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ABSTRACT

Background: Robotic-assisted endoluminal systems are rapidly evolving within the field of min-
imally invasive surgery. The IDEAL framework (Idea, Development, Exploration, Assessment, and
Surveillance) can be used to evaluate novel technologies. This review provides a summary of
current and emerging endoluminal systems using the IDEAL framework.

Methods: A scoping review was conducted to include all existing and developing robotic-
assisted endoluminal systems. Data was collected via virtual interviews, questionnaires, biomed-
ical databases, company websites, and peer-reviewed articles. Key metrics were reported, ena-
bling the assignment of each system to an IDEAL stage.

Results: The review identified 17 distinct systems from 16 companies. Nine systems received
regulatory approval in their respective countries. Our evaluation showed that two systems were
at the pre-IDEAL Stage 0. Seven systems were in the Idea stage (Stage 1), six systems were in
the Development stage (Stage 2) and two systems completed Stage 3. No system underwent
long-term study evaluation (Stage 4).

Conclusions: There is a gap in long-term clinical data of robotic-assisted endoluminal systems,
indicated by the absence of systems at Stage 4. Collaborative efforts amongst the medical com-
munity, regulatory bodies, and industry specialists are vital to ensure the delivery of evidence-
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Introduction

Endoluminal surgery, characterised by interventions per-
formed through the body’s natural orifices, is used as a
tool for diagnosis and treatment across various special-
ities. It is associated with reduced hospital stay and
enhanced post-operative recovery. However, traditional
endoluminal surgery is limited due to unstable views of
the surgical field and challenges in enabling precise tissue
manipulation and traction. At present, instrument inser-
tion is constrained to the axial pathway of the endoscope,
hindering off-axis manoeuvres and potentially complicat-
ing endoluminal submucosal dissection (ESD) [1].
Simultaneously, robotic surgery continues to spread
across an increasingly broad range of surgical proce-
dures [2]. Robotic surgery has obvious advantages,

including enhanced dexterity, three-dimensional visu-
alization, and greater precision, enabling more intricate
and delicate manoeuvres. Furthermore, musculoskel-
etal pain is highly prevalent among endoscopic sur-
geons [3]. However, robotic surgery minimises the
physical strain on surgeons by allowing them to operate
from a seated position at the surgical console. As a
result, robotic-assisted endoluminal systems focus on
improving ergonomic support, which works alongside
the goal of improving patient outcomes. System devel-
opments centred around surgeons’ ergonomics have
been suggested to create improved collaborative robots
and better outcomes [4]. By leveraging robotic assist-
ance, complex endoluminal surgery can be more effect-
ive, with improved field of view, tissue handling,
ergonomics, and tool articulation range [2]. However,
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there are concerns about the rapid growth of robotic
surgery in areas with limited evidence to support its
use [2].

In the last 15years, an effort has been made to
standardise the implementation of novel innovative
surgical technology, as robotic surgery has been intro-
duced without the stepwise testing process routinely
used in medical therapeutics [2]. Consequently, the
Idea, Development, Explore, Assessment and Long-
term study (IDEAL) framework was developed [5].
Evaluating each company’s adherence to the IDEAL
framework promotes patient safety and helps consum-
ers quickly and easily understand the technology’s
developmental stage. The rapid innovation of these
technologies highlights the need for a comprehensive
evaluation of this field. This review aimed to evaluate
current and emerging innovations in the field of
endoluminal robotics, across various specialities, using
the IDEAL framework.

Material and methods

A scoping review was conducted to appraise robotic-
assisted endoluminal systems that are currently avail-
able or in development according to the IDEAL
framework. Our data was sourced using electronic
databases including PubMed, Web of Science, and
Scopus, as well as company websites and news
articles. Systems discontinued on the market were
excluded from the review. We collected several data
points including company name, founding year, pre-
clinical and clinical trials conducted, price, system
and instrument description, training and support
available, indications for use, countries and hospitals
using the system (if applicable), and any additional
information differentiating the system from other
competitors. Each company was also contacted and, if
they consented, they answered a standardised set of
questions via interview or form. Companies were
given the opportunity to provide any additional
information.

The platforms were assessed using the IDEAL frame-
work [5] (Table 1). Specific to the IDEAL + Devices
(IDEAL-D) framework for device innovation, we

Table 1. Stages of the IDEAL-D framework.

included Stage 0 which involves the preclinical stage of
development [6].

Results
Systems demography

Sixteen companies were identified and contacted
regarding the development of 17 different robotic-
assisted endoluminal systems, including two separate
systems from Monarch (Auris Health, Redwood City,
CA, USA) (Figure 1A-S). Six systems originated from
the United States (35.3%) and two systems originated
from South Korea (11.8%). Turkey, Italy, Japan,
Germany, the United Kingom (UK), and China, each
accounted for a single system development.

These systems support a variety of specialities with
colorectal surgery being the most common surgical
system, supported by nine systems. This is followed
by the upper gastrointestinal tract and respiratory sys-
tems with four each (23.5%). Urology, gynaecology,
and otolaryngology are each supported by three sys-
tems (Figure 2).

Systems approval

Food and Drug Administration (FDA) clearance has
been achieved by seven out of the 17 systems (41%),
and a further two (11.8%) have received clearance
from regulatory bodies in Korea, The Ministry of Food
and Drug Safety (MFDA), and China, the Chinese
State Food and Drug Administration (CFDA).

IDEAL-D framework assessment

Two systems (11.8%) were assigned Stage 0, seven
(41.1%) to Stage 1, and six systems (35.3%) to Stage
2b. Two systems (11.8%) were evaluated at Stage 3 of
the IDEAL framework and no endoluminal robotic-
assisted platform reached Stage 4 (Figure 3).

Cost data was available for three of the systems:
Anovo Surgical System (New York, NY, USA),
EndoQuest Robotics (Houston, TX, USA), and
Invendoscope  (Invendo  Medical,  Regensburg,
Germany). Anovo Surgical System was priced around

Stage

Summary

Stage 0: Preclinical *
Stage 1: Idea

Stage 2a: Development
Stage 2b: Exploration
Stage 3: Assessment
Stage 4: Long-term study

Evaluation of medical devices prior to first human studies.

Proof of concept and first use in humans.

Technical details refined using experience of small case series.

Exploration; defining intervention, indications, and standards by multicentre prospective cohort study.
Evaluating intervention against current practice, ideally in randomised control trial.

Assessing rare and late outcomes and widening the list of ‘accepted’ indications.

*Following the IDEAL-D framework, IDEAL has been expanded to add Stage 0 when focusing on device innovation.
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Figure 1. Images of fifteen of the robotic endoluminal systems explored in the review. (A) lon by Intuitive Surgical system;
(B) Monarch robot for bronchoscopy; (C) Monarch robot for urology applications; (D) Anovo Surgical System; (E, F) Endomaster sys-
tem; (G) FASTER system; (H, I) EndoQuest Robotic system; (J) Invendoscope colonoscope; (K) Flex Robotic system; (L) Zaminex R
system (Roen Surgical Inc., Daejeon, Korea); (M) Virtuoso Surgical system; (N) Endotics system; (O) NISImagine system; (P) i2 Snake
(Hamlyn Centre for Robotic Surgery, London, UK); (Q) EndoSamurai system (Olympus Medical Systems, Tokyo, Japan); (R) K-FLEX
system; (S) W Endoluminal Robotics.
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Q Instrument Module

Figure 1. Continued.

$600,000-$700,000. EndoQuest Robotics priced their
capital at $1.75 million and consumables at $250 per
instrument peruse. Invendoscope has been reported
to cost $350 per probe, and its processing unit cost is
quote-dependent [7].

Clinical evaluation

Trial data across the devices included success parame-
ters such as mean operative time, achievement of the
primary surgical goal, complication rates, and ease of
use. Endomaster EASE Surgical System (Singapore)
found lower mean operative times in both animal and
human trials for ESD [8]. Endotics (Era Endoscopy
Srl, Cascina, Italy) found that their clinical trials indi-
cated significantly reduced patient discomfort during
diagnostic colonoscopy, with a 90% lower stress pat-
tern compared to conventional colonoscopy [9].
Although a preliminary study showed a polyp detec-
tion rate of 40% [10], subsequent clinical trials
showed the detection of all polyps, including smaller
polyps not detected by standard colonoscopy [9].
EndoQuest Robotics reported a 100% success rate for
polyp recession in transanal local excision of neopla-
sia, over a period of 5.5 months [11].

Ion (Intuitive Surgical, Sunnyvale, CA, USA) and
Monarch have reached Stage 3 in the field of robotic

WAL

et

bronchoscopy, supported by large multicenter trials.
Ion’s PRECISE study evaluated the system’s ability to
biopsy pulmonary nodules with 97% biopsy comple-
tion [12]. The Monarch system’s BENEFIT study
assessed lesion localization for peripheral pulmonary
lesions and found 96.2% accuracy (13). The diagnostic
yield was 82 -85% for Ion and 74.1% for Monarch
(12,13].

Gynaecological robots were produced by Anovo
Surgical System (Stage 2b), Virtuoso Surgical System
(Virtuoso Surgical Inc., Nashville, TN, USA) (Stage
0), NISImagine System (Nisi Limited, Hong Kong,
China) (Stage 0). Anovo Surgical System conducted a
two-center prospective study on vaginal natural orifice
transluminal endoscopic surgery (VNOTES) for bilat-
eral salpingo-oophorectomy. The primary outcome
was achieved with no patients requiring conversion to
open surgery, and surgeons also reported a high
usability score [14]. NISImagine was tested in two live
models for hysterectomy and salpingo-oophorectomy,
showing no intraoperative complications and minimal
blood loss [15]. Virtuoso Surgical System has been
employed ex-vivo to demonstrate its use in hystero-
scopy with a porcine model to remove intrauterine
devices (IUD) [16].

Emerging companies such as W Endoluminal (Or
Yehuda, Israel) and K-Flex (KAIST Future Medical



Surgical speciality Total
number of
systems

Lower Gastrointestinal 9

Respiratory 4

Upper Gastrointestinal 4

Urology 3

H O
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Gynaecology 3

Ear-Nose-Throat 3

Orthopaedics 1

Jﬁg
Neurosurgery 1
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Endoluminal system

EndoMaster EASE Surgical System, EndoQuest
Robotics, Invendoscope, Flex Robotic System,
Endotics, K-Flex, Flex Robotic System,
EndoSamurai

lon, Monarch (bronchoscopy platform), Virtuoso
Endoscopic Robotic System, W Endoluminal
Robotics.

EndoMaster EASE Surgical System, FASTER, Flex
Robotic System, 12 Snake.

Monarch (percutaneous nephrolithotomy
platform), Zaminex R, Virtuoso Endoscopic
Robotic System.

Anovo Surgical System, Virtuoso Endoscopic
Robotic System, Nislmagine Surgical Robotic
System.

Flex Robotic System, Virtuoso Endoscopic
Robotic System, 12 snake

Virtuoso Endoscopic Robotic System

Virtuoso Endoscopic Robotic System

Figure 2. Overview of the number of robotic-assisted endoluminal systems per speciality.

Robotics Research Center, Daejeon, Korea) have lim-
ited preclinical data available. W Endoluminal has yet
to publish preclinical studies and K-Flex has ex-vivo
and benchtop tests. The K-flex ex-vivo study showed

that dissection was almost two times faster than
standard endoscopy [17]. A summary of study find-
ings for the robotic endoluminal systems is found in
Table 2 [8-51].
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0 0

STAGEO STAGE 1 STAGE2A  STAGE 2B STAGE 3 STAGE 4

Figure 3. Bar graph illustrating the number of robotic-assisted
endoluminal systems per IDEAL-D stage.

Discussion

This study provides a comprehensive overview of cur-
rent and emerging robotic-assisted endoluminal sys-
tems wusing the IDEAL framework, potentially
supporting clinicians and healthcare institutions with
insights into innovative technologies and their stages
of evaluation.

Our findings have highlighted the significant vari-
ability in developmental stages, with most systems in
early stages and none reaching Stage 4 of the IDEAL-
D framework. Despite the diverse range of specialities
these systems address, common goals such as high
flexibility, manoeuvrability, and visualisation technol-
ogy are met. FDA clearance or respective regulatory
approvals have been achieved by just under half of
the systems studied. Regarding the training infrastruc-
ture, 47% of systems have a programme explicitly
reported. Importantly, FDA or other regulatory body-
approved systems more frequently featured training
and support infrastructure.

In our study, seven systems (41.2%) were evaluated
at Stage 0. The IDEAL framework was developed into
an IDEAL-D framework specifically for device innov-
ation, including an extra Stage O referring to preclin-
ical studies [6]. This was further developed by the
IDEAL Robot Colloquium to create the IDEAL
framework for surgical robotics [52]. The IDEAL
framework underscores the need for adaptable guide-
lines, given the complexities of robotics development
and the emergence of artificial intelligence (AI).
Several barriers hinder the widespread adoption of
this technology. Key factors affecting the adoption of
technologies include costs (initial and maintenance),
lack of standardisation in training, limited clinical evi-
dence to confirm patient safety [53,54], and lack of
availability of national guidance on this matter [55].
Although many robotic-assisted endoscopy devices
are available, their uptake in many European coun-
tries, including the UK, has been limited. To date,

only Ion by Intuitive has been used in the UK [56].
In comparison, the adoption of non-endoscopic surgi-
cal robots has been much quicker, with 32.2% of all
UK trusts reported to have at least one surgical robot
[57]. It is not clear, however, if the lack of uptake is a
cause or a result of slow implementation as only
seven systems have had FDA approval.

Systems with extensive training and support infra-
structures are often more easily adopted in clinical
settings because they reduce the learning curve and
enhance surgeon confidence. Companies such as
EndoQuest and EndoMaster have informed us
through interviews or forms of confirmed training
programmes prior to FDA approval. This highlights
the importance of training availability to ease adop-
tion and support user competency from the outset. A
notable trend shown by NisImagine and FASTER pre-
clinical robot (Shandong University, Jinan, China;
Robo Medical Robotics Institute, Shenzhen, China)
across multiple observational studies, indicated a
marked reduction in surgical time from initial cohort
to final. A standardised endoluminal robotics pro-
gramme would facilitate consistent and comparable
results across different studies, by mitigating the
impact of the surgeon’s learning curve. Collaborative
training modalities across the broader field of robotic
surgery are being developed [58] and would be well
supplemented by each company’s own programme.

Limited cost data was available for emerging endo-
luminal systems. Robotic endoluminal systems have a
significant upfront cost for the capital infrastructure,
accompanied by costs of maintenance, disposable
parts, and overheads. Often, larger operating rooms
are required to accommodate the robot and surgical
team [59]. The IDEAL framework for surgical
robotics emphasises the importance of early economic
evaluation models and the value of research studies to
avoid waste if it’s unlikely to be implemented into
practice. Greater transparency in cost data is required
for studies comparing conventional endoscopy and
these robotic systems.

A significant portion of our studies are in Stage 2b
(35.3%). It is important to consider that progressing
from Stage 2b (Exploration) and Stage 3 (Assessment)
presents significant challenges. Stage 2b consists of
observational studies, preferably multicentre, collect-
ing data about a range of outcomes. Stage 3 typically
requires a large multicentre randomised control trial
(RCT). In circumstances where this is not feasible, a
high-quality observational study, such as a non-rand-
omised control trial or an interrupted time series, is
considered acceptable under the IDEAL framework
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[60]. The difficulty in implementing such studies
results in there being limited high-quality evidence
across the field of robotics. A systematic review
showed several issues with research quality in robotic
surgery. This includes a high number of duplicate
publications, unregistered or prospectively registered
clinical trials, changes in primary outcomes from
protocol to publication, no power calculations, and
no funding declarations [61].

With new devices, both the surgical team’s trust
and patient perception are ethical barriers to imple-
mentation. Many clinical studies of the robotic-
assisted endoscopic systems included qualitative
reports of surgeon ease of use and comfort, as well as
reporting of conversion rate from robotic-assisted
endoscopy to a standard endoscope. This metric was
investigated by Flex Robotic System (Medrobotics,
Raynham, MA, USA), which reported a 23.1% rate of
conversion to standard trans-anal endoscopic oper-
ation for ESD and full-thickness mucosal dissection
[37]. This can serve as an indirect metric of the surgi-
cal team’s trust in the device. The perception of
robotic-assisted endoluminal systems has not yet been
investigated; however, existing research on robotic
surgery more broadly indicates prevalent misconcep-
tions and fears that pose challenges to its widespread
adoption [62].

Our study contributes a breadth of information
regarding 17 distinct systems from multiple data sour-
ces including direct communication with developers.
Our findings display significant advancements in the
field, such as enhancing patient outcomes and surgical
efficiency, while also highlighting gaps such as the
lack of systems at Stage 4 and limited implementa-
tion. These insights can inform and guide clinicians,
healthcare institutions, and regulatory bodies in mak-
ing evidence-based decisions regarding the adoption
of such technologies.

We acknowledge the study has a number of limita-
tions. Due to the nature of the methodology, the
scope of information was not standardised across
companies. Information was gathered through screen-
ing published studies, articles, company websites,
technology news articles, and multiple contacts to the
company via email and LinkedIn. There was likely
greater accuracy of data of the companies who
responded to our contact. Nevertheless, we believe
that the information presented in this paper is accur-
ate to the best of our knowledge at the time of publi-
cation, albeit within a rapidly changing environment.

Furthermore, there may be emerging systems that
are missed as they are not yet reported on, despite a
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comprehensive search. Our study encountered con-
straints in gathering comprehensive cost data for the
systems, due to a lack of transparency during early
developmental stages and the quote-dependant nature
of pricing. The dynamic nature of the field means
that this review will require updates on new techno-
logical advancements and market entries.

In conclusion, this review has shown a range of
robotic-assisted endoluminal systems from early
stages of development to large multicentre trials.
With many systems in the idea, development, and
exploration phases, there is a promising future ahead
in the field of endoluminal robotics. The IDEAL
framework proves to be a beneficial and adaptable
structure, evolving in tandem with advancements in
robotic technology. Our exploration of current and
emerging endoluminal robotic platforms through the
framework offers a comprehensive summary of the
field. Collaborative efforts amongst the medical com-
munity, regulatory bodies, and industry specialists are
vital to ensure the delivery of evidence-based medi-
cine in the discipline of robotics.
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