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Abstract---Background: Robotic-Assisted Minimally Invasive Surgery
(RAMIS) represents a significant advancement in surgical techniques,
leveraging robotic systems to enhance precision, reduce invasiveness,
and improve patient outcomes. The da Vinci surgical system has been
a leading example, demonstrating the potential of robotic assistance
in minimally invasive procedures. Aim: This paper explores the
evolution of RAMIS, focusing on technological advancements,
integration with Artificial Intelligence (Al), and future directions in
surgical robotics. Methods: The study reviews the development and
current state of RAMIS technologies, including the historical
background, state-of-the-art systems, and emerging innovations. It
analyzes data from a range of sources including literature reviews,
market reports, and recent research developments. Results: RAMIS
systems, particularly the da Vinci surgical system, have achieved
widespread adoption due to their advanced features, such as
enhanced vision, improved ergonomics, and training programs. Recent
advancements include Al integration, new sensor technologies, and
enhanced imaging modalities. Despite these improvements, challenges
remain in achieving higher levels of autonomy and addressing cost
and regulatory issues. Conclusion: RAMIS continues to evolve with
significant advancements in AI, haptic feedback, and simulation
technologies. Future developments are expected to further enhance
surgical precision and outcomes. However, the field must address
challenges related to autonomy, cost, and global adoption to realize its
full potential.
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Introduction

In general discourse, robotic surgery is often associated with telerobotic
implementation of minimally invasive surgery (MIS), where the surgeon operates
remotely from the patient—typically within close proximity—and the surgical
instruments are controlled via direct guidance and remote operation by a human.
This clinical technique is referred to as Robotic-Assisted Minimally Invasive
Surgery (RAMIS), which is alternatively known as robotically assisted or simply
robotic MIS. The ergonomic design of these systems aligns well with the
contemporary and increasingly favored approach of MIS, which is conducted
through small incisions, also known as keyhole ports. This method has largely
supplanted many traditional open surgery techniques due to its benefits of
reduced tissue damage, enhanced patient outcomes, and improved ergonomics for
surgeons, while also incorporating various technological advancements into the
operating room [1]. This paper examines the connection between the technological
capabilities of such systems and their clinical applications, considering the
regulatory frameworks that govern their use. The exploration of the current state
of the art begins with an overview of the existing market, which has been
predominantly dominated by a single product over the past two decades.

RAMIS systems utilize real-time imaging via an endoscopic camera that provides a
high-resolution, wide-angle video stream with white light as the primary sensory
feedback from the surgical site. The robotic instruments are maneuvered by the
surgeon through a surgical console, or human-machine interface (HMI), which
relies on this video feed. The integration of minimally invasive paradigms has
significantly advanced the adoption of robotic assistance, reflected by the annual
performance of 1.5 million procedures—showing a 15% annual growth rate—
using the "da Vinci surgical system" (Intuitive Surgical Inc., Sunnyvale, CA, USA),
making it the most prevalent RAMIS system to date [2]. The key factors
contributing to the remarkable success of the da Vinci system and its telerobotic
approach include [3], [4]:
e Advanced technological features such as enhanced vision and
instrumentation.
e Ergonomics and safety improvements (e.g., EndoWrist for suturing, tremor
filtering, and enhanced situational awareness).
e Substantial evidence supporting improved patient outcomes over time.
o Targeted procedures where quality of life can be markedly enhanced (e.g.,
prostatectomy, benign hysterectomy).
¢ Robust training programs developed over time (including simulators).
e Absence of high-level autonomy, ensuring legal responsibility remains with
the surgeon.
e Extensive marketing and promotional efforts.
e Solution-oriented sales model (including consumable and service-based
business models).
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From the perspective of healthcare providers, the benefit to patients has been a
driving force behind robotic surgery programs, with substantial clinical evidence
emerging to support various applications, initially starting with prostatectomy
and benign gynecological procedures. Since 1998, over 29,000 peer-reviewed
studies have been published concerning da Vinci surgery alone. However, recent
research continues to leave unresolved questions about the long-term benefits of
MIS compared to open surgery, particularly in cases such as radical hysterectomy
[5]- It is important to note that each clinical application domain of a RAMIS
system requires separate approval, with the manufacturer's chosen approach and
timeline significantly influencing the system's developmental trajectory [6]. There
is a notable correlation between costs and the adoption rate of robotic surgery; in
the United States, where healthcare expenditures account for 18% of GDP,
approximately 5% of surgeries are performed robotically, while in the European
Union, which spends about 10% of its GDP on healthcare, the adoption rate is
around 2% [7], and it remains below 1% in most other regions. Medtronic
estimates that only 3% of the total addressable market for RAMIS has been
achieved to date. Concurrently, Frost and Sullivan estimated the total market
value of surgical robotics at $8.3 billion in 2020, with projections to reach $33.6
billion by 2026 [8].

In practice, RAMIS is primarily characterized by remote-controlled leader-follower
robots, used exclusively in telemanipulation mode, where the surgeon is not
directly handling the surgical tools. Various other types of surgical or
interventional robots with different architectures are also in clinical use [9].
Notably, image-guided interventional robotics, which relies on medical imaging for
executing predefined surgical plans, is not within the scope of this discussion
[10], nor is collaborative control, which is often utilized in neuro and orthopedic
applications. Microsurgical systems and endoluminal robots, while sharing many
similarities with RAMIS in terms of mechatronics, control architecture, and future
prospects (and occasionally using the same physical platform, such as with the
da Vinci SP), are also excluded from this analysis, as discussed by Dupont et al.
[11].

Technically, almost all surgical robotic systems feature a common element: they
use robotic mechanisms (in the broadest sense [12]) to provide precise guidance,
assistance, or direct delivery of instruments or energy. These systems can focus
energy, such as in radiotherapy or high-intensity focused ultrasound (HIFU)
treatments, or guide needles and other tools. They rely on detailed preoperative
planning based on patient imaging information, typically using three-dimensional
modalities like CT or MRI. This analysis focuses on RAMIS systems that are full-
scale, teleoperational surgical systems, where the end-effector typically does not
require the complex articulation of a continuum robot-like structure with six or
more degrees of freedom (DoFs).

History and Early Developments:

While pinpointing a specific inventor of telerobotic surgery remains elusive, the
groundwork for this field was laid by early pioneers from the U.S. National
Aeronautics and Space Administration (NASA) and the U.S. Department of
Defense, particularly through the Defense Advanced Research Projects Agency
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(DARPA) in the late 1960s. Their work, inspired by remote manipulators designed
for nuclear facilities and space exploration, significantly contributed to the
domain [13]-[15]. The commercial breakthrough came with the approval of
Intuitive Surgical's da Vinci system by the FDA in 2000. This success spurred
numerous research projects and companies to develop their own systems, often
closely mirroring the da Vinci model [16]-[19]. Intuitive Surgical outpaced its
competitor, Computer Motion (Goleta, CA, USA), in 2003, leading to the
discontinuation of the Zeus Robotics Surgical System and leaving Intuitive as the
sole major player in the U.S. market for 15 years. This lack of competition can be
attributed to Intuitive’s robust patent portfolio, which effectively protected their
technology, and the fact that many rival in-house developments either failed to
materialize into products or were not publicly reported due to cost, regulatory,
and complexity issues. Recently, however, there has been a surge of new entrants
aiming to introduce significant technological innovations, diverging from the
evolutionary advancements of previous decades.

State of the Art in RAMIS

A comprehensive literature review has identified over 65 research projects focused
on developing new, fully integrated RAMIS systems, yet only 15 have achieved
some level of national regulatory clearance, and merely five have been marketed
in multiple countries (see Fig. 1) [20], [21]. A recent review by Moglia et al. [22]
discusses the various types and variations of these systems. Additionally, Dupont
et al. [23] highlighted that the most significant advancements in the past decade
include the automation of surgical processes and the incorporation of force
sensing into laparoscopic tools, along with the development of novel robotic
architectures aimed at reducing procedural invasiveness.

Among recent achievements in research platforms, the DVRK (da Vinci Research
Kit) stands out. Developed by the Laboratory for Computational Sensing and
Robotics (LCSR) at Johns Hopkins University, Worcester Polytechnic Institute
(WPI), and other partners, and supported by the Intuitive Foundation
(https:/ /www.intuitive-foundation.org/dvrk/) [24], [25], the DVRK represents a
major advancement. It repurposes retired da Vinci surgical systems into research
platforms that enable exploration of innovative concepts in RAMIS. More than 40
academic groups and research centers are involved in the DVRK program (see Fig.
2). A recent review by D’Ettorre et al. [26] provides an overview of significant
projects utilizing the DVRK (see Fig. 2).
Current research wusing the DVRK aligns with key directions for RAMIS
development and can be categorized into the following areas (see Fig. 3):

¢ Hardware implementation and integration
System simulation and modeling
Imaging and vision
Feature automation
Training, skill assessment, and gesture recognition

Access to both kinematic and system data from the DVRK, as well as clinical data
obtained through its vision system, is crucial for advancing these research topics.
Such data is essential for applying data-driven machine learning (ML) methods,
which are pivotal for future developments in RAMIS.
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RAMIS in the Era of Data: Emerging Capabilities:

RAMIS systems offer a robust foundation for surgical innovation, primarily due to
the digital data link between the surgeon's console and the patient-side
manipulators. Continuous advancements have been made in core components of
RAMIS, including the Human-Machine Interface (HMI), patient-side surgical tools,
and vision and control systems [27]. Recently, new paradigms have emerged,
driven by the integration of Machine Learning (ML) and broader Artificial
Intelligence (Al) methods. Al has the potential to bridge the gap between current
limited applications of autonomy and the advanced software capabilities
demonstrated in other industries, such as Natural Language Processing (NLP) and
real-time scene annotation, as well as anomaly detection. By combining robotics
with Surgical Data Science (SDS), Al methods can enhance therapeutic outcomes
and patient care [28]-[32].

A. Framework for Autonomy Classification in RAMIS:

Autonomy is a crucial aspect affecting the applicability of robotic systems.
Medical robotics have adopted the concept of Level of Autonomy (LoA), originally
developed for the automotive industry, to classify and compare system functions
and capabilities [33]. This concept builds upon the traditional model of analyzing
tasks and decisions within the generate-model-plan-execute cycle, a framework
that spans from industrial robotics [34] to image-guided interventional systems
[35]. This classical CAD/CAM control flowchart remains relevant for RAMIS
systems, provided there is a high control loop frequency. This indicates that the
fundamental principle—that digital information enables accountable, measurable
system engineering and quality management concepts in Cyber-Physical Systems
(CPS) through medical imaging, image processing, and robotic execution—is fully
applicable to RAMIS. The current classification of LoA for surgical robots [36],
with most RAMIS systems currently operating at LoA 1 or 2. Although
standardization experts continue to debate the minimum autonomy requirements
for robots [12], the trend is clearly towards achieving higher LoAs through
advancements in autonomy, driven by both technological innovation and
economic incentives.

Successful approaches today emphasize automation at the subtask and task
levels in RAMIS, allowing surgeons to concentrate on critical aspects of their
procedures [37], [38]. Meanwhile, emerging research is exploring miniaturization
of systems for microsurgery and experimenting with robot ensembles and swarms
[39].

B. Impact of Advanced Communication Strategies on Telesurgery

The advent of 5G communication networks has been anticipated to significantly
impact telesurgery, first demonstrated in China in 2019 with the KangDuo-
Surgical Robot-01. The inherent capabilities of 5G, including high bandwidth, low
latency, and high throughput, promise to enable real-time telesurgery [40], [41].
Although intercontinental RAMIS operations were demonstrated two decades ago
[42], the enhanced capabilities of 5G, 5G+, and 6G may be essential for streaming
high-fidelity, high-resolution, and multimodal information required for remote
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surgeries [43], [44]. Intuitive Surgical plans to release a wireless version of the da
Vinci system by 2023. Technologies such as edge, fog, and cloud computing will
support Al-related, computationally intensive processes, thus simplifying patient-
side systems while enhancing data processing through the cloud. However, the
global infrastructure needed to make remote telesurgery commonplace is still
lacking, and cybersecurity issues remain unresolved [45], [46]. The absence of
significant cyberattacks on healthcare infrastructure thus far is fortunate, as
Western hospitals become increasingly connected and online. Nonetheless, there
has been a rise in cyber incidents [47], and current RAMIS systems offer limited
protection [48].

C. The Role of SDS—Data and Al in Advancing RAMIS:

In the clinical context, data are heterogeneous and derived from multiple sources,
including intraoperative data like robot kinematics, laparoscopic video streams,
device data, as well as preoperative and postoperative patient datasets [28], [29],
[49]. The integration and storage of such high-volume data streams pose
challenges related to interoperability and storage standards [28]. Big data
methods enable the development of new ML and Al applications, ranging from
semi-automation of surgical tasks to context-aware surgical guidance [50]-[54].
Deep learning methods require extensive annotated datasets for training, which
often constitutes a major bottleneck in robot-assisted surgery. Annotation is
labor-intensive and demands highly qualified human experts. Current strategies
to address this issue include generating synthetic datasets [55]-[57], expediting
annotation through crowdsourcing [58], [59] or active learning [60], and
employing self-supervised learning methods that minimize the need for detailed
annotations [61]. Datasets must be representative of the task, incorporating
anatomical and pathological variations from multiple centers and linked to
patient outcomes (e.g., EQ-SD [62]), while addressing selection and confounding
biases [29]. High-quality, robust clinical datasets currently exist mainly in
medical imaging, highlighting the need for open challenges in the field, such as
the annual MICCAI Endoscopic Vision Challenges
(http:/ /www.miccai.org/special-interest-groups/challenges/). These challenges
aim to democratize surgical skills and enhance collaboration between surgeons
and robots through cyber-physical systems, quantifying surgical experience and
making it accessible to machines [31]. There is growing interest in integrating Al
technologies seamlessly into the field. The concept of Surgery 4.0 has emerged,
representing the "seamless integration of medical decision support systems,
imaging, and automated execution" [36]. Verb Surgical (Mountain View, CA, USA),
a joint venture of Verily/Alphabet Inc. (Mountain View, CA, USA) and Johnson &
Johnson (New Brunswick, NJ, USA), was among the first in 2015 to develop a
Surgery 4.0-compatible system, combining advanced visualization, robotic
instrumentation, data analytics, and ML.

D. Vision, Haptics, and HMIs in RAMIS

Current RAMIS systems utilize advanced interfaces to enhance surgical precision
and effectiveness. These systems feature ergonomic consoles that allow for remote
manipulation of instruments and visualization of the surgical site. Vision systems
in RAMIS often include high-resolution 3-D stereoscopic displays, which can
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operate in immersive mode or use open 3-D display technologies like polarized
glasses [63]. In addition to the stereo camera feed, the display systems may
incorporate system preferences, instruments, and relevant information, similar to
augmented reality solutions [64]. They also support the display of other imaging
modalities, such as ultrasound (US) or preoperative 3-D anatomical renditions
[65]. These displays can highlight information using Al inference systems or fuse
multiple data sources [66]. Furthermore, integrating new sensor probes with
robotic manipulation capabilities could lead to advanced imaging techniques,
such as multispectrum fluorescence imaging, optical coherence tomography
(OCT), structured light, time-of-flight endoscopy, and RAMEN spectroscopy [67]-
[71].

Enhancements in vision may also involve semantic information. Active research
focuses on surgical tool identification and tracking, which aids in compensating
for robotic inaccuracies, assessing surgical skills, and ensuring safety during
autonomous tasks by replicating the surgeon’s visual feedback loop [72], [73].
Computer vision-based methods are also being developed to enhance anatomical
identification, situational awareness, and accurate reconstruction of surgical
phases and workflows [74]-[76]. Another promising but underdeveloped feature in
clinical RAMIS systems is haptic feedback. Sensing interaction forces between
instruments and tissue, and providing a sense of touch through haptic feedback,
could significantly enhance surgical precision. This capability would allow
surgeons to adapt their manipulations based on vibrations, pressure, or texture
with clinical relevance [80]. However, implementing haptic sensations involves
complex challenges, including the need for appropriate sensors in
instrumentation, the means to relay feedback to the surgeon, and addressing
safety and cost issues [81].

E. Simulation and Training in RAMIS:

Simulation and training are critical for ensuring that surgeons are proficient with
RAMIS systems. Various physical and virtual simulators have been developed to
support skill training [82], [83]. The data generated from these training sessions
are used to enhance system usability and understand human capabilities better
[84]. Recent research in skill assessment has focused on both traditional and ML-
based methods to improve outcome prediction [85]. Future surgical consoles
could benefit from technologies that enable more interactive and sensory
modalities. For example, eye-tracking systems might allow adaptive consoles to
tailor functions based on specific areas of the surgeon’s focus [86]. Non-technical
skill assessment is also important for patient outcomes, though it is often
overlooked. Simple methods like skin dryness sensing, pupillometry, or eye
tracking can provide basic stress measurements [88], [89]. More advanced
systems, such as functional near-infrared spectroscopy (fNIRs), may offer insights
into cognitive processes, stress levels, and skill development [90]. Integrating
these technologies could lead to improved training and skill assessment,
enhancing the overall effectiveness of RAMIS systems.
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Role of Healthcare Professionals:

In the context of Robotic-Assisted Minimally Invasive Surgery (RAMIS), the roles
of physicians, pharmacists, and nurses are integral to the successful
implementation and utilization of these advanced technologies.

Physicians: Surgeons are at the forefront of utilizing RAMIS systems. Their role
involves operating the robotic systems to perform minimally invasive procedures
with increased precision and control. Surgeons must be adept in using the robotic
consoles and interpreting the high-resolution imaging provided by these systems.
They are responsible for planning and executing surgical procedures, ensuring
patient safety, and adapting to new technologies through continuous training and
practice. Their expertise is crucial in leveraging the capabilities of RAMIS to
improve surgical outcomes and patient care.

Pharmacists: Pharmacists contribute to the RAMIS workflow by managing
perioperative medications, including anesthesia and pain management. Their role
involves ensuring that medications are appropriately administered and monitored,
considering the unique requirements of robotic-assisted surgeries. Pharmacists
also play a role in managing drug interactions and side effects, which can be
critical in minimizing complications and optimizing patient recovery. Their
expertise in pharmacotherapy is essential for providing comprehensive care in the
surgical setting.

Nurses: Nurses are vital in the perioperative care of patients undergoing RAMIS
procedures. They assist with preoperative preparations, including patient
education, positioning, and monitoring vital signs. During surgery, nurses
support the surgical team by managing sterile fields, handling instruments, and
providing real-time assistance. Postoperatively, nurses play a key role in patient
recovery, monitoring complications, managing pain, and providing patient
education on postoperative care. Their support ensures the smooth operation of
RAMIS procedures and contributes to overall patient safety and satisfaction.
Together, these healthcare professionals ensure the effective implementation of
RAMIS technologies, contributing to improved surgical outcomes and enhanced
patient care. Their collaborative efforts are essential in optimizing the use of
robotic systems and advancing the field of minimally invasive surgery.

Conclusion

The integration of robotic technology in minimally invasive surgery (MIS) has
revolutionized surgical practices by enhancing precision, reducing invasiveness,
and improving patient outcomes. The da Vinci surgical system has been a pivotal
development in this field, demonstrating the potential benefits of robotic
assistance through its advanced features, including high-resolution 3-D vision,
ergonomic consoles, and sophisticated instrumentation. RAMIS systems have
achieved remarkable success, with the da Vinci system leading the market in both
prevalence and innovation. These systems facilitate a range of minimally invasive
procedures, offering significant advantages over traditional open surgery, such as
reduced recovery times, minimized tissue damage, and improved surgical
accuracy. The system’s robust training programs and extensive clinical evidence
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supporting its efficacy have further cemented its role in modern surgical practice.
Recent advancements in RAMIS include the integration of Artificial Intelligence
(Al), which has the potential to transform surgical outcomes by enhancing
automation, improving situational awareness, and supporting real-time decision-
making. The incorporation of new imaging modalities, such as multispectrum
fluorescence imaging and optical coherence tomography (OCT), also promises to
advance the capabilities of robotic systems. However, challenges remain.
Achieving higher levels of autonomy in RAMIS systems is an ongoing pursuit,
requiring advancements in Al and robotics. Additionally, addressing the high
costs associated with these technologies and ensuring their accessibility on a
global scale are critical issues that need to be addressed. The field must also
overcome regulatory hurdles and develop solutions to enhance the safety and
effectiveness of robotic-assisted surgeries. Looking forward, the future of RAMIS is
promising, with continued advancements expected to further refine surgical
techniques and outcomes. The integration of Al and emerging technologies will
play a crucial role in shaping the next generation of surgical robotics, potentially
leading to more autonomous systems and broader adoption across diverse
healthcare settings.

References

1. R. H. Taylor, A. Menciassi, G. Fichtinger, P. Fiorini and P. Dario, "Medical
robotics and computer-integrated surgery" in Springer Handbook of Robotics,
Springer, pp. 1657-1684, 2016.

2. M. Azizian, M. Liu, I. Khalaji and S. DiMaio, "The da Vinci surgical system" in
The Encyclopedia of Medical Robotics: Minimally Invasive Surgical Robotics,
vol. 1, pp. 3-28, 2019.

3. V. R. Patel, "Essential elements to the establishment and design of a
successful robotic surgery programme", Int. J. Med. Robot. Comput. Assist.
Surgery, vol. 2, no. 1, pp. 28-35, Mar. 2006.

4. P. Nicolai, J. Raczkowsky and H. Woérn, "A novel 3D camera based supervision
system for safe human-robot interaction in the operating room", J. Autom.
Control Eng., vol. 3, no. 5, pp. 410-417, 2015.

5. P. T. Ramirez et al.,, "Minimally invasive versus abdominal radical
hysterectomy for cervical cancer", New England J. Med., vol. 379, no. 20, pp.
1895-1904, 2018.

6. S. DiMaio, M. Hanuschik and U. Kreaden, "The da Vinci surgical system" in
Surgical Robotics, Boston, MA, USA:Springer, pp. 199-217, 2011.

7. J. Rose, T. G. Weiser, P. Hider, L. Wilson, R. L. Gruen and S. W. Bickler,
"Estimated need for surgery worldwide based on prevalence of diseases: A
modelling strategy for the WHO global health estimate", Lancet Global Health,
vol. 3, pp. S13-S20, Apr. 2015.

8. Global Offering, 2021, [online] Available:
https://ir.medbotsurgical.com/media/uOrpulkm /202110210001 1.pdf.

9. P. Kazanzides, G. Fichtinger, G. D. Hager, A. M. Okamura, L. L. Whitcomb
and R. H. Taylor, "Surgical and interventional robotics—core concepts
technology and design [tutorial]", IEEE Robot. Autom. Mag., vol. 15, no. 2, pp.
122-130, Jun. 2008.

10. G. Fichtinger, J. Troccaz and T. Haidegger, "Image-guided interventional
robotics: Lost in translation", Proc. IEEE, vol. 110, no. 5, pp. 1-18, May 2022.



3416

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

P. Dupont, N. Simaan, H. Choset and C. Rucker, "Continuum robots for
medical interventions", Proc. IEEE, Feb. 2022.

T. Haidegger, "Taxonomy and standards in robotics" in Encyclopedia of
Robotics, Berlin, Germany:Springer, pp. 1-10, 2021.

R. M. Satava, "Surgical robotics: The early chronicles: A personal historical
perspective", Surgical Laparoscopy Endoscopy Percutaneous Techn., vol. 12,
no. 1, pp. 6-16, Feb. 2002.

Takacs, D. A. Nagy, I. Rudas and T. Haidegger, "Origins of surgical robotics:
From space to the operating room", Acta Polytechnica Hungarica, vol. 13, no.
1, pp. 13-30, 2016.

T. B. Sheridan, Telerobotics Automation and Human Supervisory Control,
Cambridge, MA, USA:MIT Press, 1992.

T. Ginoya, Y. Maddahi and K. Zareinia, "A historical review of medical robotic
platforms", J. Robot., vol. 2021, pp. 1-13, Jan. 2021.

M. Hoeckelmann, I. J. Rudas, P. Fiorini, F. Kirchner and T. Haidegger,
"Current capabilities and development potential in surgical robotics", Int. J.
Adv. Robotic Syst., vol. 12, no. 5, pp. 61, May 2015.

D. S. Schoeb et al., "Robotik und intraoperative navigation", Der Urologe, vol.
60, no. 1, pp. 27-38, Jan. 2021.

Race and S. Horgan, "Overview of current robotic technology" in Innovative
Endoscopic and Surgical Technology in the GI Tract, Cham,
Switzerland:Springer, pp. 1-17, 2021.

J. Klodmann et al., "An introduction to robotically assisted surgical systems:
Current developments and focus areas of research", Current Robot. Rep., vol.
2, no. 3, pp. 321-332, Sep. 2021.

B. Millan, S. Nagpal, M. Ding, J. Y. Lee and A. Kapoor, "A scoping review of
emerging and established surgical robotic platforms with applications in
urologic surgery", Société Internationale d’Urologie J., no. 5, pp. 300-310, Sep.
2021.

Moglia, K. Georgiou, E. Georgiou, R. M. Satava and A. Cuschieri, "A
systematic review on artificial intelligence in robot-assisted surgery", Int. J.
Surg., vol. 95, Nov. 2021.

P. E. Dupont et al., "A decade retrospective of medical robotics research from
2010 to 2020", Sci. Robot., vol. 6, no. 60, Nov. 2021.

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 system", Proc.
IEEE Int. Conf. Robot. Autom. (ICRA), pp. 6434-6439, May 2014.

G. Chrysilla, N. Eusman, A. Deguet and P. Kazanzides, "A compliance model
to improve the accuracy of the da Vinci research kit (dVRK)", Acta Polytechnica
Hungarica, vol. 16, no. 8, pp. 49-60, 2019.

C. D’Ettorre et al., "Accelerating surgical robotics research: A review of 10
years with the da Vinci research kit", IEEE Robot. Autom. Mag., vol. 28, no. 4,
pp. 56-78, Dec. 2021.

T. E. T. Seah, T. N. Do, N. Takeshita, K. Y. Ho and S. J. Phee, "Flexible robotic
endoscopy systems and the future ahead" in Diagnostic Therapeutic
Procedures Gastroenterology, Cham, Switzerland:Humana Press, pp. 521-536,
2018.

L. Maier-Hein et al., "Surgical data science—From concepts toward clinical
translation", Med. Image Anal., vol. 76, Feb. 2022.



29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45.

46.

3417

L. Maier-Hein et al.,, "Surgical data science for next-generation
interventions", Nature Biomed. Eng., vol. 1, no. 9, pp. 691-696, Sep. 2017.

T. Vercauteren, M. Unberath, N. Padoy and N. Navab, "CAI4CAI: The rise of
contextual artificial intelligence in computer-assisted interventions", Proc.
IEEE, vol. 108, no. 1, pp. 198-214, Jan. 2020.

E. Battaglia, J. Boehm, Y. Zheng, A. R. Jamieson, J. Gahan and A. Majewicz
Fey, "Rethinking autonomous surgery: Focusing on enhancement over
autonomy", Eur. Urol. Focus, vol. 7, no. 4, pp. 696-705, Jul. 2021.

Shademan, R. S. Decker, J. D. Opfermann, S. Leonard, A. Krieger and P. C.
W. Kim, "Supervised autonomous robotic soft tissue surgery", Sci. Transl
Med., vol. 8, no. 337, May 2016.

. G.-Z. Yang et al., "The grand challenges of science robotics", Sci. Robot., vol. 3,

no. 14, Jan. 2018.

D. B. Kaber and M. R. Endsley, "The effects of level of automation and
adaptive automation on human performance situation awareness and
workload in a dynamic control task", Theor. Issues Ergonom. Sci., vol. 5, no. 2,
pp- 113-153, Mar. 2004.

G. Fichtinger, J. Troccaz and T. Haidegger, "Image-guided interventional
robotics: Lost in translation", Proc. IEEE, vol. 110, no. 5, pp. 1-18, May 2022.
T. Haidegger, "Autonomy for surgical robots: Concepts and paradigms", IEEE
Trans. Med. Robot. Bionics, vol. 1, no. 2, pp. 65-76, May 2019.

T. D. Nagy and T. Haidegger, "A dVRK-based framework for surgical subtask
automation”, Acta Polytechnica Hungarica, vol. 16, no. 8, pp. 61-78, 2019.

T. D. Nagy and T. P. Haidegger, "Towards standard approaches for the
evaluation of autonomous surgical subtask execution", Proc. IEEE 25th Int.
Conf. Intell. Eng. Syst. (INES), pp. 67-74, Jul. 2021.

H. Suzuki and R. J. Wood, "Origami-inspired miniature manipulator for
teleoperated microsurgery", Nature Mach. Intell., vol. 2, no. 8, pp. 437-446,
Aug. 2020.

L. B. Valdez, R. R. Datta, B. Babic, D. T. Mtller, C. J. Bruns and H. F. Fuchs,
"5G mobile communication applications for surgery: An overview of the latest
literature", Artif. Intell. Gastrointestinal Endoscopy, vol. 2, no. 1, pp. 1-11, Mar.
2021.

.Q. Zhang, J. Liu and G. Zhao, "Towards 5G enabled tactile robotic

telesurgery”, arXiv:1803.03586, 2018.

T. Haidegger, J. Sandor and Z. Beny6, "Surgery in space: The future of robotic
telesurgery", Surgical Endoscopy, vol. 25, no. 3, pp. 681-690, Mar. 2011.

R. Gupta, A. Shukla and S. Tanwar, "BATS: A blockchain and Al-empowered
drone-assisted telesurgery system towards 6G", IEEE Trans. Netw. Sci. Eng.,
vol. 8, no. 4, pp. 2958-2967, Dec. 2021.

M. Giordani, M. Polese, M. Mezzavilla, S. Rangan and M. Zorzi, "Toward 6G
networks: Use cases and technologies", IEEE Commun. Mag., vol. 58, no. 3,
pp- 55-61, Mar. 2020.

G. Lacava et al., "Cybsersecurity issues in robotics", J. Wireless Mobile Netw.
Ubiquitous Comput. Dependable Appl., vol. 12, no. 3, pp. 1-28, Sep. 2021.

H. Tataria, M. Shafi, A. F. Molisch, M. Dohler, H. Sjoland and F. Tufvesson,
"6G wireless systems: Vision requirements challenges insights and
opportunities", Proc. IEEE, vol. 109, no. 7, pp. 1166-1199, Jul. 2021.



3418

47.

48.

49.

50.

S1.

52.

53.

54.

S5.

56.

57.

58.

59.

60.

ol.

62.

H. S. Lallie et al., "Cyber security in the age of COVID-19: A timeline and
analysis of cyber-crime and cyber-attacks during the pandemic", Comput.
Secur., vol. 105, Jun. 2021.

J.-P.-A. Yaacoub, H. N. Noura, O. Salman and A. Chehab, "Robotics cyber
security: Vulnerabilities attacks countermeasures and recommendations", Int.
J. Inf. Secur., vol. 21, no. 1, pp. 115-158, Feb. 2022.

T. P. Singh, J. Zaman and J. Cutler, "Robotic surgery: At the crossroads of a
data explosion", World J. Surg., vol. 45, no. 12, pp. 3484-3492, Dec. 2021.

E. D. Momi, L. Kranendonk, M. Valenti, N. Enayati and G. Ferrigno, "A neural
network-based approach for trajectory planning in robot-human handover
tasks", Frontiers Robot. Al vol. 3, pp. 34, Jun. 2016.

M. Wagner et al., "A learning robot for cognitive camera control in minimally
invasive surgery", Surgical Endoscopy, vol. 35, no. 9, pp. 5365-5374, Apr.
2021.

N. Padoy, T. Blum, S.-A. Ahmadi, H. Feussner, M.-O. Berger and N. Navab,
"Statistical modeling and recognition of surgical workflow", Med. Image Anal.,
vol. 16, no. 3, pp. 632-641, 2012.

D. Katic et al.,, "Context-aware augmented reality in laparoscopic
surgery", Computerized Med. Imag. Graph., vol. 37, no. 2, pp. 174-182, Mar.
2013.

D. Rivoir et al., "Long-term temporally consistent unpaired video translation
from simulated surgical 3D data", Proc. IEEE/CVF Int. Conf. Comput. Vis., pp.
3343-3353, Oct. 2021.

M. Pfeiffer et al., "Generating large labeled data sets for laparoscopic image
processing tasks using unpaired image-to-image translation", Proc. Int. Conf.
Med. Image Comput. Comput.-Assist. Intervent, pp. 119-127, 2019.

S. J. Wirkert et al., "Physiological parameter estimation from multispectral
images unleashed", Proc. Int. Conf. Med. Image Comput. Comput.-Assist.
Intervent, pp. 134-141, 2017.

C. S. Ravasio et al., "Learned optical flow for intra-operative tracking of the
retinal fundus", Int. J. Comput. Assist. Radiol. Surg., vol. 15, no. 5, pp. 827-
836, May 2020.

L. Maier-Hein et al., "Can masses of non-experts train highly accurate image
classifiers", Proc. Int. Conf. Med. Image Comput. Comput.-Assist. Intervent, pp.
438-445, Sep. 2014.

Malpani, S. S. Vedula, C. C. G. Chen and G. D. Hager, "A study of
crowdsourced segment-level surgical skill assessment using pairwise
rankings", Int. J. Comput. Assist. Radiol. Surg., vol. 10, no. 9, pp. 1435-1447,
Sep. 2015.

S. Bodenstedt et al., "Active learning using deep Bayesian networks for
surgical workflow analysis", Int. J. Comput. Assist. Radiol. Surg., vol. 14, no. 6,
pp. 1079-1087, 2019.

T. Rof et al., "Exploiting the potential of unlabeled endoscopic video data with
self-supervised learning", Int. J. Comput. Assist. Radiol. Surg., vol. 13, no. 6,
pp. 925-933, 2018.

Z. Zrubka et al., "Predicting patient-level 3-level version of EQ-5D index scores
from a large international database using machine learning and regression
methods", Value Health, vol. 25, no. 9, pp. 1-12.



63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

3419

.H. Martins, I. Oakley and R. Ventura, "Design and evaluation of a head-
mounted display for immersive 3D teleoperation of field robots", Robotica, vol.
33, no. 10, pp. 2166-2185, Dec. 2015.

K. Moga, D. B. O. Boesl and T. Haidegger, "Augmented/mixed reality
technologies supporting digital surgery", Proc. IEEE 19th Int. Symp. Intell. Syst.
Informat. (SISY), pp. 183-189, Sep. 2021.

C. E. Reiley, T. Akinbiyi, D. Burschka, D. C. Chang, A. M. Okamura and D. D.
Yuh, "Effects of visual force feedback on robot-assisted surgical task
performance", J. Thoracic Cardiovascular Surg., vol. 135, no. 1, pp. 196-202,
Jan. 2008.

L. Qian, A. Deguet and P. Kazanzides, "ARssist: Augmented reality on a head-
mounted display for the first assistant in robotic surgery", Healthcare Technol.
Lett., vol. 5, no. 5, pp. 194-200, Oct. 2018.

Y.-J. Lee, N. S. van den Berg, R. K. Orosco, E. L. Rosenthal and J. M. Sorger,
"A  narrative review of fluorescence imaging in robotic-assisted
surgery", Laparoscopic Surg., vol. 5, pp. 31, Jul. 2021.

M. Balicki et al., "Single fiber optical coherence tomography microsurgical
instruments for computer and robot-assisted retinal surgery", Proc. Int. Conf.
Med. Image Comput. Comput.-Assist. Intervent, pp. 108-115, 2009.

M. Pinto et al., "Integration of a Raman spectroscopy system to a robotic-
assisted surgical system for real-time tissue characterization during radical
prostatectomy procedures”, J. Biomed. Opt., vol. 24, no. 2, Feb. 2019.

S. Bauer et al., "Real-time range imaging in health care: A survey" in Time-of-
Flight and Depth Imaging. Sensors Algorithms and Applications, Berlin,
Germany:Springer, pp. 228-254, 2013.

Roberti et al., "A time-of-flight stereoscopic endoscope for anatomical 3D
reconstruction", Proc. Int. Symp. Med. Robot. (ISMR), pp. 1-7, Nov. 2021.

G. Lajko, R. N. Elek and T. Haidegger, "Endoscopic image-based skill
assessment in robot-assisted minimally invasive surgery", Sensors, vol. 21,
no. 16, pp. 5412, Aug. 2021.

Y. Wang, Q. Sun, Z. Liu and L. Gu, "Visual detection and tracking algorithms
for minimally invasive surgical instruments: A comprehensive review of the
state-of-the-art", Robot. Auto. Syst., vol. 149, Mar. 2022.

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, Feb. 2021.

R. Garrow et al.,, "Machine learning for surgical phase recognition: A
systematic review", Ann. Surg., vol. 273, no. 4, pp. 684-693, Apr. 2021.

M. Kawka, T. M. Gall, C. Fang, R. Liu and L. R. Jiao, "Intraoperative video
analysis and machine learning models will change the future of surgical
training", Intell. Surg., vol. 1, pp. 13-15, Jan. 2022.

T. Haidegger, B. Beny6, L. Kovacs and Z. Beny6, "Force sensing and force
control for surgical robots", IFAC Proc. Volumes, vol. 42, no. 12, pp. 401-406,
20009.

Takacs, 1. J. Rudas and T. Haidegger, "The other end of human-robot
interaction: Models for safe and efficient tool-tissue interactions" in Human-
Robot Interaction, London, U.K.:Chapman & Hall, pp. 137-170, 2019.

K. Golahmadi, D. Z. Khan, G. P. Mylonas and H. J. Marcus, "Tool-tissue
forces in surgery: A systematic review', Ann. Med. Surgery, vol. 65, May 2021.



3420

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

T. B. Sheridan, "Human supervisory control of automation" in Handbook of
Human Factors and Ergonomics, Hoboken, NJ, USA:Wiley, pp. 736-760,
2021.

M. Okamura, "Haptics in robot-assisted minimally invasive surgery"', The
Encyclopedia of Medical Robotics: Minimally Invasive Surgical Robotics, vol. 1,
pp. 317-339, 2019.

D. Julian, A. Tanaka, P. Mattingly, M. Truong, M. Perez and R. Smith, "A
comparative analysis and guide to virtual reality robotic surgical
simulators", Int. J. Med. Robot. Comput. Assist. Surg., vol. 14, no. 1, Feb. 2018.
Kirubarajan, D. Young, S. Khan, N. Crasto, M. Sobel and D. Sussman,
"Artificial intelligence and surgical education: A systematic scoping review of
interventions", J. Surgical Educ., vol. 79, no. 2, pp. 500-515, Mar. 2022.

S. S. Vedula and G. D. Hager, "Surgical data science: The new knowledge
domain", Innov. Surgical Sci., vol. 2, no. 3, pp. 109-121, Apr. 2017.

R. N. 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.

N. Ahmidi, G. D. Hager, L. Ishii, G. Fichtinger, G. L. Gallia and M. Ishii,
"Surgical task and skill classification from eye tracking and tool motion in
minimally invasive surgery", Proc. Int. Conf. Med. Image Comput. Comput.-
Assist. Intervent, pp. 295-302, 2010.

R. N. Elek and T. Haidegger, "Non-technical skill assessment and mental load
evaluation in robot-assisted minimally invasive surgery", Sensors, vol. 21, no.
8, pp. 2666, Apr. 2021.

Ohnishi et al., "A method for estimating Doctor’s fatigue level in operating a
surgical robot using wearable sensors", Proc. IEEE Int. Conf. Pervasive Comput.
Commun. Workshops Other Affiliated Events (PerCom Workshops), pp. 38-43,
Mar. 2021.

Wu et al., "Eye-tracking metrics predict perceived workload in robotic surgical
skills training", Hum. Factors J. Hum. Factors Ergonom. Soc., vol. 62, no. 8, pp.
1365-1386, Dec. 2020.



3421

Afigag ) L ol g gran g J& gl Adudla iyl B 2aB1l) dua jad) Gl jlaall Sl CilaSi)
HEE Y
a5l Al e aaiad G cal jall Gl 8 1508 Lo (RAMIS) o5l 5o loss da) jall Jiai il
LK) elal a3 Yle al el M and a Hlal IS M mpal) milE Gty sl pall Jad) Qi 43
W& sill daal Cule) ) 8 4 505 ) sae Lusal)
¢ (Al)elihaY) A pe edll oa g€l adill e 585 e o RAMIS sk il 3a CaiSig cciagl)
Adlal) ey 8 Ly « RAMIS@LE shaiy skt Al pall (i e 1§kl lises )l Aal a8 dplidisall clalas¥l
Cilaalall @l 8 Ley jilad) (e de siis de gena (o ULl Jilad Ly 48300 Yy diaad) Ll iy
Aaall dial) <l shaill g o3 sl & cdual)
Lol Jie cladiiall Wil jae commsy Gl s Nldie] e alyall " 5id 1" olai Ll y o RAMISAeb s sqilidl)
" By *1‘““ “591 e sV KA zad a)AY\ A.\\J_,Jn.ﬂ\ Jadi &-\JJJ.J\ \).1_5 ‘44‘)...».\“ MAA@J\ Gyl g Aiaall
4\.\5)&1‘»‘}1\ %) L;:;\ u_qh}\...u d.\saa @ ub.\u Sllia dla.a u_ql_u.u;.d\ XYY e (ac)ﬂ é&; Liaall )4}.4.\5\ OJL'} w&.m;j\
. audaill 5 msm Ll Aol
o Sl i g Al m\‘)l\ el céhka\ <A< u’_% BT e.\.u & ‘)_513-\” ‘_.,ﬁ RAMIS _<iud MM\
Ll cloatl) dallae Jiaall 138 e cany clld gy Leailiny dalyall 48 Lldiad) ol el §3a3 of a8 i)
LIS 4Ll i) allad) il g A8 AL
i il Aal ja csc\.dm.aY\ <1< c@\‘);.“ "‘sum Jan eUm (RAMIS ¢ g9 )l 3aclisay dal jall MJ.“ Cilalsl
LAl daad I A3800 A IMELLY)




