and reviews. These broadly categorize the published
work, although notably, it is impossible to have solid category
boundaries, and some papers may involve multiple fields or
be at the interface between fields. In the histogram shown in
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Figure 2. [(a) inset 1] The dVRK is available as the collection and integration of spare parts from the first-generation da Vinci surgical
system or as [(b) inset 2] the fully retired, first-generation da Vinci surgical system. (Sources: Johns Hopkins University and Worcester
Polytechnic Institute; used with permission.) All of the dVRK platforms feature the same main components: the patient side, i.e.,

the robotic arms for handling the surgical tools; the master console, i.e., the interface at the surgeon side; and the controller boxes,
containing the electronics that guarantee accessibility and control of the system. [(a) inset 1] The former version does not include the

endoscopic camera and its robotic manipulator at the patient side.

Figure 3, each colored box corresponds to a publication of the
related research field. A second clustering criterion used to
classify publications relies on five different data types, as dis-
played in Figure 4(b). The classes were defined based on the
data used and/or collected to underpin the papers. The five
different data types are: raw images (RI), i.e., the left and right
frames coming from the da Vinci stereo endoscope or any
other cameras; kinematic data (KD) and dynamic data (DD),
i.e., all the information associated with the kinematics and
dynamics of the console side of the dVRK—master tool
manipulators (MTMs) as well as the instrument side—
patient-side manipulators and endoscopic camera manipula-
tor; system data (SD), i.e., the data associated with the robot’s
teleoperation states, as signals coming from foot pedals, the
head sensor for operator presence detection, and so on; and
external data (ED), a category that groups all the data associ-
ated with the additional sensors that were connected and inte-
grated with the dVRK platform in experimental test rigs, such
as eye trackers, different imaging devices, and sensors.
Because of the importance of data and their utilization, espe-
cially with artificial intelligence (AI), this second categoriza-
tion adds an important perspective to the work underpinned
through the dVRK.

Table 1 reports the proposed classification highlighting
both clustering categorizations. Each of the fields is orga-
nized into three sections: an initial overview of the related
research field and a brief explanation about how current
research might impact future clinical practice; then, the
clustering of the publications according to their applica-
tions; and finally, a summary of promising advances in the
specific area and the research outcomes related to each
field. A summary of this section is schematically illustrated
in Figure 5.

Automation

There is a spectrum of opportunity for automating aspects
of RMIS [263]: some of them may be already-existing fea-
tures, such as tremor reduction; others are more forward
looking, such as the automation of an entire surgical task,
where a clinician must rely on the robot for the execution of
the action itself. Automation in surgical robotics does not
exist in clinical practice today but if realized could lead to
systems that could help improve surgical workflow or opti-
mize the performance of certain tasks. It also represents an
opportunity to develop more advanced safety standardiza-
tion or quality and best-practice control for specific proce-
dures or parts of procedures. Automation in RMIS
inherently requires a combination of multiple areas of
robotics research: robot design and control, and the imag-
ing/sensing and real-time signal processing currently linked
to AI and machine learning. This research field includes 68
publications, representing one of the most popular research
areas for dVRK efforts.

There are different approaches that can be used to auto-
mate surgical tasks; for example, involving a human in a pre-
planning stage, utilizing control theory to follow a human
during the operation, and using unsupervised reinforcement
learning or supervised machine learning to learn behaviors or
motions from human-provided examples and later executing
them autonomously. We decided to group efforts in RMIS
automation based on the application of the proposed control
strategy into the following control categories: general, instru-
ment, and camera.

General Control

Several efforts have focused on developing new, high-level
control architectures for automation in RMIS without
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Database Search and Filtering

First, we manually visited the research centers’ websites, as
listed on the dVRK Wiki [4] (see Figure S1). Whenever the
link was active, papers were collected from the laboratory’s
website; if inactive, the name of the principal investigator
was used to locate the laboratory’s website and the relative,
available list of publications. This first refined research
generated a cluster of 101 publications.

We then extended this collection using the results from
Google Scholar [10] with the query “da Vinci Research Kit"
The research time interval was set between 2012 (the origin
of the dVRK community [4]) and 2021, producing 523 results.
The results were further processed and refined by removing
outliers where the dVRK was not actually mentioned in the
“Methods"” section of the work (that means it was just cited

dVRK Wiki Page
1) Website Links
) Pl Profile Web Page

c
<]
S
©
o
2
=
c
)
S

Google Scholar:
“da Vinci Research Kit”

but not used in the experimental work) as well as filtering out
master theses, duplicates, and the works where the full text
of the paper in English was not available online. This research
finally generated 247 papers.

The last paper-harvesting search was performed on https://
www.dimensions.ai/ [11], looking for the same “da Vinci
Research Kit” string, and generating 394 results. The same
paperfiltering process, as carried out for the results from Google
Scholar, was performed, resulting in 234 publications. By this
stage, these three screened data sets of papers (i.e., from the
dVRK Wiki, Google Scholar, and https://www.dimensions.ai/)
have been cross checked to ensure no duplications in the final
collection of dVRK-related papers. Two-hundred and fifty-three
publications were obtained as the final number.
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Figure S1. The PRISMA flow diagram associated with the paper search and selection of this systematic review.
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Figure 3. This histogram shows the publications associated with dVRK community members. All of the research centers are listed in
temporal order based on their year of joining. They feature the name, acronym, and country. The left side of the graph represents the
number of publications for each research center. Each square represents a single publication. The color code is used to classify the
topic of the paper corresponding to each square according to its research field whose legend is reported at the bottom.

Patient Side Master Console Controller Boxes

Additional
Sensing Technologies

()
I Processed Images and Data 1

. . —
External Processing Unit N
Frame Grabber 7

Raw Images Kinematics Data Dynamics Data System State External Data
Stereo Images (Left Data Associated With Data Associated With Data Associated Data Associated With
and Right) From the the Kinematics of the the Dynamics of the  With the Robot the Additional Sensors

Endoscopic Camera of MTMs, PSMs, and MTMs, PSMs, and  Teleoperation Included in the
the da Vinci Robot ECM ECM (e.g., Footpedals, Experimental Setup
(b) Head Sensor)

Figure 4. (a) A sketch of the dVRK components: the patient side, with the three patient-side manipulators (PSMs) and endoscopic
camera manipulator (ECM); the master console, including the foot pedal tray, two master tool manipulators (MTMs), and two high-
resolution stereo viewers; controller boxes; and vision elements (camera control units and a light source). (b) A description of the
data types. These types of data can be read (the arrows entering the “External Process Unit”) and written (the arrows exiting the
“External Process Unit") using the dVRK.

specializing on task-oriented applications [133], [150], [247].  to general motion compensation for working in regions
Various applications have been explored, from focusing their ~ undergoing physiological motion [68] or control considering
attention on human-robot interaction approaches [60], [149], uncertainties [204].
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Table 1. A classification of dVRK publications. On the horizontal axis, the five research macro areas are listed. Each area is
to publications reviewing dVRK-related technologies.
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then subdivided into five subgroups according to the type of the data used in the publication. The sixth column is dedicated

System Simulation and Modeling Imaging and Vision Reviews
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Automation Training, Skill Hardware System Simulation Imaging and Vision
Assessment, and Implementation and Modeling
Gesture Recognition and Integration
68 Publications 33 Publications 99 Publications Seven Publications 32 Publications

Research Field Overview

Implementation of Study Gestures, Modifications to the Integration of the dVRK  Process Images From
Algorithms and Control ~ Assess Technical Skills, dVRK Hardware Into Simulation the dVRK Camera to
Strategies Toward the and Augment Leaning to Improve Environments Extract Information and
Automation of Surgical to Improve Surgical Performances  (Without any Specific Improve the Surgeon’s
Subtasks to Decrease Surgical Training Intraoperatively Application Performance

the Surgeon’s in the Publication ltself) Intraoperatively
Workload

Applications

General Control Training Platforms Realistic Clinieife il
e Robot—Object Hand-Eye Calibration
Instrument Control Interactions

Instrument and
Tissue Detection
and Segmentation

Camera Control Training Augmentation

Parameterization
Skill Assessment

Spatial Mapping and
Understanding

Workflow Analysis

Novel Imaging
Capabilities

Automation is introduced  Big data and machine The implementation Simulation is key in Vision is currently the
into surgical practice learning are exploited benefits from an open moving toward primary sensorial
by using data-driven toward objective platform like the dVRK the new generation information during da

path planning, mentoring (i.e., technical to integrate novel or robotics platforms Vinci-like surgery.
modeling and algorithms  skill assessment, and technologies (that can without harming any Great effort is invested
learning from expert’s feedback) in furtherly reduce patient during testing. into processing and
demonstration. Shared  simulation-based training invasiveness) and Reaching a realistic augmenting images by
control between human (involving both virtual improve hardware to  interaction between soft ~ deep learning methods
and robot as well as simulators and high- meet usability needs objects and the robot is to extract further
the standardization of fidelity physical (e.g., improved HRI) the challenge, but information and
safety measures can mannequins) to take and cover gaps in modeling and enhance the surgeon’s
be the first steps. the patient out of the the current surgical advancements in awareness and
learning process. robotics platforms computer graphics can performance.
(e.g., the lack of haptic boost the realism.
feedback).

Figure 5. (From top to bottom) Each research field addressed is broken down into a general-concept overview, subdivision of
approaches or methodologies, and key potential outcomes or trends. HRI: human-robot interaction.

Instrument Control to knot tying and needle insertion, we reported the following:
This category groups all of the contributions that have been  [16], [70], [85], [88], [89], [161], [178], [195]-[197], [203], [243],
made toward the automation of specific surgical subtasks. Six  and [246]. The pick, transfer, and place task was mainly charac-
common surgical tasks appear to be widely investigated for terized by experiments relying on pegs and rings from the fun-
automation. For the suturing task, including the works related ~ damentals of the laparoscopic surgery training paradigm [54],
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[69], [91], [96], [102], [151]-[153], [163], [264] or new surgical
tools [177]. A lot of the remaining works focused on tissue
interaction. This application category includes papers working
on cutting and debridement [61], [87], [90], [92], [95], [97] as
well as the retraction and dissection of tissues [101], [131],
[132], [155], [257], [265] or blood suction [226]. Also included
is tissue palpation for locating tumors or vessels and more gen-
eral tissue manipulation, as in [13]-[15], [17], [82], [83], [86],
[98], [99], [154], [164], [225], and [241], with experiments
sometimes using just common fabric as a phantom for tissue
[94], [100].

Camera Control

Additional literature included studies that investigated how to
control the endoscopic camera or assist the surgeon in control-
ling it. To minimize the time lost in repositioning the camera
and optimize the surgical workflow, a longstanding research
effort has focused on the autonomous navigation of the endo-
scope [18], [93], [127], [230], [242]. Despite regulatory approv-
al for autonomous robotic endoscope manipulation systems,
clinical adoption has not been widespread, which suggests that
further effort may be needed in the human-machine interfac-
es that can support the surgeon in using this technology.

Most of the algorithms belonging to this research field
tend to rely on data-driven path planning as well as control,
especially vision- and model-based approaches, and shared
control between humans and robots. More recently, the
papers tend to adopt learning-based approaches, often
depending on the use of demonstrations from experienced
surgeons [90]-[92], [96], [99], [161], [225].

Training, Skill Assessment, and Gesture Recognition
This research field encompasses all the publications that focus
on gesture learning and recognition, utilizing different data
sources to infer surgical processes, for a total of 33 publica-
tions. Surgical robots, like all traditional surgical instrumenta-
tion, require extensive, dedicated user training to obtain the
psychomotor skills to operate them precisely and safely.
Robotics, with its additional encoder information compared
to normal instrumentation (specifically in an open platform,
such as the dVRK), open attractive opportunities to study
motor learning: robotic manipulators provide easy access to
the data associated with the operator’s hand motions. This
information (mainly kinematics and dynamics) can be used
to study gestures, assess technical skill, and improve learning
by training augmentation. Depending on the way each publi-
cation aimed to optimize surgical training, they were further
clustered in the following groups.

Training Platforms and Protocols

Several studies proposed the development of training plat-
forms in either a dry lab setting [20] or in simulation [21].
The research also focused on the development of training
protocols, where the data from expert surgeons were used for
mentoring [71], [119], [146] or the training curriculum was
automatically adapted to the trainee [233], [235], [237], [261].

Training Augmentation

Haptic guidance and virtual fixtures (i.e., the application of
forces to the trainee’s manipulators to guide and teach the
correct movement) have been of particular interest for
augmenting the available information during training and
in turn support more effective learning [221], [222], [234].
A recent systematic comparison of training augmentation
in multiple sensorial domains was carried out using the
dVRK [236].

Skill Assessment

As a fundamental component of training, skill assessment has
received attention, especially in automation through data
analysis. Some studies focused on proficiency analysis [19],
[147], [156], [223], [231], [259], [260] as well as addressed the
mental and physical workload of the user [135], [262] or the
influence of training on haptic perception [62].

Workflow Analysis

Surgical gesture analysis [63], [145], [220] and fine gesture
segmentation [103], [104], [113], [145], [165], [179] have also
been widely investigated, with a particular interest in combin-
ing image/video analysis and kinematics.

As described in the “Automation” section, the majority of
efforts in optimizing surgical training focus on the use of
kinematics and video data to develop algorithms to automati-
cally assess or understand surgical skills and propose aug-
mentations to training protocols accordingly. The general
paradigm being investigated appears to center around per-
sonalizing training experiences to the trainee and tailoring
protocols and feedback. Further efforts are needed to fully
understand how such systems will impact current clinical
training for robotic surgery, especially with more advances in
Al and objective mentoring support systems [267].

Hardware Implementation and Integration
Hardware implementation and integration is quite a heteroge-
nous category. It includes the works that have contributed to
the development of the dVRK system and further modifica-
tions of the software and hardware as well as new instruments
that make the surgery more affordable and capable of inter-
face with other surgical equipment. Hence, the highest num-
ber of publications (99) belong to this group. We subdivide
the section according to which components were modified
and the goals of these modifications.

dVRK Platform Implementation and Integration

This category includes papers published during the develop-
ment of the dVRK. Both the hardware and software compo-
nents are described in [5], [6], [12], [22], [25], [33], [34], and
[37]-[40]. Recently, a few integrations were published in
[253], where a new control strategy for gravity compensation
of the MTMs was proposed to compensate for nonlinear dis-
turbance forces. This gravity compensation strategy was then
integrated into the software architecture of the dVRK and
publicly released.
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Haptics and Pseudohaptics

Several research groups investigated how to overcome the
lack of haptic feedback in the current da Vinci system.
Numerous hardware and software developments [65]-[67],
[79], [80], [106], [107], [114], [124], [193] worked on
implementing haptics or force-sensing integration with the
dVRK. The researchers also explored how such systems can
link to automation [118], [212], [213], [224], [228]. The use
of virtual fixtures, previously mentioned in the “Training,
Skill Assessment, and Gesture Recognition” section as an
intraoperative guidance tool, were investigated in [26]-
[28], [77], [84], [167], [168], [205], [208], and [209] by pro-
viding constraints on the instruments’ workspace. The use
of force information within augmented reality to provide
the surgeons with visual feedback about forces (the so-
called pseudohaptics) was also explored [29], [30], [32],
[105], [227], [254].

New Surgical Tools

In this category, publications include works focusing on the
design and integration of new tools compatible with the
dVRK: new surgical instruments [108]-[112], [115], [116],
[123], [129], [130], [160], [194], [206], [207], [214], [249],
[250], [252], and new sensing systems [73], [74], [180], [198],
[248]. New flexible endoscopes and vision devices have also
recently been proposed in [244] and [245].

New Control Interfaces

Some articles reported the development of novel control
interfaces of the endoscopic camera by using head-mounted
displays [127], [148] as well as integrating the console viewer
[126] or the manipulators [128] with additional sensing tech-
nologies to simultaneously control the surgical tools and the
camera. Additional studies tried to improve the ergonomics
and the portability of the master console [166], [169], [170].

Surgical Workflow Optimization

The final category of publications relates to technologies that
can enhance the surgeon’s awareness [31], [211] and percep-
tion from a visual point of view; for example, using eye-gaze
trackers [76], [78] to personalize a surgeon’s experience or
combining different imaging techniques, such as ultrasounds
[72], [181], to provide more intraoperative visual information
but also from tactile sensing [120]-[122], [160], [251]. A sig-
nificant research effort also targeted improving the teleopera-
tion capabilities of the dVRK, taking into account time delay
[23], possible master-slave misalignment [64], constrained
workspace [35], shared control [41], or incorporating virtual
environment guidance [55].

Other

Additional works investigated the use of the dVRK as a
means of exploring clinical indications beyond its current
intent or for nonsurgical applications. For example, retinal
surgery [24], heart surgery [75], and portable simulators [210]
were addressed. Several studies included using the master
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controllers to drive vehicles in simulations [136] or cutting
the satellite insulation [36].

In summary, this research field highlights how research
teams are taking advantage of an open platform like the
dVRK to easily integrate and test novel technologies. Modi-
fied end effectors, such as flexible instrumentation and devic-
es like new imaging probes or tools interacting with tissue
using ultrasound, can benefit from the dVRK by using it as a
platform that allows for rapid testing in user studies. The
main advantage of the dVRK controllers is the potential to
break the master-slave link and the capability to use and con-
trol each one of the components independently, thus enabling
experimentation with new applications.

System Simulation and Modeling

This smaller field of seven publications contains studies that
focused on the integration of the dVRK into surgical simula-
tion environments. We note however that the small size of
this grouping is partly due to our approach of dividing the
fields and that many papers using simulation have been classi-
fied in previous categories.

Realistic Interaction With Objects

A few works focused on the integration of the dVRK into
simulation environments to obtain realistic robot interactions
with rigid and soft objects [42], [58], [215]. This is due to the
fact that simulation is achieving an increasingly important
role for both surgeon education and for developing algo-
rithms that enable robots to autonomously execute tasks.

Parameterization

The identification of the kinematic and dynamic properties of
the robotic arms were addressed in [43] and [216] for external
forces estimation, in [57] to know the kinematics of each link
instead of the serial chain, and in [59], where an entire open
source package was released with the capability of modeling
all the tendon couplings, springs, and counterweights.

The use of simulation also identified in the previous sec-
tions highlights that simulation environments are likely to be
fundamental for the development of new robotic platforms,
both in terms of technical developments and in user studies
without complex laboratory needs. High-fidelity simulators
are also key to effective clinical training programs and the
development of robotic surgery skills. Despite the availability
of advanced simulation environments as commercial systems
used in clinical training, research simulation platforms are
currently not as well developed and do not feature advanced
realism of instrument tissue interaction. This would be a
prime area for further development to complement the dVRK
and enable additional research stimulus, which could link to
some of the exciting developments in unsupervised, self-
supervised, and reinforcement learning.

Imaging and Vision
This research field includes 32 publications related to the pro-
cessing of the images acquired by the dVRK endoscopic
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camera. Vision and image processing are essential building
blocks of computer-assisted interventions, and surgical robot-
ics that feature intelligent decision support or link to surgical
data science [268], [269]. This is a very active category of
research due to recent advances in Al and the utilization of
rich data sources like video, which forms the main signal
from the surgical site used for clinical decision making and
postoperatively contain a unique record of events during the
procedure.

Camera and Hand-Eye Calibration

This first category includes publications investigating
approaches registering the coordinate systems of the endo-
scope and the robotic surgical tools (i.e., hand-eye calibration)
[45], [159], [173], [174], [184], [185], [202], [255] as well as
possibly determining the camera-intrinsic parameters using
dVRK information about the instruments [44]. Calibration is
important for building systems that can combine information
from the robot kinematics and the surgical field of view.

Instrument and Tissue Detection and Segmentation

A wide range of papers have reported algorithms aimed at
detecting, segmenting, and tracking important elements in
the surgical scene, such as surgical instruments [172], [182],
[183], [186], [188], [189], [191], [192], [199], [219], [256],
tissues [258], suturing needles [201], and threads [200].
Detecting and tracking image structures or instruments is
important for various applications, for example, avoiding
instrument interaction with certain tissues or automating
surgical subtasks.

Spatial Mapping and Understanding

In [47], image segmentation was used to control a four-
degrees-of-freedom laparoscopic instrument. In [190], images
were used to learn how to estimate the depth of the work-
space. In [171], images were processed to automatically
remove smoke from the surgeon’s field of view.

Novel Imaging Capabilities

dVRK research has tried to keep up with advancements in
different imaging techniques, like ultrasound (miniaturized
probes) or photoacoustic imaging [46], [50]. Some of these
efforts were dedicated to implementing image guidance [49],
especially to enhance patient safety during operations [48],
[187], [238], [239].

New imaging modalities or systems used to interpret
imaging information during procedures are likely to be
important new additions to future robotic surgery systems.
The dVRK has provided a platform to develop and validate
such technologies through its stereo endoscope. With the rap-
idly evolving capabilities in supervised Al and deep learning
architectures, the dVRK has also become a platform capable
of generating data for AI model training and validation.
Building on this and generating open data sets that combine
image/video data synchronized with kinematics and other
sensor signals is likely to be important for the development of

cognitive robotic features or Al systems that can link to the
robotic hardware.

Reviews

Several major review publications cite the dVRK and study
the literature in RMIS-related topics. Comprehensive reviews
on the state of the art of RMIS and future research directions
were presented in [52], [53], [125], [138], [140], [141], and
[240]. Works like [137] and [139] reviewed the general
aspects of autonomy in robotic surgery, while [81] and [217]
focused on the human aspects in control and robotic interac-
tion. In [176], the legal implications of using Al for automa-
tion in surgical practice are discussed, while virtual and
augmented reality in robotic surgery are reviewed in [51]. A
recent review of gesture analysis in surgical robotics summa-
rized the state of the art in this field [266].

Discussion

This review article summarized the research facilitated
throughout the first decade of the dVRK by providing a com-
prehensive collection of the papers that have been published
thus far in a wide range of research topics. Overall, 253 papers
have been classified into five different categories based on
their application paradigms. In each category, the publication
was then grouped, based also on the type of data it relied on,
and Figure 6 depicts the percentage use of a given type of data
for each research field.

Starting from the automation research category, nearly all
of the papers we reviewed rely on the use of endoscopic imag-
es and/or KD from the encoders as the primary data sources.
A similar trend can be observed in the imaging and vision
classes, even if research items based on KD are slightly fewer.
For training and skill assessment and gesture recognition,
most of the papers rely on KD, using any other type of data in
fewer than 50% of the cases or exploiting external-sensor ED.
When it comes to hardware implementation and integration,
nearly all of the types of data cross the 50% threshold, pre-
serving a good balance, except for the KD. For system simula-
tion and integration, it is possible to notice how KD and DD
are used in the vast majority of publications, leaving the other
data types to fewer than 25%. In general, the correlation
between the type of data and each application area shows the
increasing importance of images in RMIS, because in nearly
all of the categories, raw image (RI) crosses 50%. The exten-
sive use of KD and DD also highlights the significance of hav-
ing a research platform, such as the dVRK, which facilitates
the ability to exploit the robot as a haptic interface and to
make use of the systems’ data-generation capabilities. Fur-
thermore, the open access design of the dVRK incentivizes
and enables researchers to integrate it with different types of
hardware and software, as demonstrated by the extensive
usage of external data in nearly all of the classes we covered.

These considerations on data usage and research fields in
the work facilitated by the dVRK can be an interesting stimu-
lus for reflecting on the optimization or acceleration of surgi-
cal robotic research. Despite the nonexhaustive nature of this
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Figure 6. A histogram of data usage (in percentage) for each category based on the publications listed in Table 1. The percentage
refers to the number of publications involving a certain data type out of the total number of publications in a certain research field.

review and analysis, we believe that the information collected
provides a useful basis of the research directions explored by
and enabled through the dVRK. It offers adopters of the
dVRK a comprehensive overview of the research outputs and
a synopsis of activity of the different consortium stakeholders
across the globe.

This article highlighted the importance of data accessibili-
ty. A future improvement for the dVRK platform would be
enabling researchers to collect and store data with minimum
effort so that it can be reused for different applications. For
example, all of the experiments carried out in papers around
the category of surgeon training and skill assessment could be
recorded in centralized data storage and used as a demonstra-
tion to train algorithms for task automation. This links to
areas of active development with research institutions under
research agreements with ISI where data can be recorded
from the clinical setting (using custom recording tools such as
the dVLogger by IS, as in [270]). Another interesting addi-
tion to the dVRK considering the recent developments in the
automation area, would be to integrate a fully enabled simula-
tion environment, giving researchers the possibility to test
algorithms that require a vast number of learning iterations or
to look at user studies with a large number of known scenes
or environment parameters.

In summary, the trend toward more effective data utiliza-
tion in surgical robotic research is related to the possibility of
making research platforms more compliant and open to the
integration of different systems to facilitate data collection,
storage, sharing, and use. The work facilitated by the dVRK
highlights this current area of development. However, the
dVRK also does much more, including examples of signifi-
cant effort and development facilitated by the platform in new
hardware, integration with imaging or other nonrobotic capa-
bilities, and human factors studies. It is the authors’ opinion
that the platform has been a huge catalyst for research acceler-
ation in RMIS and hopefully for the transition of research
efforts into clinically meaningful solutions.

14 = |EEE ROBOTICS & AUTOMATION MAGAZINE * MONTH 2021

Acknowledgments

The work was supported by the Wellcome/EPSRC Center for
Interventional and Surgical Sciences [203145Z/16/Z]; Engi-
neering and Physical Sciences Research Council [EP/
P027938/1, EP/R004080/1, EP/P012841/1]; and the Royal
Academy of Engineering Chair in Emerging Technologies
scheme. This research was funded, in whole or in part, by the
Wellcome Trust [203145Z/16/Z]. For the purpose of open
access, Claudia D’Ettorre has applied a Creative Commons
public copyright license to any author-accepted manuscript
version arising from this submission. Claudia D’Ettorre and
Andrea Mariani contributed equally to the work presented in
this article.

References

[1] G.-Z. Yang et al,,
considerations for increasing levels of autonomy,” Sci. Robot., vol. 2, no.
4, p. 8638,2017. doi: 10.1126/scirobotics.aam8638.

[2] “2020 intuitive investor presentation,” Intuitive, 2020. https://isrg.
intuitive.com/static-files/7b0470fb-cfd2-456a-b6eb-24af76d68f6d

[3] “da Vinci intuitive surgical - Procedures,” da Vinci Surgery, 2020.

“Medical robotics—Regulatory, ethical, and legal

https://www.davincisurgery.com/ (accessed Aug. 10, 2020).

[4] N. B. Coils, “da Vinci research kit research wiki page;” Intuitive, 2012.
https://research.intusurg.com/index.php/Main_Page (accessed May 28,
2020).

[5] Z. Chen, A. Deguet, R. Taylor, S. DiMaio, G. Fischer, and P. Kazan-
zides, “An open-source hardware and software platform for telesurgi-
cal robotics research,” in Proc. MICCAI Workshop on Systems
Architecture Comput. Assisted Interventions, Nagoya, Japan, 2013, pp.
1-11.

[6] P. Kazanzides, Z. Chen, A. Deguet, G. S. Fischer, R. H. Taylor, and S.
P. DiMaio, “An open-source research kit for the da Vinci® Surgical Sys-
tem,” in Proc. IEEE Int. Conf. Robot. Automat. (ICRA), 2014, pp. 6434-
6439. doi: 10.1109/ICRA.2014.6907809.

[7] H. Alemzadeh, J. Raman, N. Leveson, Z. Kalbarczyk, and R. K. Iyer,

“Adverse events in robotic surgery: A retrospective study of 14 years of

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

FDA data,” PLoS One, vol. 11, no. 4, p. e0151470, 2016. doi: 10.1371/jour-
nal.pone.0151470.

[8] A. Deguet, “da Vinci Research Kit Johns Hopkins University GitHub,”
GitHub, 2016. https://github.com/jhu-dvrk/sawIntuitiveResearchKit/wiki/
Timeline (accessed May 10, 2021).

[9] “Surgnova healthcare technology,” Surgnova, 2014. https://www
.surgnova.com/en/ (accessed Aug. 20, 2020).

[10] “Google Scholar.” Google. https://scholar.google.com/ (accessed May
10, 2021).

[11] “The next evolution in linked scholarly information,” Dimensions. https:/
www.dimensions.ai/ (accessed May 10, 2021).

[12] Z. Chen and P. Kazanzides, “Multi-kilohertz control of multiple
robots via IEEE-1394 (firewire),” in Proc. IEEE Conf. Technol. Pract.
Robot Appl. (TePRA), 2014, vol. 1394, pp. 1-6. doi: 10.1109/TePRA.2014.
6869144.

[13] E. Alambeigi, Z. Wang, R. Hegeman, Y.-H. Liu, and M. Armand,
“Autonomous data-driven manipulation of unknown anisotropic
deformable tissues using unmodelled continuum manipulators,” IEEE
Robot. Autom. Lett., vol. 4, no. 2, pp. 254-261, 2019. doi: 10.1109/
LRA.2018.2888896.

[14] F. Alambeigi, Z. Wang, Y. Liu, R. H. Taylor, and M. Armand,
“Toward semi-autonomous cryoablation of kidney tumors via model-
independent deformable tissue manipulation technique,” Ann.
Biomed. Eng., vol. 46, no. 10, pp. 1650-1662, 2018. doi: 10.1007/s10439-
018-2074-y.

[15] P. Chalasani, L. Wang, R. Yasin, N. Simaan, and R. H. Taylor,
“Preliminary evaluation of an online estimation method for organ
geometry and tissue stiffness,” IEEE Robot. Autom. Lett., vol. 3, no.
3, pp. 1816-1823,2018. doi: 10.1109/LRA.2018.2801481.

[16] V. M. Varier, D. K. Rajamani, N. Goldfarb, F. Tavakkolmoghaddam,
A. Munawar, and G. S. Fischer, “Collaborative suturing: A reinforce-
ment learning approach to automate hand-off task in suturing for sur-
gical robots,” in Proc. 2020 29th IEEE Int. Conf. Robot Human
Interactive Commun. (RO-MAN), pp. 1380-1386. doi: 10.1109/
RO-MAN47096.2020.9223543.

[17] E. Alambeigi, Z. Wang, R. Hegeman, Y.-H. Liu, and M. Armand, ‘A
robust data-driven approach for online learning and manipulation of
unmodeled 3-D heterogeneous compliant objects,” IEEE Robot. Autom.
Lett., vol. 3, no. 4, pp. 4140-4147, 2018. doi: 10.1109/LRA.2018.2863376.
(18] L. Qian, C. Song, Y. Jiang, Q. Luo, X. Ma, and P. W. Chiu, “FlexiVi-
sion: Teleporting the surgeon’s eyes via robotic flexible endoscope and
head-mounted display,” in Proc. IEEE Int. Conf. Intell. Robots Syst.
(IROS), 2020, pp. 3281-3287. doi: 10.1109/IROS45743.2020.9340716.

[19] J. Y. Wu, A. Tamhane, P. Kazanzides, and M. Unberath, “Cross-modal
self-supervised representation learning for gesture and skill recognition in
robotic surgery, Int. J. Comput. Assist. Radiol. Surg, vol. 16, no. 5, pp. 779-
787,2021. doi: 10.1007/s11548-021-02343-y.

[20] G. Caccianiga, A. Mariani, E. De Momi, G. Cantarero, and J. D.
Brown, “An evaluation of inanimate and virtual reality training for
psychomotor skill development in robot-assisted minimally invasive
surgery, IEEE Trans. Med. Robot. Bionics, vol. 2, no. 2, pp. 118-129,
2020. doi: 10.1109/TMRB.2020.2990692.

[21] A. Munawar, N. Srishankar, and G. S. Fischer, “An open-source
framework for rapid development of interactive soft-body simulations
for real-time training,” in Proc. 2020 IEEE Int. Conf. Robot. Automat.
(ICRA), pp. 6544-6550. doi: 10.1109/ICRA40945.2020.9197573.

[22] P. Kazanzides, A. Deguet, B. Vagvolgyi, Z. Chen, and R. H. Taylor,
“Modular interoperability in surgical robotics software,” Mech. Eng.,
vol. 137, no. 9, pp. S19-522, 2015. doi: 10.1115/1.2015-Sep-10.

[23] S. Vozar, Z. Chen, P. Kazanzides, and L. L. Whitcomb, “Preliminary
study of virtual nonholonomic constraints for time-delayed teleopera-
tion,” in Proc. 2015 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp.
4244-4250. doi: 10.1109/IR0OS.2015.7353978.

[24] Z. Li et al,, “Hybrid robot-assisted frameworks for endomicroscopy
scanning in retinal surgeries,” IEEE Trans. Med. Robot. Bionics, vol. 2,
no. 2, pp. 176-187,2020. doi: 10.1109/TMRB.2020.2988312.

[25] Z. Chen, A. Deguet, S. Vozar, A. Munawar, G. Fischer, and P. Kazan-
zides, “Interfacing the da Vinci Research Kit (dVRK) with the Robot
Operating System (ROS),” in Proc. 2015 IEEE Int. Conf. Robot.
Automat. (ICRA), pp. 1-4.

[26] Z. Chen et al,, “Virtual fixture assistance for needle passing and
knot tying,” in Proc. 2016 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS),
pp- 2343-2350. doi: 10.1109/TR0OS.2016.7759365.

[27] L. Wang et al., “Updating virtual fixtures from exploration data in
force-controlled model-based telemanipulation,” in Proc. ASME 2016
Int. Design Eng. Techn. Conf. Comput. Inform. Eng. Conf., pp. 1-10. doi:
10.1115/DETC2016-59305.

[28] S. Vozar, S. Léonard, P. Kazanzides, and L. L. Whitcomb, “Experi-
mental evaluation of force control for virtual-fixture-assisted teleoper-
ation for on-orbit manipulation of satellite thermal blanket
insulation,” in Proc. 2015 IEEE Int. Conf. Robot. Automat. (ICRA), pp.
4424-4431. doi: 10.1109/ICRA.2015.7139811.

[29] L. Qian, A. Deguet, Z. Wang, Y.-H. Liu, and P. Kazanzides, “Aug-
mented reality assisted instrument insertion and tool manipulation
for the first assistant in robotic surgery,” in Proc. 2019 Int. Conf.
Robot. Automat. (ICRA), pp. 5173-5179. doi: 10.1109/ICRA.
2019.8794263.

[30] B. P. Vagvolgyi et al,, “Scene modeling and augmented virtuality
interface for telerobotic satellite servicing,” IEEE Robot. Autom. Lett.,
vol. 3, no. 4, pp. 4241-4248, 2018. doi: 10.1109/LRA.2018.2864358.

[31] P. Chalasani, A. Deguet, P. Kazanzides, and R. H. Taylor, “A compu-
tational framework for complementary situational awareness (CSA) in
surgical assistant robots,” in Proc. 2018 2nd IEEE Int. Conf. Robot.
Comput. (IRC), pp. 9-16. doi: 10.1109/IRC.2018.00011.

[32] B. Vagvolgyi, W. Niu, Z. Chen, P. Wilkening, and P. Kazanzides,
“Augmented virtuality for model-based teleoperation,” in Proc. 2017
IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 3826-3833. doi:
10.1109/IROS.2017.8206233.

[33] L. Qian, Z. Chen, and P. Kazanzides, “An Ethernet to FireWire
bridge for real-time control of the da Vinci Research Kit (dVRK), in
Proc. IEEE 20th Conf. Emerg. Technol. Factory Automat. (ETFA), 2015,
pp- 1-7. doi: 10.1109/ETFA.2015.7301489.

[34] Z. Chen, A. Deguet, R. H. Taylor, and P. Kazanzides, “Software
architecture of the da Vinci Research Kit,” in Proc. 2017 1st IEEE Int.
Conf. Robot. Comput. (IRC), pp. 180-187. doi: 10.1109/IRC.2017.69.

[35] M. M. Marinho et al., “A unified framework for the teleoperation
of surgical robots in constrained workspaces,” in Proc. 2019 Int. Conf.
Robot. (ICRA), pp. 2721-2727. doi: 10.1109/
ICRA.2019.8794363.

[36] W. Pryor et al., “Experimental evaluation of teleoperation interfac-

Automat.

es for cutting of satellite insulation,” in Proc. 2019 Int. Conf. Robot.
Automat. (ICRA), pp. 4775-4781. doi: 10.1109/ICRA.2019.8793968.

MONTH 2021 * |EEE ROBOTICS & AUTOMATION MAGAZINE

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.

15



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

[37] G. Chrysilla, N. Eusman, A. Deguet, and P. Kazanzides, “A compli-
ance model to improve the accuracy of the da Vinci Research Kit
(dVRK),” Acta Polytechnia Hungarica, vol. 16, no. 8, pp. 1-12, 2019.

[38] J. Y. Wu, Z. Chen, A. Deguet, and P. Kazanzides, “FPGA-based
velocity estimation for control of robots with low-resolution encoders,”
in Proc. 2018 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 6384—
6389. doi: 10.1109/IROS.2018.8594139.

[39] Y.-H. Su et al,, “Collaborative Robotics Toolkit (CRTK): Open soft-
ware framework for surgical robotics research,” in Proc. 2020 4th IEEE
Int. Conf. Robot. Comput. (IRC), pp. 48-55. doi: 10.1109/IRC.2020.00014.
[40] Z. Li, A. Gordon, T. Looi, J. Drake, C. Forrest, and R. H. Taylor,
“Anatomical mesh-based virtual fixtures for surgical robots,” in Proc.
IEEE Int. Conf. Intell. Robots Syst. (IROS), 2020, pp. 3267-3273. doi:
10.1109/TROS45743.2020.9341590.

[41] A. Munawar, J. Y. Wu, R. H. Taylor, P. Kazanzides, and G. S. Fischer,
“A framework for customizable multi-user teleoperated control,” IEEE
Robot. Autom. Lett., vol. 6, no. 2, pp. 3256-3263, 2021. doi: 10.1109/
LRA.2021.3062604.

[42] J. Y. Wu, P. Kazanzides, and M. Unberath, “Leveraging vision and
kinematics data to improve realism of biomechanic soft tissue simula-
tion for robotic surgery; Int. J. Comput. Assist. Radiol. Surg., vol. 15, pp.
811-818, Apr. 2020.

[43] N. Yilmaz, J. Y. Wu, P. Kazanzides, and U. Tumerdem, “Neural net-
work based inverse dynamics identification and external force estima-
tion on the da Vinci Research Kit,” in Proc. 2020 IEEE Int. Conf. Robot.
Automat. (ICRA), pp. 1387-1393. doi: 10.1109/ICRA40945.2020.9197445.
[44] S. Leonard, “Registration of planar virtual fixtures by using aug-
mented reality with dynamic textures,” in Proc. 2015 IEEE Int. Conf.
Robot. Automat. (ICRA), pp. 4418-4423, doi: 10.1109/ICRA.2015.
7139810.

[45] Z. Wang et al., “Vision-based calibration of dual RCM-based robot
arms in human-robot collaborative minimally invasive surgery,” IEEE
Robot. Autom. Lett., vol. 3, no. 2, pp. 672-679, 2018. doi: 10.1109/
LRA.2017.2737485.

[46] N. Gandhi, M. Allard, S. Kim, P. Kazanzides, and M. A. L. Bell,
“Photoacoustic-based approach to surgical guidance performed with
and without a da Vinci robot;” J. Biomed. Opt.,vol. 22, no. 12, p. 121,606,
2017. doi: 10.1117/1.JB0O.22.12.121606.

[47] Z. Wang et al., “Image-based trajectory tracking control of 4-DOF
laparoscopic instruments using a rotation distinguishing marker,”
IEEE Robot. Autom. Lett., vol. 2, no. 3, pp. 1586-1592, 2017. doi: 10.1109/
LRA.2017.2676350.

[48] S. Kim, N. Gandhi, M. A. L. Bell, and P. Kazanzides, “Improving the
safety of telerobotic drilling of the skull base via photoacoustic sensing
of the carotid arteries,” in Proc. 2017 IEEE Int. Conf. Robot. Automat.
(ICRA), pp. 2385-2390. doi: 10.1109/ICRA.2017.7989277.

[49] S. Kim, Y. Tan, A. Deguet, and P. Kazanzides, “Real-time image-
guided telerobotic system integrating 3D Slicer and the da Vinci
Research Kit,” in Proc. 2017 1st IEEE Int. Conf. Robot. Comput. (IRC),
pp- 113-116. doi: 10.1109/IRC.2017.73.

[50] S. Kim, Y. Tan, P. Kazanzides, and M. A. L. Bell, “Feasibility of pho-
toacoustic image guidance for telerobotic endonasal transsphenoidal
surgery, in Proc. 2016 6th IEEE Int. Conf. Biomed. Robot. Biomecha-
tron. (BioRob), pp. 482-488. doi: 10.1109/BIOROB.2016.7523673.

[51] L. Qian, J. Y. Wu, S. DiMaio, N. Navab, and P. Kazanzides, “A review
of augmented reality in robotic-assisted surgery, IEEE Trans. Med.

16 * |EEE ROBOTICS & AUTOMATION MAGAZINE * MONTH 2021

Robot. Bionics, vol. 2, no. 1, pp. 1-16, 2019. doi: 10.1109/TMRB.2019.
2957061.

[52] R. H. Taylor, P. Kazanzides, G. S. Fischer, and N. Simaan, “Medical
robotics and computer-integrated interventional medicine,” in Biomed-
ical Information Technology, B. Siciliano and O. Khatib, Eds. New York:
Elsevier, 2020, pp. 617-672.

[53] A. Lasso and P. Kazanzides, “System integration,” in Handbook of Medi-
cal Image Computing and Computer Assisted Intervention, S. K. Zhou,
D. Rueckert, and G. Fichtinge, Eds. New York: Elsevier, 2020, pp. 861-891.

[54] A. Munawar and G. S. Fischer, “An asynchronous multi-body simu-
lation framework for real-time dynamics, haptics and learning with
application to surgical robots,” in Proc. 2019 IEEE/RS] Int. Conf. Intell.
Robots Syst. (IROS), pp. 6268-6275. doi: 10.1109/TROS40897.2019.8968594.
[55] A. Munawar and G. Fischer, “A surgical robot teleoperation frame-
work for providing haptic feedback incorporating virtual environ-
ment-based guidance,” Front. Robot. Al vol. 3, p. 47, Aug. 2016. doi:
10.3389/frobt.2016.00047.

[56] A. Munawar and G. Fischer, “Towards a haptic feedback framework
for multi-DOF robotic laparoscopic surgery platforms, in Proc. 2016
IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 1113-1118. doi:
10.1109/IR0OS.2016.7759188.

[57] R. A. Gondokaryono, A. Agrawal, A. Munawar, C. J. Nycz, and G. S.
Fischer, “An approach to modeling closed-loop kinematic chain mech-
anisms, applied to simulations of the da Vinci surgical system,” Acta
Polytechnia Hungarica, vol. 16, no. 8, pp. 29-48, 2019.

[58] A. Munawar, Y. Wang, R. Gondokaryono, and G. S. Fischer, “A real-
time dynamic simulator and an associated front-end representation
format for simulating complex robots and environments,” in Proc. 2019
IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 1875-1882. doi:
10.1109/TROS40897.2019.8968568.

[59] Y. Wang, R. Gondokaryono, A. Munawar, and G. S. Fischer, “A con-
vex optimization-based dynamic model identification package for the
da Vinci Research Kit,” IEEE Robot. Autom. Lett.,vol. 4, no. 4, pp. 3657
3664,2019. doi: 10.1109/LRA.2019.2927947.

[60] K. E. Kaplan, K. A. Nichols, and A. M. Okamura, “Toward human-
robot collaboration in surgery: Performance assessment of human and
robotic agents in an inclusion segmentation task;” in Proc. 2016 IEEE Int.
Conf. Robot. Automat. (ICRA), pp. 723-729. doi: 10.1109/ICRA.2016.7487199.
[61] K. Shamaei et al.,, “A paced shared-control teleoperated architec-
ture for supervised automation of multilateral surgical tasks,” in Proc.
2015 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 1434-1439. doi:
10.1109/IR0S.2015.7353556.

[62] Z. Chua, A. M. Jarc, S. Wren, L. Nisky, and A. M. Okamura, “Task
dynamics of prior training influence visual force estimation ability
during teleoperation,” IEEE Trans. Med. Robot. Bionics, vol. 2, no. 4, pp.
586-597,2020. doi: 10.1109/TMRB.2020.3023005.

[63] L. Nisky, Y. Che, Z. F. Quek, M. Weber, M. H. Hsieh, and A. M. Oka-
mura, “Teleoperated versus open needle driving: Kinematic analysis of
experienced surgeons and novice users,” in Proc. 2015 IEEE Int. Conf.
Robot. Automat. (ICRA), pp. 5371-5377. doi: 10.1109/ICRA.2015.7139949.
[64] L. H. Kim, C. Bargar, Y. Che, and A. M. Okamura, “Effects of mas-
ter-slave tool misalignment in a teleoperated surgical robot,” in Proc.
2015 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 5364-5370. doi:
10.1109/ICRA.2015.7139948.

[65] Z. F. Quek, W. R. Provancher, and A. M. Okamura, “Evaluation of
skin deformation tactile feedback for teleoperated surgical tasks,” IEEE

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Trans. Haptics, vol. 12, no. 2, pp. 102-113, 2019. doi: 10.1109/
TOH.2018.2873398.

[66] Y. Kamikawa, N. Enayati, and A. M. Okamura, “Magnified force
sensory substitution for telemanipulation via force-controlled skin
deformation,” in Proc. 2018 IEEE Int. Conf. Robot. Automat. (ICRA), pp.
4142-4148. doi: 10.1109/ICRA.2018.8460810.

[67] Y. Che, G. M. Haro, and A. M. Okamura, “Two is not always better
than one: Effects of teleoperation and haptic coupling,” in Proc. 2016
6th IEEE Int. Conf. Biomed. Robot. Biomechatron. (BioRob), pp. 1290—
1295. doi: 10.1109/BIOROB.2016.7523809.

[68] A. Ruszkowski, C. Schneider, O. Mohareri, and S. Salcudean,
“Bimanual teleoperation with heart motion compensation on the da
Vinci® Research Kit: Implementation and preliminary experiments,” in
Proc. 2016 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 4101-4108. doi:
10.1109/ICRA.2016.7487601.

[69] M. Hwang et al., “Efficiently calibrating cable-driven surgical
robots with RGBD fiducial sensing and recurrent neural networks;
IEEE Robot. Autom. Lett., vol. 5, no. 4, pp. 5937-5944, 2020. doi: 10.1109/
LRA.2020.3010746.

[70] A. E. Abdelaal, J. Liu, N. Hong, G. D. Hager, and S. E. Salcudean,
“Parallelism in autonomous robotic surgery,” IEEE Robot. Autom. Lett.,
vol. 6, no. 2, pp. 1824-1831, 2021. doi: 10.1109/LRA.2021.3060402.

[71] A. E. Abdelaal et al., “Play me back: A unified training platform for
robotic and laparoscopic surgery;” IEEE Robot. Autom. Lett., vol. 4, no.
2, pp. 554-561, 2018. doi: 10.1109/LRA.2018.2890209.

[72] H. Moradi, S. Tang, and S. E. Salcudean, “Toward intra-opera-
tive prostate photoacoustic imaging: configuration evaluation and
implementation using the da Vinci Research Kit,” IEEE Trans.
Med. Imag., vol. 38, no. 1, pp. 57-68, 2019. doi: 10.1109/TMI.
2018.2855166.

[73] A. Avinash, A. E. Abdelaal, P. Mathur, and S. E. Salcudean, “A ‘pickup’
stereoscopic camera with visual-motor aligned control for the da Vinci
surgical system: A preliminary study; Int. J. Comput. Assist. Radiol. Surg,
vol. 14, no. 7, pp. 1197-1206, 2019. doi: 10.1007/s11548-019-01955-9.

[74] C. Schneider, C. Nguan, R. Rohling, and S. Salcudean, “Tracked
‘pick-up’ ultrasound for robot-assisted minimally invasive surgery;
IEEE Trans. Biomed. Eng., vol. 63, no. 2, pp. 260-268, 2016. doi: 10.1109/
TBME.2015.2453173.

[75] A. Ruszkowski, O. Mohareri, S. Lichtenstein, R. Cook, and S. Salcu-
dean, “On the feasibility of heart motion compensation on the daVinci®
surgical robot for coronary artery bypass surgery: Implementation and
user studies,” in Proc. 2015 IEEE Int. Conf. Robot. Automat. (ICRA), pp.
4432-4439. doi: 10.1109/ICRA.2015.7139812.

[76] I. Tong, O. Mohareri, S. Tatasurya, C. Hennessey, and S. Salcudean,
“A retrofit eye gaze tracker for the da Vinci and its integration in task
execution using the da Vinci Research Kit,” in Proc. 2015 IEEE/RS] Int.
Conf. Intell. Robots Syst. (IROS), pp. 2043-2050. doi: 10.1109/
IROS.2015.7353648.

[77] H. Moradi, S. Tang, and S. E. Salcudean, “Toward robot-assisted
photoacoustic imaging: Implementation using the da Vinci Research
Kit and virtual fixtures,” IEEE Robot. Autom. Lett., vol. 4, no. 2, pp.
1807-1814, 2019. doi: 10.1109/LRA.2019.2897168.

[78] Z. Li, I. Tong, L. Metcalf, C. Hennessey, and S. E. Salcudean, “Free
head movement eye gaze contingent ultrasound interfaces for the da
Vinci surgical system,” IEEE Robot. Autom. Lett., vol. 3, no. 3, pp. 2137-
2143,2018. doi: 10.1109/LRA.2018.2809512.

[79] O. Mohareri, C. Schneider, and S. Salcudean, “Bimanual telerobotic
surgery with asymmetric force feedback: A daVinci® surgical system
implementation,” in Proc. 2014 IEEE/RS] Int. Conf. Intell. Robots Syst.,
pp- 4272-4277. doi: 10.1109/IROS.2014.6943165.

[80] D. G. Black, A. H. H. Hosseinabadi, and S. E. Salcudean, “6-DOF
force sensing for the master tool manipulator of the da Vinci Surgical
System,” IEEE Robot. Autom. Lett., vol. 5, no. 2, pp. 2264-2271, 2020. doi:
10.1109/LRA.2020.2970944.

[81] A. E. Abdelaal, P. Mathur, and S. E. Salcudean, “Robotics in vivo: A
perspective on human-robot interaction in surgical robotics,” in Proc.
Annu. Rev. Control. Robot. Auton. Syst., 2020, vol. 3, pp. 221-242. doi:
10.1146/annurev-control-091219-013437.

[82] H. Salman et al., “Trajectory-optimized sensing for active search of
tissue abnormalities in robotic surgery,” in Proc. 2018 IEEE Int. Conf.
Robot. Automat. (ICRA), pp. 5356-5363. doi: 10.1109/ICRA.2018.8460936.

[83] J. M. Ferguson et al., “Toward image-guided partial nephrectomy
with the da Vinci robot: Exploring surface acquisition methods for
intraoperative re-registration,” in Proc. Med. Imag. 2018, Image-Guided
Procedures, Robot. Interventions, Model., p. 1,057,609. doi:
10.1117/12.2296464.

[84] L. Wang et al., “Force-controlled exploration for updating virtual
fixture geometry in model-mediated telemanipulation,” J. Mech.
Robot.,vol. 9, no. 2, p. 021010, 2017. doi: 10.1115/1.4035684.

[85] S. Sen, A. Garg, D. Gealy, S. McKinley, Y. Jen, and K. Goldberg,
“Automating multi-throw multilateral surgical suturing with a
mechanical needle guide and sequential convex optimization,” in Proc.
IEEE Int. Conf. Robot. Autom., 2016, pp. 4178-4185. doi: 10.1109/
ICRA.2016.7487611.

[86] S. McKinley et al., “A single-use haptic palpation probe for locating
subcutaneous blood vessels in robot-assisted minimally invasive sur-
gery; in Proc. 2015 IEEE Int. Conf. Automat. Sci. Eng. (CASE), pp. 1151-
1158. doi: 10.1109/CoASE.2015.7294253.

[87] D. Seita, S. Krishnan, R. Fox, S. McKinley, J. Canny, and K. Gold-
berg, “Fast and reliable autonomous surgical debridement with
cable-driven robots using a two-phase calibration procedure,” in Proc.
2018 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 6651-6658. doi:
10.1109/ICRA.2018.8460583.

[88] B. Thananjeyan et al,, “Safety augmented value estimation from
demonstrations (SAVED): Safe deep model-based RL for sparse cost
robotic tasks,” IEEE Robot. Autom. Lett., vol. 5, no. 2, pp. 3612-3619,
2020. doi: 10.1109/LRA.2020.2976272.

[89] P. Sundaresan, B. Thananjeyan, J. Chiu, D. Fer, and K. Goldberg,
“Automated extraction of surgical needles from tissue phantoms,” in
Proc. 2019 IEEE 15th Int. Conf. Automat. Sci. Eng. (CASE), pp. 170-177.
doi: 10.1109/COASE.2019.8843089.

[90] S. Krishnan et al., “SWIRL: A sequential windowed inverse rein-
forcement learning algorithm for robot tasks with delayed rewards,”
Int. J. Robot. Res., vol. 38, nos. 2-3, pp. 126-145, 2019. doi: 10.1177/
0278364918784350.

[91] J. Liang, J. Mahler, M. Laskey, P. Li, and K. Goldberg, “Using dVRK
teleoperation to facilitate deep learning of automation tasks for an
industrial robot,” in Proc. 2017 13th IEEE Conf. Automat. Sci. Eng.
(CASE), pp. 1-8. doi: 10.1109/COASE.2017.8256067.

[92] B. Thananjeyan, A. Garg, S. Krishnan, C. Chen, L. Miller, and K.
Goldberg, “Multilateral surgical pattern cutting in 2D orthotropic

gauze with deep reinforcement learning policies for tensioning,” in

MONTH 2021 * |EEE ROBOTICS & AUTOMATION MAGAZINE

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Proc. 2017 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 2371-2378. doi:
10.1109/ICRA.2017.7989275.

[93]]J.].Ji, S. Krishnan, V. Patel, D. Fer, and K. Goldberg, “Learning 2D
surgical camera motion from demonstrations,” in Proc. 2018 IEEE 14th
Int. Conf. Automat. Sci. Eng. (CASE), pp. 35-42. doi: 10.1109/
COASE.2018.8560468.

[94] R. Hoque et al., “VisuoSpatial foresight for multi-step, multi-task
fabric manipulation,” Robot., Sci. Syst., pp. 1-14, Mar. 2020. doi:
10.15607/RSS.2020.XV1.034.

[95] A. Murali et al., “Learning by observation for surgical subtasks:
Multilateral cutting of 3D viscoelastic and 2D orthotropic tissue phan-
toms,” in Proc. 2015 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 1202-
1209. doi: 10.1109/ICRA.2015.7139344.

[96] J. Mahler et al., “Learning accurate kinematic control of cable-
driven surgical robots using data cleaning and gaussian process
regression,” in Proc. 2014 IEEE Int. Conf. Automat. Sci. Eng. (CASE), pp.
532-539. doi: 10.1109/CoASE.2014.6899377.

[97] B. Kehoe et al., “Autonomous multilateral debridement with the
Raven surgical robot,” in Proc. 2014 IEEE Int. Conf. Robot. Automat.
(ICRA), pp. 1432-1439. doi: 10.1109/ICRA.2014.6907040.

[98] A. Garg et al., “Tumor localization using automated palpation with
gaussian process adaptive sampling,” in Proc. 2016 IEEE Int. Conf.
Automat. Sci. Eng. (CASE), pp. 194-200. doi: 10.1109/COASE.2016.
7743380.

[99] C. Shin, P. W. Ferguson, S. A. Pedram, J. Ma, E. P. Dutson, and J.
Rosen, “Autonomous tissue manipulation via surgical robot using
learning based model predictive control,” in Proc. 2019 IEEE Int.
Conf. Robot. Automat. (ICRA), pp. 3875-3881. doi: 10.1109/
ICRA.2019.8794159.

[100] D. Seita et al., “Deep imitation learning of sequential fabric
smoothing from an algorithmic supervisor,” in Proc. IEEE Int. Conf.
Intell. Robots Syst. (IROS), 2020, pp. 9651-9658. doi: 10.1109/IROS45743.
2020.9341608.

[101] S. McKinley et al., “An interchangeable surgical instrument sys-
tem with application to supervised automation of multilateral tumor
resection;” in Proc. 2016 IEEE Int. Conf. Automat. Sci. Eng. (CASE), pp.
821-826. doi: 10.1109/COASE.2016.7743487.

[102] B. Thananjeyan et al., “Recovery RL: Safe reinforcement learning
with learned recovery zones,” IEEE Robot. Autom. Lett., vol. 6, no. 3, pp.
4915-4922,2021. doi: 10.1109/LRA.2021.3070252.

[103] A. Murali et al., “Tsc-dl: Unsupervised trajectory segmentation of
multi-modal surgical demonstrations with deep learning,” in Proc.
2016 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 4150-4157. doi:
10.1109/ICRA.2016.7487607.

[104] S. Krishnan et al., “Transition state clustering: Unsupervised sur-
gical trajectory segmentation for robot learning,” Int. J. Robot. Res., vol.
36, nos. 13-14, pp. 1595-1618, 2017. doi: 10.1177/0278364917743319.

[105] N. Zevallos et al., “A real-time augmented reality surgical system
for overlaying stiffness information,” in Proc. Robot., Sci. Syst., 2018, pp.
26-36.

[106] L. Li, B. Yu, C. Yang, P. Vagdargi, R. A. Srivatsan, and H. Choset,
“Development of an inexpensive tri-axial force sensor for minimally
invasive surgery; in Proc. 2017 IEEE/RS] Int. Conf. Intell. Robots Syst.
(IROS), pp. 906-913. doi: 10.1109/IROS.2017.8202253.

[107] M. Mikic, P. Francis, T. Looi, J. T. Gerstle, and J. Drake, “Bone con-

duction headphones for force feedback in robotic surgery,” in Proc.

18 * |EEE ROBOTICS & AUTOMATION MAGAZINE * MONTH 2021

2019 41st Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. (EMBC), pp. 7128
7133. doi: 10.1109/EMBC.2019.8857519.

[108] D. J. Podolsky et al., “Utilization of cable guide channels for com-
pact articulation within a dexterous three degrees-of-freedom surgical
wrist design,” J. Med. Device, vol. 13, no. 1, p. 011003, 2019. doi:
10.1115/1.4041591.

[109] A. Gordon, T. Looi, J. Drake, and C. R. Forrest, “An ultrasonic
bone cutting tool for the da Vinci Research Kit,” in Proc. 2018 IEEE Int.
Conf. Robot. Automat. (ICRA), pp. 6645-6650. doi: 10.1109/
ICRA.2018.8460797.

[110] P. Francis et al., “Miniaturized instruments for the da Vinci
research kit: Design and implementation of custom continuum tools,”
IEEE Robot. Autom. Mag., vol. 24, no. 2, pp. 24-33, 2017. doi: 10.1109/
MRA.2017.2680547.

[111] G. C. Y. Wu, D. J. Podolsky, T. Looi, L. A. Kahrs, J. M. Drake, and C.
R. Forrest, “A 3 mm wristed instrument for the da Vinci Robot: Setup,
characterization, and phantom tests for cleft palate repair,’ IEEE Trans.
Med. Robot. Bionics, vol. 2, no. 2, pp. 130-139, 2020. doi: 10.1109/
TMRB.2020.2977737.

[112] P. Francis, K. W. Eastwood, V. Bodani, T. Looi, and J. M. Drake,
“Design, modelling and teleoperation of a 2 mm diameter compliant
instrument for the da Vinci platform,” Ann. Biomed. Eng., vol. 46, no.
10, pp. 1437-1449, 2018. doi: 10.1007/s10439-018-2036-4.

[113] S. Kumar, P. Singhal, and V. N. Krovi, “Computer-vision-based
decision support in surgical robotics,” IEEE Des. Test, vol. 32, no. 5, pp.
89-97,2015. doi: 10.1109/MDAT.2015.2465135.

[114] A. Saracino et al., “Haptic feedback in the da Vinci Research Kit
(dVRK): A user study based on grasping, palpation, and incision
tasks,” Int. ]. Med. Robot. Comput. Assist. Surg., vol. 15, no. 4, p. €1999,
2019.

[115] A. Diodato et al., “Soft robotic manipulator for improving dexter-
ity in minimally invasive surgery; Surg. Innov., vol. 25, no. 1, pp. 69-76,
2018. doi: 10.1177/1553350617745953.

[116] M. Brancadoro et al., “A novel microwave tool for robotic liver
resection in minimally invasive surgery, Minim. Invasive Ther. Allied
Technol., pp. 1-8, Apr. 2020. doi: 10.1080/13645706.2020.1749083.

[117] Y. Huan, I. Tamadon, C. Scatena, V. Cela, and A. G. Naccarato,
“Soft graspers for safe and effective tissue clutching in minimally inva-
sive surgery, IEEE Trans. Biomed. Eng., vol. 68, no. 1, pp. 56-67, 2020.
doi: 10.1109/TBME.2020.2996965.

[118] A. Saracino, T.]. C. Oude Vrielink, A. Menciassi, E. Sinibaldi, and
G. P. Mylonas, “Haptic intracorporeal palpation using a cable-driven
parallel robot: A user study,” IEEE Trans. Biomed. Eng., vol. 67, no. 12,
pp- 3452-3463, 2020. doi: 10.1109/TBME.2020.2987646.

[119] M. Shahbazi, S. F. Atashzar, C. Ward, H. A. Talebi, and R. V. Patel,
“Multimodal sensorimotor integration for expert-in-the-loop telero-
botic surgical training;” IEEE Trans. Robot., vol. 34, no. 6, pp. 1549-
1564, 2018. doi: 10.1109/TR0O.2018.2861916.

[120] A. S. Naidu, M. D. Naish, and R. V. Patel, “A breakthrough in
tumor localization: Combining tactile sensing and ultrasound to
improve tumor localization in robotics-assisted minimally invasive
surgery; IEEE Robot. Autom. Mag., vol. 24, no. 2, pp. 54-62, 2017. doi:
10.1109/MRA.2017.2680544.

[121] F. Anooshahpour, P. Yadmellat, I. G. Polushin, and R. V. Patel, “A
motion transmission model for multi-DOF tendon-driven mecha-

nisms with hysteresis and coupling: Application to a da Vinci®

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

instrument,” in Proc. 2017 IEEE/RS] Int. Conf. Intell. Robots Syst.
(IROS), pp. 5764-5769. doi: 10.1109/IROS.2017.8206467.

[122] F. Anooshahpour, I. G. Polushin, and R. V. Patel, “Tissue compli-
ance determination using a da Vinci instrument,” in Proc. 2015 IEEE
Int. Conf. Robot. Automat. (ICRA), pp. 5344-5349. doi: 10.1109/
ICRA.2015.7139945.

[123] I. Khalaji, M. D. Naish, and R. V. Patel, “Articulating minimally inva-
sive ultrasonic tool for robotics-assisted surgery; in Proc. 2015 IEEE Int.
Conf. Robot. Automat. (ICRA), pp.573-578. doi: 10.1109/ICRA.2015.7139236.
[124] K. S. Shahzada, A. Yurkewich, R. Xu, and R. V. Patel, “Sensoriza-
tion of a surgical robotic instrument for force sensing,” in Proc. Optical
Fibers Sens. Med. Diagnostics Treatment Appl. XVI, 2016, p. 97020U.
doi: 10.1117/12.2213385.

[125] M. Shahbazi, S. F. Atashzar, and R. V. Patel, “A systematic review of
multilateral teleoperation systems,” IEEE Trans. Haptics, vol. 11, no. 3,
pp- 338-356, 2018. doi: 10.1109/TOH.2018.2818134.

[126] N. Hong, M. Kim, C. Lee, and S. Kim, “Head-mounted interface
for intuitive vision control and continuous surgical operation in a sur-
gical robot system,” Med. Biol. Eng. Comput., vol. 57, no. 3, pp. 601-614,
2019. doi: 10.1007/s11517-018-1902-4.

[127] Y. Jo et al., “Virtual reality-based control of robotic endoscope in
laparoscopic surgery, Int. J. Control. Autom. Syst., vol. 18, no. 1, pp.
150-162,2020. doi: 10.1007/s12555-019-0244-9.

[128] M. Kim, C. Lee, N. Hong, Y. J. Kim, and S. Kim, “Development of
stereo endoscope system with its innovative master interface for con-
tinuous surgical operation,” Biomed. Eng. Online, vol. 16, p. 81, June
2017. doi: 10.1186/s12938-017-0376-1.

[129] M. Kim et al., “A development of assistant surgical robot system
based on surgical-operation-by-wire and hands-on-throttle-and-
stick,” Biomed. Eng. Online, vol. 15, no. 1, pp. 1-19 2016. doi: 10.1186/
§12938-016-0189-7.

[130] C. Lee et al,, “Pneumatic-type surgical robot end-effector for lap-
aroscopic surgical-operation-by-wire,” Biomed. Eng. Online, vol. 13, no.
1, p. 130, 2014. doi: 10.1186/1475-925X-13-130.

[131] D. A. Nagy, T. D. Nagy, R. Elek, L. J. Rudas, and T. Haidegger,
“Ontology-based surgical subtask automation, automating blunt dis-
section,” J. Med. Robot. Res., vol. 3, no. 03n04, p. 1,841,005, 2018. doi:
10.1142/S2424905X18410052.

[132] R. Elek et al., “Towards surgical subtask automation—Blunt dis-
section,” in Proc. 2017 IEEE 21Ist Int. Conf. Intell. Eng. Syst. (INES), pp.
000253-000258. doi: 10.1109/INES.2017.8118565.

[133] A. Takécs, I. Rudas, and T. Haidegger, “Open-source research plat-
forms and system integration in modern surgical robotics,” Acta Univ.
Sapientiae, Electr. Mech. Eng., vol. 14, no. 6, pp. 20-34, 2015.

[134] T. Nagy and T. Heidegger, “A DVRK-based framework for surgi-
cal subtask automation,” Acta Polytech. Hungarica, vol. 16, no. 8, pp.
61-78, 2019.

[135] R. Nagyné Elek and T. Haidegger, “Non-technical skill assessment
and mental load evaluation in robot-assisted minimally invasive sur-
gery, Sensors, vol. 21, no. 8, p. 2666, 2021. doi: 10.3390/s21082666.

[136] T. D. Nagy, N. Ukhrenkov, D. A. Drexler, A. Takacs,and T. Haidegger,
“Enabling quantitative analysis of situation awareness: System architec-
ture for autonomous vehicle handover studies,;” in Proc. 2019 IEEE Int.
Conf. Syst., Man Cybern. (SMC), pp. 904-908. doi: 10.1109/SMC.2019.8914529.
[137] R. Elek, T. D. Nagy, D. A. Nagy, G. Kronreif, I. ]. Rudas, and T. Hai-

degger, “Recent trends in automating robotic surgery, in Proc. 2016

IEEE 20th Jubilee Int. Conf. Intell. Eng. Syst. (INES), pp. 27-32. doi:
10.1109/INES.2016.7555144.

[138] R. Nagyné Elek and T. Haidegger, “Robot-assisted minimally
invasive surgical skill assessment—Manual and automated platforms,”
Acta Polytechnica Hungarica, vol. 16, no. 8, pp. 141-169, 2019.

[139] T. Haidegger, “Autonomy for surgical robots: Concepts and para-
digms,” IEEE Trans. Med. Robot. Bionics, vol. 1, no. 2, pp. 65-76, 2019.
doi: 10.1109/TMRB.2019.2913282.

[140] T. Haidegger, “Surgical robots of the next decade: New trends and
paradigms in the 21th century;” in Proc. 2017 IEEE 30th Neumann Col-
loquium (NC), pp. 000081-000082. doi: 10.1109/NC.2017.8263255.

[141] A. Takdcs et al., “Joint platforms and community efforts in surgi-
cal robotics research,” in Proc. 2015 Int. Conf. Recent Achievements
Mechatron., Automat., Comput. Sci. Robot. (MACRo), vol. 1, no. 1, pp.
91-101.

[142] S. Eslamian, L. A. Reisner, and A. K. Pandya, “Development and
evaluation of an autonomous camera control algorithm on the da
Vinci Surgical System,” Int. J. Med. Robot. Comput. Assist. Surg., vol. 16,
no. 2, p. 2036, 2020. doi: 10.1002/rcs.2036.

[143] S. Eslamian, L. A. Reisner, B. W. King, and A. K. Pandya, “Towards
the implementation of an autonomous camera algorithm on the da
Vinci Platform,” in Medicine Meets Virtual Reality, J. D. Westwood et al.,
Eds. Amsterdam, The Netherlands: IOS Press, 2016, pp. 118-123.

[144] S. E. Pandya, L. A. Reisner, B. W. King, and K. A, “An autonomous
camera system using the da Vinci Research Kit,” in Proc. Int. Conf.
Intell. Robots Syst. (IROS), 2017, pp. 1-2.

[145] M. J. Fard, A. K. Pandya, R. B. Chinnam, M. D. Klein, and R. D.
Ellis, “Distance-based time series classification approach for task recog-
nition with application in surgical robot autonomy;” Int. J. Med. Robot.
Comput. Assist. Surg., vol. 13, no. 3, p. 1766, 2017. doi: 10.1002/rcs.1766
[146] A. Pandya, S. Eslamian, H. Ying, M. Nokleby, and L. A. Reisner, ‘A
robotic recording and playback platform for training surgeons and
learning autonomous behaviors using the da Vinci surgical system,”
Robotics, vol. 8, no. 1, p. 9, 2019. doi: 10.3390/robotics8010009.

[147] M. ]. Fard, S. Ameri, R. Darin Ellis, R. B. Chinnam, A. K. Pandya,
and M. D. Klein, “Automated robot-assisted surgical skill evaluation:
Predictive analytics approach,” Int. J. Med. Robot. Comput. Assist.
Surg., vol. 14, no. 1, p. e1850, 2018. doi: 10.1002/rcs.1850.

[148] T. Dardona, S. Eslamian, L. A. Reisner, and A. Pandya, “Remote
presence: Development and usability evaluation of a head-mounted
display for camera control on the da Vinci surgical system,” Robotics,
vol. 8, no. 2, p. 31, 2019. doi: 10.3390/robotics8020031.

[149] F. Ferraguti et al., “A two-layer approach for shared control in
semi-autonomous robotic surgery,” in Proc. 2015 Eur. Control Conf.
(ECC), pp. 747-752. doi: 10.1109/ECC.2015.7330632.

[150] A. Sozzi, M. Bonf¢, S. Farsoni, G. De Rossi, and R. Muradore,
“Dynamic motion planning for autonomous assistive surgical robots;’
Electronics, vol. 8, no. 9, p. 957, 2019. doi: 10.3390/electronics8090957.

[151] M. Ginesi, D. Meli, A. Roberti, N. Sansonetto, and P. Fiorini,
“Autonomous task planning and situation awareness in robotic sur-
gery, in Proc. Int. Conf. Intell. Robots Syst. (IROS), 2020, pp. 3144-3150.
doi: 10.1109/IROS45743.2020.9341382.

[152] M. Ginesi, D. Meli, H. Nakawala, A. Roberti, and P. Fiorini, “A
knowledge-based framework for task automation in surgery; in Proc.
2019 19th Int. Conf. Adv. Robot. (ICAR), pp. 37-42. doi: 10.1109/
ICAR46387.2019.8981619.

MONTH 2021 * |EEE ROBOTICS & AUTOMATION MAGAZINE

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

[153] M. Minelli et al., “Integrating model predictive control and
dynamic waypoints generation for motion planning in surgical sce-
nario,” in Proc. Int. Conf. Intell. Robots Syst. (IROS), 2020, pp. 3157-
3163. doi: 10.1109/TROS45743.2020.9341673.

[154] E. Tagliabue, A. Pore, D. D. Alba, E. Magnabosco, M. Piccinelli,
and P. Fiorini, “Soft tissue simulation environment to learn manipula-
tion tasks in autonomous robotic surgery*,” in Proc. IEEE Int. Conf.
Intell. Robots Syst. (IROS), 2020, pp. 3261-3266. doi: 10.1109/
TROS45743.2020.9341710.

[155] E. Tagliabue et al., “Data-driven intra-operative estimation of
anatomical attachments for autonomous tissue dissection,” IEEE
Robot. Autom. Lett., vol. 6, no. 2, pp. 1856-1863, 2021. doi: 10.1109/
LRA.2021.3060655.

[156] M. Bombieri, D. D. Alba, S. Ramesh, G. Menegozzo, C. Schneider,
and P. Fiorini, “Joints-space metrics for automatic robotic surgical ges-
tures classification,” in Proc. IEEE Int. Conf. Intell. Robots Syst. (IROS),
2020, pp. 3061-3066. doi: 10.1109/IROS45743.2020.9341094.

[157] Z. Cheng et al., “Design and integration of electrical bio-imped-
ance sensing in surgical robotic tools for tissue identification and dis-
play,” Front. Robot. Al vol. 6, p. 55, July 2019. doi: 10.3389/
frobt.2019.00055.

[158] A. Leporini et al., “Technical and functional validation of a tele-
operated multirobots platform for minimally invasive surgery,” IEEE
Trans. Med. Robot. Bionics, vol. 2, no. 2, pp. 148-156, 2020. doi: 10.1109/
TMRB.2020.2990286.

[159] A. Roberti, N. Piccinelli, D. Meli, R. Muradore, and P. Fiorini,
“Improving rigid 3-D calibration for robotic surgery,” IEEE Trans.
Med. Robot. Bionics, vol. 2, no. 4, pp. 569-573, 2020. doi: 10.1109/
TMRB.2020.3033670.

[160] Z. Cheng, D. Dall’Alba, D. G. Caldwell, P. Fiorini, and L. S. Mattos,
“Design and integration of electrical bio-impedance sensing in a bipo-
lar forceps for soft tissue identification: A feasibility study; in Proc. Int.
Conf. Electrical Bioimpedance, 2019, pp. 3-10. doi: 10.1007/978-981-13-
3498-6_1.

[161] Y. Gu, Y. Hu, L. Zhang, J. Yang, and G.-Z. Yang, “Cross-scene
suture thread parsing for robot assisted anastomosis based on joint
feature learning; in Proc. 2018 IEEE/RS] Int. Conf. Intell. Robots Syst.
(IROS), pp. 769-776. doi: 10.1109/IROS.2018.8593622.

[162] L. Zhang, M. Ye, P. Giataganas, M. Hughes, and G.-Z. Yang,
“Autonomous scanning for endomicroscopic mosaicing and 3D
fusion,” in Proc. 2017 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 3587—
3593. doi: 10.1109/ICRA.2017.7989412.

[163] D. Zhang, B. Xiao, B. Huang, L. Zhang, J. Liu, and G.-Z. Yang, ‘A
self-adaptive motion scaling framework for surgical robot remote con-
trol,” IEEE Robot. Autom. Lett., vol. 4, no. 2, pp. 359-366, 2019. doi:
10.1109/LRA.2018.2890200.

[164] J. Zhan, J. Cartucho, and S. Giannarou, “Autonomous tissue scan-
ning under free-form motion for intraoperative tissue characterisa-
tion,” in Proc. 2020 IEEE Int. Conf. Robot. Automat. (ICRA), pp.
11,147-11,154. doi: 10.1109/ICRA40945.2020.9197294.

[165] Y.-Y. Tsai, B. Huang, Y. Guo, and G.-Z. Yang, “Transfer learning for
surgical task segmentation,” in Proc. 2019 Int. Conf. Robot. Automat.
(ICRA), pp. 9166-9172. doi: 10.1109/ICRA.2019.8794292.

[166] D. Zhang, J. Liu, L. Zhang, and G.-Z. Yang, “Design and verifica-
tion of a portable master manipulator based on an effective work-
space analysis framework,” in Proc. 2019 IEEE/RS] Int. Conf. Intell.

20 * IEEE ROBOTICS & AUTOMATION MAGAZINE * MONTH 2021

Robots Syst. (IROS), pp. 417-424. doi: 10.1109/TROS40897.2019.
8968542,

[167] A. Banach, K. Leibrandt, M. Grammatikopoulou, and G.-Z. Yang,
“Active contraints for tool-shaft collision avoidance in minimally inva-
sive surgery, in Proc. 2019 Int. Conf. Robot. Automat. (ICRA), pp. 1556
1562. doi: 10.1109/ICRA.2019.8794147.

[168] M. Grammatikopoulou, K. Leibrandt, and G.-Z. Yang, “Motor
channelling for safe and effective dynamic constraints in Minimally
Invasive Surgery,” in Proc. 2016 IEEE/RS] Int. Conf. Intell. Robots Syst.
(IROS), pp. 4317-4323. doi: 10.1109/TR0OS.2016.7759635.

[169] D. Zhang, J. Liu, A. Gao, and G.-Z. Yang, “An ergonomic shared
workspace analysis framework for the optimal placement of a compact
master control console,” IEEE Robot. Autom. Lett., vol. 5, no. 2, pp.
2995-3002, 2020. doi: 10.1109/LRA.2020.2974428.

[170] D. Zhang, J. Liu, L. Zhang, and G.-Z. Yang, “Hamlyn CRM: A
compact master manipulator for surgical robot remote control,” Int. J.
Comput. Assist. Radiol. Surg., vol. 15, no. 3, pp. 503-514, 2020. doi:
10.1007/s11548-019-02112-y.

[171] C. Wang, A. K. Mohammed, F. A. Cheikh, A. Beghdadi, and O. J.
Elle, “Multiscale deep desmoking for laparoscopic surgery, in Proc.
Med. Imaging 2019, Image Process., p. 109491Y. doi: 10.1117/12.2507822.
[172] M. Ye, L. Zhang, S. Giannarou, and G.-Z. Yang, “Real-time 3d
tracking of articulated tools for robotic surgery,” in Proc. Int. Conf.
Med. Image Comput. Comput.-Assisted Intervention, 2016, pp. 386-394.
doi: 10.1007/978-3-319-46720-7_45.

[173] Z. Zhang, L. Zhang, and G.-Z. Yang, “A computationally efficient
method for hand-eye calibration,” Int. J. Comput. Assist. Radiol. Surg.,
vol. 12, no. 10, pp. 1775-1787, 2017. doi: 10.1007/s11548-017-1646-x.

[174] L. Zhang, M. Ye, P.-L. Chan, and G.-Z. Yang, “Real-time surgical
tool tracking and pose estimation using a hybrid cylindrical marker,”
Int. J. Comput. Assist. Radiol. Surg, vol. 12, no. 6, pp. 921-930, 2017. doi:
10.1007/s11548-017-1558-9.

[175] L. Zhang et al,, “From macro to micro: Autonomous multiscale
image fusion for robotic surgery;” IEEE Robot. Autom. Mag., vol. 24, no.
2, pp. 63-72,2017. doi: 10.1109/MRA.2017.2680543.

[176] S. O’Sullivan et al., “Legal, regulatory, and ethical frameworks for
development of standards in artificial intelligence (AI) and autono-
mous robotic surgery, Int. J. Med. Robot. Comput. Assist. Surg., vol. 15,
no. 1, p. €1968, 2019. doi: 10.1002/rcs.1968.

[177] C. D. Ettorre, A. Stilli, G. Dwyer, J. B. Neves, M. Tran, and D. Stoy-
anov, “Semi-autonomous interventional manipulation using pneu-
matically attachable flexible rails,” in Proc. 2019 IEEE/RS] Int. Conf.
Intell. Robots Syst. (IROS), pp. 1347-1354. doi: 10.1109/
TROS40897.2019.8967789.

[178] C. D’Ettorre et al., “Automated pick-up of suturing needles for
robotic surgical assistance,” in Proc. 2018 IEEE Int. Conf. Robot.
Automat. (ICRA), pp. 1370-1377. doi: 10.1109/ICRA.2018.8461200.

[179] B. van Amsterdam, H. Nakawala, E. De Momi, and D. Stoyanov,
“Weakly supervised recognition of surgical gestures,” in Proc. 2019 Int.
Conf. Robot. Automat. (ICRA), pp. 9565-9571. doi: 10.1109/
ICRA.2019.8793696.

[180] A. Stilli, E. Dimitrakakis, C. D’Ettorre, M. Tran, and D. Stoyanov,
“Pneumatically attachable flexible rails for track-guided ultrasound
scanning in robotic-assisted partial nephrectomy—A preliminary
design study,” IEEE Robot. Autom. Lett., vol. 4, no. 2, pp. 1208-1215,
2019. doi: 10.1109/LRA.2019.2894499.

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

[181] C. Wang et al., “Ultrasound 3D reconstruction of malignant
masses in robotic-assisted partial nephrectomy using the PAF rail sys-
tem: A comparison study; Int. J. Comput. Assist. Radiol. Surg., vol. 15,
pp- 1147-1155, May 2020. doi: 10.1007/s11548-020-02149-4.

[182] E. Colleoni, S. Moccia, X. Du, E. De Momi, and D. Stoyanov, “Deep
learning based robotic tool detection and articulation estimation with
spatio-temporal layers,” IEEE Robot. Autom. Lett., vol. 4, no. 3, pp. 2714—
2721,2019. doi: 10.1109/LRA.2019.2917163.

[183] L. C. Garcia-Peraza-Herrera et al., “ToolNet: Holistically-nested
real-time segmentation of robotic surgical tools,” in Proc. 2017 IEEE/
RSJ Int. Conf. Intell. Robots Syst. (IROS), pp. 5717-5722. doi: 10.1109/
IROS.2017.8206462.

[184] K. Pachtrachai, M. Allan, V. Pawar, S. Hailes, and D. Stoyanov,
“Hand-eye calibration for robotic assisted minimally invasive surgery
without a calibration object;” in Proc. 2016 IEEE/RS] Int. Conf. Intell.
Robots Syst. (IROS), pp. 2485-2491. doi: 10.1109/IROS.2016.7759387.

[185] K. Pachtrachai et al., “Adjoint transformation algorithm for
hand-eye calibration with applications in robotic assisted surgery,”
Ann. Biomed. Eng., vol. 46, no. 10, pp. 1606-1620, 2018. doi: 10.1007/
§10439-018-2097-4.

[186] M. Allan, S. Ourselin, D. J. Hawkes, J. D. Kelly, and D. Stoyanov,
“3-D pose estimation of articulated instruments in robotic minimally
invasive surgery, IEEE Trans. Med. Imag., vol. 37, no. 5, pp. 1204-1213,
2018. doi: 10.1109/TMI.2018.2794439.

[187] V. Penza, X. Du, D. Stoyanov, A. Forgione, L. S. Mattos, and E. De
Momi, “Long term safety area tracking (LT-SAT) with online failure
detection and recovery for robotic minimally invasive surgery,
Med. Image Anal., vol. 45, pp. 13-23, Apr. 2018. doi: 10.1016/j.media.
2017.12.010.

[188] D. Bouget, M. Allan, D. Stoyanov, and P. Jannin, “Vision-based
and marker-less surgical tool detection and tracking: A review of the
literature,” Med. Image Anal., vol. 35, pp. 633-654, Jan. 2017. doi:
10.1016/j.media.2016.09.003.

[189] A. Max et al., “Image based surgical instrument pose estimation
with multi-class labelling and optical flow,” in Proc. Int. Conf. Med.
Image Comput. Comput.-Assisted Intervention, 2015, pp. 331-338. doi:
10.1007/978-3-319-24553-9_41.

[190] A. Rau et al,, “Implicit domain adaptation with conditional generative
adversarial networks for depth prediction in endoscopy; Int. J. Comput. Assist.
Radiol. Surg,vol. 14,n0.7, pp. 1167-1176,2019. doi: 10.1007/s11548-019-01962-w.
[191] X. Du et al,, “Combined 2D and 3D tracking of surgical instru-
ments for minimally invasive and robotic-assisted surgery, Int. J.
Comput. Assist. Radiol. Surg., vol. 11, no. 6, pp. 1109-1119, 2016. doi:
10.1007/s11548-016-1393-4.

[192] E. Colleoni, P. Edwards, and D. Stoyanov, “Synthetic and real
inputs for tool segmentation in robotic surgery; in Proc. Med. Image
Comput. Comput. Assisted Intervention, 2020, pp. 700-710. doi:
10.1007/978-3-030-59716-0_67.

[193] H. Sang, J. Yun, R. Monfaredi, E. Wilson, H. Fooladi, and K.
Cleary, “External force estimation and implementation in robotically
assisted minimally invasive surgery,” Int. J. Med. Robot. Comput.
Assist. Surg., vol. 13, no. 2, p. e1824, 2017. doi: 10.1002/rcs.1824

[194] H. Sang, R. Monfaredi, E. Wilson, H. Fooladi, D. Preciado, and K.
Cleary, “A new surgical drill instrument with force sensing and force
feedback for robotically assisted otologic surgery,” J. Med. Device, vol.
11, no. 3, p. 031009, 2017. doi: 10.1115/1.4036490.

[195] T. Liu and M. C. Cavusoglu, “Optimal needle grasp selection for
automatic execution of suturing tasks in robotic minimally invasive
surgery, in Proc. 2015 IEEE Int. Conf. Robot. Automat. (ICRA), 2015,
Pp- 2894-2900. doi: 10.1109/ICRA.2015.7139594.

[196] T. Liu and M. C. Cavusoglu, “Needle grasp and entry port selec-
tion for automatic execution of suturing tasks in robotic minimally
invasive surgery;, IEEE Trans. Autom. Sci. Eng., vol. 13, no. 2, pp. 552—
563,2016. doi: 10.1109/TASE.2016.2515161.

[197] D.-L. Chow, P. Xu, E. Tuna, S. Huang, M. C. Cavusoglu, and W.
Newman, “Supervisory control of a DaVinci surgical robot,” in Proc.
2017 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 5043-5049. doi:
10.1109/IR0S.2017.8206389.

[198] R. Xue, B. Ren, J. Huang, Z. Yan, and Z. Du, “Design and evalua-
tion of FBG-based tension sensor in laparoscope surgical robots,” Sen-
sors, vol. 18, no. 7, p. 2067, 2018. doi: 10.3390/5s18072067.

[199] R. Hao, O. Ozguner, and M. C. Cavusoglu, “Vision-based surgical
tool pose estimation for the da Vinci® robotic surgical system,” in Proc.
2018 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 1298-1305. doi:
10.1109/TR0OS.2018.8594471.

[200] R. C. Jackson, R. Yuan, D.-L. Chow, W. S. Newman, and M. C.
Cavusoglu, “Real-time visual tracking of dynamic surgical suture
threads,” IEEE Trans. Autom. Sci. Eng., vol. 15, no. 3, pp. 1078-1090,
2017. doi: 10.1109/TASE.2017.2726689.

[201] O. Ozguner, R. Hao, R. C. Jackson, T. Shkurti, W. Newman, and M.
C. Cavusoglu, “Three-dimensional surgical needle localization and
tracking using stereo endoscopic image streams,” in Proc. 2018 IEEE
Int. Conf. Robot. Automat. (ICRA), pp. 6617-6624. doi: 10.1109/
ICRA.2018.8460867.

[202] O. Ozguner et al., “Camera-robot calibration for the da Vinci
robotic surgery system,” IEEE Trans. Autom. Sci. Eng., vol. 17, no. 4, pp.
2154-2161, 2020. doi: 10.1109/TASE.2020.2986503.

[203] G. A. Fontanelli, G.-Z. Yang, and B. Siciliano, “A comparison of
assistive methods for suturing in MIRS,” in Proc. 2018 IEEE/RS] Int.
Conf. Intell. Robots Syst. (IROS), pp. 4389-4395. doi: 10.1109/
TR0OS.2018.8593607.

[204] M. H. Hamedani et al.,, “Robust dynamic surface control of da
Vinci robot manipulator considering uncertainties: A fuzzy based
approach,” in Proc. 2019 7th Int. Conf. Robot. Mechatron. (ICRoM), pp.
418-423. doi: 10.1109/ICRoM48714.2019.9071876.

[205] M. Selvaggio, G. A. Fontanelli, F. Ficuciello, L. Villani, and B.
Siciliano, “Passive virtual fixtures adaptation in minimally invasive
robotic surgery,” IEEE Robot. Autom. Lett., vol. 3, no. 4, pp. 3129-3136,
2018. doi: 10.1109/LRA.2018.2849876.

[206] G. A. Fontanelli, M. Selvaggio, L. R. Buonocore, F. Fsicuciello, L.
Villani, and B. Siciliano, “A new laparoscopic tool with in-hand rolling
capabilities for needle reorientation,” IEEE Robot. Autom. Lett., vol. 3,
no. 3, pp. 2354-2361, 2018. doi: 10.1109/LRA.2018.2809443.

[207] M. Selvaggio et al., “The MUSHA underactuated hand for robot-
aided minimally invasive surgery,” Int. J. Med. Robot. Comput. Assist.
Surg., vol. 15, no. 3, p. 1981, 2019. doi: 10.1002/rcs.1981.

[208] R. Moccia, M. Selvaggio, L. Villani, B. Siciliano, and F. Ficuciello,
“Vision-based virtual fixtures generation for robotic-assisted polyp
dissection procedures;” in Proc. 2019 IEEE/RS] Int. Conf. Intell. Robots
Syst. (IROS), pp. 7934-7939. doi: 10.1109/TROS40897.2019.8968080.

[209] R. Moccia, C. Iacono, B. Siciliano, and F. Ficuciello, “Vision-based

dynamic virtual fixtures for tools collision avoidance in robotic sur-

MONTH 2021 * |EEE ROBOTICS & AUTOMATION MAGAZINE

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

gery, IEEE Robot. Autom. Lett., vol. 5, no. 2, pp. 1650-1655, 2020. doi:
10.1109/LRA.2020.2969941.

[210] M. Ferro, D. Brunori, F. Magistri, L. Saiella, M. Selvaggio, and G.
A. Fontanelli, “A portable da Vinci simulator in virtual reality;” in Proc.
2019 3rd IEEE Int. Conf. Robot. Comput. (IRC), pp. 447-448. doi:
10.1109/IRC.2019.00093.

[211] M. Selvaggio, A. Ghalamzan Esfahani, R. Moccia, F. Ficuciello,
and B. Siciliano, “Haptic-guided shared control for needle grasping
optimization in minimally invasive robotic surgery;” in Proc. IEEE/RS]
Int. Conf. Intell. Robot. Syst., 2019, pp. 3617-3623. doi: 10.1109/
IROS40897.2019.8968109.

[212] G. A. Fontanelli, L. R. Buonocore, F. Ficuciello, L. Villani, and B.
Siciliano, “A novel force sensing integrated into the trocar for mini-
mally invasive robotic surgery; in Proc. 2017 IEEE/RS] Int. Conf. Intell.
Robots Syst. (IROS), pp. 131-136. doi: 10.1109/IROS.2017.8202148.

[213] G. A. Fontanelli, L. R. Buonocore, F. Ficuciello, L. Villani, and B.
Siciliano, “An external force sensing system for minimally invasive
robotic surgery, IEEE/ASME Trans. Mechatron.,vol. 25, no. 3, pp. 1543~
1544, 2020. doi: 10.1109/TMECH.2020.2979027.

[214] H. Liu et al., “The MUSHA hand II: A multi-functional hand for
robot-assisted laparoscopic surgery, IEEE/ASME Trans. Mechatron.,
vol. 26, no. 1, pp. 393-404, 2020. doi: 10.1109/TMECH.2020.3022782.

[215] G. A. Fontanelli, M. Selvaggio, M. Ferro, F. Ficuciello, M. Vendit-
telli, and B. Siciliano, “A V-REP simulator for the da Vinci research kit
robotic platform,” in Proc. 7th IEEE Int. Conf. Biomed. Robot. Biome-
chatron. (Biorob), 2018, pp. 1056-1061. doi: 10.1109/BIOROB.2018.
8487187.

[216] G. A. Fontanelli, F. Ficuciello, L. Villani, and B. Siciliano, “Model-
ling and identification of the da Vinci research kit robotic arms,” in
Proc. 2017 IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 1464-
1469. doi: 10.1109/IROS.2017.8205948.

[217] E. Ficuciello, G. Tamburrini, A. Arezzo, L. Villani, and B. Siciliano,
“Autonomy in surgical robots and its meaningful human control,” Pal-
adyn, J. Behav. Robot., vol. 10, no. 1, pp. 30-43, 2019. doi: 10.1515/pjbr-
2019-0002.

[218] A. M. Jarc and L. Nisky, “Robot-assisted surgery: An emerging
platform for human neuroscience research,” Front. Hum. Neurosci., vol.
9, p. 315, June 2015. doi: 10.3389/fnhum.2015.00315.

[219] D. Itzkovich, Y. Sharon, A. Jarc, Y. Refaely, and I. Nisky, “Using
augmentation to improve the robustness to rotation of deep learning
segmentation in robotic-assisted surgical data,” in Proc. 2019 Int. Conf.
Robot. Automat. (ICRA), pp. 5068-5075. doi: 10.1109/ICRA.2019.8793963.
[220] Y. Sharon and I. Nisky, “Expertise, teleoperation, and task con-
straints affect the speed-curvature-torsion power law in RAMIS, J.
Med. Robot. Res., vol. 03, no. 03n04, p. 1,841,008, 2018. doi: 10.1142/
$2424905X18410088.

[221] M. M. Coad et al., “Training in divergent and convergent force
fields during 6-DOF teleoperation with a robot-assisted surgical sys-
tem,” in Proc. 2017 IEEE World Haptics Conf. (WHC), pp. 195-200. doi:
10.1109/WHC.2017.7989900.

[222] L. Bahar, Y. Sharon, and L. Nisky, “Surgeon-centered analysis of
robot-assisted needle driving under different force feedback condi-
tions,” Front. Neurorobot., vol. 13, p. 108, Jan. 2020. doi: 10.3389/
fnbot.2019.00108.

[223] Y. Sharon, A. M. Jarc, T. S. Lendvay, and I. Nisky, “Rate of orienta-

tion change as a new metric for robot-assisted and open surgical skill

22 *© |EEE ROBOTICS & AUTOMATION MAGAZINE * MONTH 2021

evaluation,” IEEE Trans. Med. Robot. Bionics, vol. 3, no. 2, pp. 414-425,
2021. doi: 10.1109/TMRB.2021.3073209.

[224] Z. F. Quek, S. B. Schorr, I. Nisky, W. R. Provancher, and A. M. Oka-
mura, “Sensory substitution of force and torque using 6-DoF tangen-
tial and normal skin deformation feedback;” in Proc. 2015 IEEE Int.
Conf. Robot. Automat. (ICRA), pp. 264-271. doi: 10.1109/ICRA.2015.
7139010.

[225] Y. Li et al., “SuPer: A surgical perception framework for endo-
scopic tissue manipulation with surgical robotics,” IEEE Robot. Autom.
Lett., vol. 5, no. 2, pp. 2294-2301, 2020. doi: 10.1109/LRA.2020.2970659.
[226] E. Richter et al., “Autonomous robotic suction to clear the surgical
field for hemostasis using image-based blood flow detection,” IEEE
Robot. Autom. Lett., vol. 6, no. 2, pp. 1383-1390, 2021. doi: 10.1109/
LRA.2021.3056057.

[227] E. Richter, Y. Zhang, Y. Zhi, R. K. Orosco, and M. C. Yip, “Aug-
mented reality predictive displays to help mitigate the effects of
delayed telesurgery,” in Proc. 2019 IEEE Int. Conf. Robot. Automat.
(ICRA), pp. 444-450. doi: 10.1109/ICRA.2019.8794051.

[228] N. Haouchine, W. Kuang, S. Cotin, and M. Yip, “Vision-based force
feedback estimation for robot-assisted surgery using instrument-con-
strained biomechanical three-dimensional maps,” IEEE Robot. Autom.
Lett., vol. 3, no. 3, pp. 2160-2165, 2018. doi: 10.1109/LRA.2018.2810948.
[229] R. K. Orosco et al., “Compensatory motion scaling for
time-delayed robotic surgery,” Surg. Endosc., vol. 35, pp. 2613-2618,
June 2020. doi: 10.1007/s00464-020-07681-7.

[230] T. Da Col, A. Mariani, A. Deguet, A. Menciassi, P. Kazanzides, and
E. De Momi, “SCAN: System for camera autonomous navigation in
robotic-assisted surgery,” in Proc. IEEE Int. Conf. Intell. Robots Syst.
(IROS), 2020, pp. 2996-3002. doi: 10.1109/TROS45743.2020.9341548.

[231] N. Enayati, G. Ferrigno, and E. De Momi, “Skill-based human-
robot cooperation in tele-operated path tracking,” Auton. Robots, vol.
42,no0. 5, pp. 997-1009, 2018. doi: 10.1007/s10514-017-9675-4.

[232] H. Nakawala, R. Bianchi, L. E. Pescatori, O. De Cobelli, G. Ferri-
gno, and E. De Momi, “Deep-Onto’ network for surgical workflow and
context recognition,” Int. J. Comput. Assist. Radiol. Surg., vol. 14, no. 4,
pp- 685-696, 2019. doi: 10.1007/s11548-018-1882-8.

[233] A. Mariani, E. Pellegrini, N. Enayati, P. Kazanzides, M. Vidotto,
and E. De Momi, “Design and evaluation of a performance-based adap-
tive curriculum for robotic surgical training: A pilot study,” in Proc.
2018 40th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. (EMBC), pp. 2162~
2165. doi: 10.1109/EMBC.2018.8512728.

[234] N. Enayati et al., “Robotic assistance-as-needed for enhanced
visuomotor learning in surgical robotics training: An experimental
study,” in Proc. 2018 IEEE Int. Conf. Robot. Automat. (ICRA), pp. 6631~
6636. doi: 10.1109/ICRA.2018.8463168.

[235] A. Mariani et al.,, “An experimental comparison towards autono-
mous camera navigation to optimize training in robot assisted sur-
gery, IEEE Robot. Autom. Lett., vol. 5, no. 2, pp. 1461-1467, 2020. doi:
10.1109/LRA.2020.2965067.

[236] G. Caccianiga, A. Mariani, C. Galli de Paratesi, A. Menciassi, and
E. De Momi, “Multi-sensory guidance and feedback for simulation-
based training in robot assisted surgery: A preliminary comparison of
visual, haptic, and visuo-haptic,” IEEE Robot. Autom. Lett., vol. 6, no. 2,
pp- 3801-3808, 2021. doi: 10.1109/LRA.2021.3063967.

[237] A. Mariani, E. Pellegrini, and E. De Momi, “Skill-oriented and

Performance-driven adaptive curricula for training in robot-assisted

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

surgery using simulators: A feasibility study,” IEEE Trans. Biomed.
Eng., vol. 68, no. 2, pp. 685-694, 2020. doi: 10.1109/TBME.2020.3011867.
[238] V. Penza, E. De Momi, N. Enayati, T. Chupin, J. Ortiz, and L. S.
Mattos, “enVisors: Enhanced vision system for robotic surgery: A user-
defined safety volume tracking to minimize the risk of intraoperative
bleeding,” Front. Robot. Al vol. 4, p. 15, May 2017. doi: 10.3389/
frobt.2017.00015.

[239] V. Penza, S. Moccia, E. De Momi, and L. S. Mattos, “Enhanced
vision to improve safety in robotic surgery,” in Handbook of Robotic
and Image-Guided Surgery, M. H. Abedin-Nasab, Ed. New York: Elsevi-
er, 2020, pp. 223-237.

[240] H. Nakawala et al., “Requirements elicitation for robotic and
computer-assisted minimally invasive surgery, Int. J. Adv. Robot. Syst.,
vol. 16, no. 4, pp. 1-32, 2019. doi: 10.1177/1729881419865805.

[241] X. Li, Z. Wang, and Y.-H. Liu, “Sequential robotic manipulation
for active shape control of deformable linear objects,” in Proc. 2019
IEEE Int. Conf. Real-time Comput. Robot. (RCAR), pp. 840-845. doi:
10.1109/RCAR47638.2019.9044123.

[242] X. Ma, C. Song, P. W. Chiu, and Z. Li, “Autonomous flexible endo-
scope for minimally invasive surgery with enhanced safety,” IEEE
Robot. Autom. Lett., vol. 4, no. 3, pp. 2607-2613, 2019. doi: 10.1109/
LRA.2019.2895273.

[243] F. Zhong, Y. Wang, Z. Wang, and Y.-H. Liu, “Dual-arm robotic
needle insertion with active tissue deformation for autonomous sutur-
ing,” IEEE Robot. Autom. Lett., vol. 4, no. 3, pp. 2669-2676, 2019. doi:
10.1109/LRA.2019.2913082.

[244] W. Li, C. Song, and Z. Li, “An accelerated recurrent neural net-
work for visual servo control of a robotic flexible endoscope with joint
limit constraint,” IEEE Trans. Ind. Electron., vol. 67, no. 12, pp. 10,787
10,797, 2019. doi: 10.1109/TIE.2019.2959481.

[245] C. Song, X. Ma, X. Xia, P. W. Y. Chiu, C. C. N. Chong, and Z. Li, ‘A
robotic flexible endoscope with shared autonomy: A study of mockup
cholecystectomy,” Surg. Endosc., vol. 34, pp. 2730-2741, Nov. 2019. doi:
10.1007/s00464-019-07241-8.

[246] B. Lu et al,, “A learning-driven framework with spatial optimiza-
tion for surgical suture thread reconstruction and autonomous grasp-
ing under multiple topologies and environmental noises,” in Proc. IEEE
Int. Conf. Intell. Robot. Syst., 2020, pp. 3075-3082. doi: 10.1109/
IROS45743.2020.9341445.

[247] H. Lin et al., “Learning deep nets for gravitational dynamics with
unknown disturbance through physical knowledge distillation: Initial
feasibility study,” IEEE Robot. Autom. Lett., vol. 6, no. 2, pp. 2658-2665,
2021. doi: 10.1109/LRA.2021.3062351.

[248] X. Ma, C. Song, P. W. Chiu, and Z. Li, “Visual servo of a 6-DOF
robotic stereo flexible endoscope based on da Vinci Research Kit
(dVRK) system,” IEEE Robot. Autom. Lett., vol. 5, no. 2, pp. 820-827,
2020. doi: 10.1109/LRA.2020.2965863.

[249] X. Ma, P. W.-Y. Chiu, and Z. Li, “Shape sensing of flexible manipu-
lators with visual occlusion based on Bezier curve,” IEEE Sensors J., vol.
18, no. 19, pp. 8133-8142, 2018. doi: 10.1109/JSEN.2018.2862925.

[250] C. Song, I. S. Mok, P. W. Chiu, and Z. Li, “A novel tele-operated
flexible manipulator based on the da-Vinci research kit,” in Proc. 2018
13th World Congr. Intell. Control Automat. (WCICA), pp. 428-432. doi:
10.1109/WCICA.2018.8630381.

[251] Z. Wang, X. Li, D. Navarro-Alarcon, and Y. Liu, “A unified con-

troller for region-reaching and deforming of soft objects,” in Proc. 2018

IEEE/RS] Int. Conf. Intell. Robots Syst. (IROS), pp. 472-478. doi: 10.1109/
TROS.2018.8593543.

[252] X. Chu, H. W. Yip, Y. Cai, T. Y. Chung, S. Moran, and K. W. S. Au,
“A compliant robotic instrument with coupled tendon driven articulat-
ed wrist control for organ retraction,” IEEE Robot. Autom. Lett., vol. 3,
no. 4, pp. 4225-4232,2018. doi: 10.1109/LRA.2018.2863373.

[253] H. Lin, C.-W. V. Hui, Y. Wang, A. Deguet, P. Kazanzides, and K. W.
S. Au, “A reliable gravity compensation control strategy for dVRK
robotic arms with nonlinear disturbance forces,” IEEE Robot. Autom.
Lett., vol. 4, no. 4, pp. 3892-3899, 2019. doi: 10.1109/LRA.2019.2927953.
[254] Y. Cai, P. Choi, C.-W. V. Hui, R. Taylor, and K. W. S. Au, “A task
space virtual fixture architecture for tele-operated surgical system
with slave joint limit constraints,” IEEE/ASME Trans. Mechatron., early
access, 2021. doi: 10.1109/TMECH.2021.3058174.

[255] F. Zhong, Z. Wang, W. Chen, K. He, Y. Wang, and Y.-H. Liu,
“Hand-eye calibration of surgical instrument for robotic surgery using
interactive manipulation,” IEEE Robot. Autom. Lett., vol. 5, no. 2, pp.
1540-1547,2020. doi: 10.1109/LRA.2020.2967685.

[256] Z. Zhao et al,, “One to many: Adaptive instrument segmentation
via meta learning and dynamic online adaptation in robotic surgical
video,” in Proc. 2021 IEEE Int. Conf. Robot. Automat. (ICRA), to be
published.

[257] A. Attanasio et al,, “Autonomous tissue retraction in robotic
assisted minimally invasive surgery: A feasibility study; IEEE Robot.
Autom. Lett., vol. 5, no. 4, pp. 6528-6535, 2020. doi: 10.1109/
LRA.2020.3013914.

[258] A. Attanasio et al.,, “A comparative study of spatio-temporal
U-nets for tissue segmentation in surgical robotics,” IEEE Trans. Med.
Robot. Bionics, vol. 3, no. 1, pp. 53-63, 2021. doi: 10.1109/
TMRB.2021.3054326.

[259] Z. Wang and A. M. Fey, “Deep learning with convolutional neural
network for objective skill evaluation in robot-assisted surgery,” Int. J.
Comput. Assist. Radiol. Surg, vol. 13, no. 12, pp. 1959-1970, 2018. doi:
10.1007/s11548-018-1860-1.

[260] Z. Wang and A. M. Fey, “SATR-DL: Improving surgical skill
assessment and task recognition in robot-assisted surgery with
deep neural networks,” in Proc. 2018 40th Annu. Int. Conf. IEEE
Eng. Med. Biol. Soc. (EMBC), pp. 1793-1796. doi: 10.1109/
EMBC.2018.8512575.

[261] Z. Wang et al., “A comparative human-centric analysis of virtual
reality and dry lab training tasks on the da Vinci surgical platform,” J.
Med. Robot. Res., vol. 04, no. 03n04, p. 1,942,007, 2020. doi: 10.1142/
$2424905X19420078.

[262] C. Wu et al,, “Eye-tracking metrics predict perceived workload in
robotic surgical skills training,” Hum. Factors, vol. 62, no. 8, pp. 1365-
1386, 2019. doi: 10.1177/0018720819874544.

[263] G. Z. Yang et al., “Medical robotics—Regulatory, ethical, and legal
considerations for increasing levels of autonomy,” Sci. Robot., vol. 2, no.
4, p. 8638,2017. doi: 10.1126/scirobotics.aam8638.

[264] A. M. Derossis, G. M. Fried, M. Abrahamowicz, H. H. Sigman, J. S.
Barkun, and J. L. Meakins, “Development of a model for training and
evaluation of laparoscopic skills;,” Am. J. Surg, vol. 175, no. 6, pp. 482—
487,1998. doi: 10.1016/S0002-9610(98)00080-4.

[265] T. D. Nagy and T. Haidegger, “A DVRK-based framework for sur-
gical subtask automation,” Acta Polytechnia Hungarica, vol. 16, no. 8, pp.
61-78, Oct. 2019.

MONTH 2021 * |EEE ROBOTICS & AUTOMATION MAGAZINE

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

[266] B. van Amsterdam, M. J. Clarkson, and D. Stoyanov, “Gesture rec-
ognition in robotic surgery: A review,” IEEE Trans. Biomed. Eng., vol.
68, no. 6, pp. 2021-2035, 2021. doi: 10.1109/TBME.2021.3054828.

[267] J. W. Collins et al., “Ethical implications of AI in robotic surgical
training: A Delphi consensus statement,” Eur. Urol. Focus, early access, 2021.
[268] L. Maier-Hein et al., “Surgical data science for next-generation
interventions,” Nature Biomed. Eng., vol. 1, no. 9, pp. 691-696, 2017. doi:
10.1038/s41551-017-0132-7.

[269] L. Maier-Hein et al., “Surgical data science: From concepts to
clinical translation,” 2020, arXiv:2011.02284.

[270] A.J. Hung, J. Chen, A. Jarc, D. Hatcher, H. Djaladat, and I. S. Gill,
“Development and validation of objective performance metrics for
robot-assisted radical prostatectomy: A pilot study,” J. Urol., vol. 199,
no. 1, pp. 296-304, 2018. doi: 10.1016/j.juro.2017.07.081.

Claudia D’Ettorre, Wellcome/EPSRC Centre for Interventional
and Surgical Sciences, University College London, London,
WI1W 7EJ, UK. Email: c.dettorre@ucl.ac.uk.

Andrea Mariani, BioRobotics Institute and the Department of
Excellence in Robotics & Al of Scuola Superiore SantAnna,
Pisa, 56025, Italy. Email: andrea.mariani@santannapisa.it.

Agostino Stilli, Wellcome/EPSRC Centre for Interventional
and Surgical Sciences, University College London, London,
WI1W 7EJ, UK. Email: a.stilli@ucl.ac.uk.

Ferdinando Rodriguez y Baena, Mechanical Engineering
Department, Imperial College London, South Kensington,
London, SW7 9AG, UK. Email: frodriguez@imperial.ac.uk.

24 * |EEE ROBOTICS & AUTOMATION MAGAZINE * MONTH 2021

Pietro Valdastri, STORM Lab, Institute of Robotics, Autono-
mous Systems and Sensing, School of Electronic and Electri-
cal Engineering, University of Leeds, Woodhouse, Leeds, LS2
9]T, UK. Email: p.valdastri@leeds.ac.uk.

Anton Deguet, Johns Hopkins University, Baltimore, Mary-
land, 21218, USA. Email: anton.deguet@jhu.edu.

Peter Kazanzides, Johns Hopkins University, Baltimore, Mary-
land, 21218, USA. Email: pkaz@jhu.edu.

Russell H. Taylor, Johns Hopkins University, Baltimore, Mary-
land, 21218, USA. Email: rht@jhu.edu.

Gregory S. Fischer, Automation and Interventional Medicine
Laboratory, Worcester Polytechnic Institute, Worcester, Mas-
sachusetts, USA.

Simon P. DiMaio, Intuitive Surgical Inc, Sunnyvale, California,
USA.

Arianna Menciassi, BioRobotics Institute and the Department
of Excellence in Robotics & Al of Scuola Superiore SantAnna,
Pisa, 56025, Italy. Email: arianna.menciassi@santannapisa.it.

Danail Stoyanov, Wellcome/EPSRC Centre for Interventional
and Surgical Sciences, University College London, London,
WI1W 7EJ, UK. Email: d.stoyanov@ucl.ac.uk.

Authorized licensed use limited to: University College London. Downloaded on September 29,2021 at 16:43:24 UTC from IEEE Xplore. Restrictions apply.



