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Abstract

This deliverable provides a high-level overview of some of the key literature in the field of flexible robotic drive tech-
nology. A search term matrix was generated, search queries were programmatically generated from the matrix of search
terms and the scopus database was searched for literature from the last ten years. 2038 results were found, and manually
reduced to 96 relevant works via a set of inclusion criteria. Results were categorised by application and technology and
discussed.
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1. Introduction

In recent years, minimally invasive surgery has raised the bar of what patients have come to expect from surgery - smaller
scars, less pain, low complication rates, short hospital stays, minimal impact on the patient’s life. These changes have
been made possible by a slew of advances in surgical instruments that allow surgeons to see and work inside the human
body without making large incisions - in other words, endoscopy. While rigid endoscopy, as part of laparoscopic surgery,
has seen rapid improvement and growth, flexible endoscopes have seen a slow pivot from purely diagnostic devices to
become more interventional platforms. Since then, the field of natural orifice transluminal endoscopic surgery (NOTES)
has emerged. Dallemagne et al. [1] performed key work in transgastric cholecystectomy, heralding a paradigm shift from
conventional laparoscopic to effectively scarless surgery.

Flexible endoscopic surgery, however, requires flexible instruments. While attempts such as the ANUBIS system [2] have
been made to create a flexible surgical suite, the field is still far from widespread. It can therefore be said that there
remains a need for an improvement in the underlying actuation technology of flexible medical robotics with a view to
opening the technology up to wider adoption through lower cost, improved precision, usability and reduced OR footprint.
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2. Method

To carry out this high-level state of the art survey, the scopus database was used. Search queries were programmatically
generated from the search term matrix and query results were automatically retrieved and checked for duplicates via the
scopus API. The list of references was saved as a .csv file and manually evaluated according to the inclusion criteria.
All items that did not meet the inclusion criteria were excluded. Finally, all relevant material was sorted by medical
application and principle of operation and enumerated here.

1. Search terms

The search terms used in this survey were chosen by generalising the term soft robotic endoscopic device”. Simply
searching for this term alone would lead to much missed information as authors will use different semantics to describe
similar ideas, all of which may be relevant to this survey. For example, this document could arguably be called a liter-
ature review rather than a state of the art survey. Regardless, to someone looking for information on soft robotic drive
technology, either term may lead to a useful document.

Therefore, in lieu of searching for every possible phrasing, a limited search term matrix was created that the authors
believe covers the majority of the relevant literature. In this way, search terms are combined with the logical operators
AND and OR that a very large search space can be covered in great detail.

The following search term matrix was generated:

Soft Robotic Intervention type Device
soft AND | autonomous AND | endoscop* AND | needle
compliant OR robot* OR laparoscop* *scope
continu*® assist* colonoscop* OR catheter | OR
flex* automat* ureteroscop® grasp*
endovascular* dissect*
percutaneous®

Table 2.1: Search term matrix

For example, a search query would take the format of “soft AND robot* AND endovascular* AND catheter”. This
matrix, once all possible combinations have been exhausted, yields some 480 search queries. As it would be impractical
to manually enter each one of these queries, download the list of references for each search, add it to the overall list and
remove duplicates, this was done using a Python script leveraging the pybliometrics library [3].

Needless to say, some combinations of search terms are less useful than others. Fortunately this is of little concern for
several reasons: Firstly, additional queries do not compromise the usefulness of already-executed or planned queries;
Secondly, duplicate results are automatically discarded by the python script; Thirdly, each individual search takes very
little time to complete, down to one or two seconds if no results are found. Given that the entire series of nearly 500 search
queries took about half an hour to complete, even several dozen dud queries are easily ignored. Nevertheless the search
was limited to the title, abstract, and keyword fields to keep the program execution time reasonable.

Given this abundance of searching power, the original search term matrix was expanded a little with a view to potentially
uncovering obscure-yet-related results. For example, the matrix included percutaneous and laparoscop* as terms, even
though results focusing exclusively on these applications would be disallowed by the inclusion criteria (see Section 2).
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2. Method 2. Inclusion Criteria

2. Inclusion Criteria

As the application of soft robotics in medical technology is still comparatively new, the search was limited to literature
published in the last ten years. Furthermore, to keep the search relevant to the ATLAS project, results were only included
if the authors expressly identified any one of the following as the field of application:

1.

Colonoscopy

2. Gastroscopy

3. Endoscopy (in general)

4.

5. Transgastric or transanal Natural-Orifice Transluminal Endoscopic Surgery (NOTES)
6.

Ureteroscopy

Intravascular procedures

Non-medical results were excluded.
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3. Results

The python script returned a detailed comma separated value (CSV) file of some 2038 references. This file was imported
into Microsoft Excel and reformatted for legibility, following which the title of each reference was evaluated and either
shortlisted or excluded based on the above-listed inclusion criteria. References where the inclusion status was not im-
mediately apparent were included in the shortlist so as not to accidentally disregard potentially relevant material. This
process yielded a shortlist of 268 references. The full-text of each entry was located using a combination of EndNote’s
find full-text functionality as well as manually using sources such as the [IEEEXplore database.

Of the shortlisted 268, 25 titles were excluded because their full-text files proved too difficult to locate, 147 failed the
inclusion criteria upon closer evaluation, leaving 96 titles (a reduction of 95%). The full table of results can be found in
Appendix B.

Apart from the original way of sorting publications by medical application, another method presented itself as the material
was evaluated. Eight loose categories of drive technology were identified:

» Concentric tube robots

¢ Electromechanical actuation (translation and rotation) of an otherwise unsteerable pre-formed catheter

* Hydraulic actuation

* Magnetic actuation

e Pneumatic actuation

* Smart Material (shape memory)

* Tendon actuation

* The use of reaction forces on the lumen wall for propulsion

Table 3.1 shows the relationship of technologies and applications. It can be seen that tendon based robots are by far the
most common, both overall and in every category other than gastroscopy and colonoscopy.

Table 3.1: A breakdown of the reviewed material by medical application and applied technology. To view individual the
individual works in each category, please see Appendix B, Table B.1.

Application: Ureteroscopy  Endovascular  Gastroscopy Non-specific NOTES  Colonoscopy ‘ Totals
No. of Publications: 5 10 11 19 23 28 ‘ 96
By applied technology:

Concentric: 1 1 2
Electromechanical: 1 1
Hydraulic: 1 2 1 4
Magnetic: 1 3 2 5 11
Pneumatic: 4 5 4 3 16
Smart material: 1 1
Tendon-driven: 4 4 3 6 16 8 41
Tissue Reaction: 1 8 9
Review Paper: 1 4 1 2 3 11
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3. Results

Concentric robots featured only in colonoscopy as well as one non-specific design; Ponten et al. [4] evaluated the use of
concentric-robot “arms” as a way of controlling flexible colonoscopic instruments for intraluminal surgery (endoscopic
submucosal dissection (ESD)). Wu et al. [5] built a type of steerable micro-endoscope.

Electromechanical actuation systems have a very niche application in endovascular surgery, applied in this case by He et
al. [6] in 2018 to robotise a preformed endovascular catheter with variable stiffness.

Berg et al. [7] explored the use of hydraulically-steerable dextrous manipulators for transgastric NOTES surgery. Stop-
forth et al. [8], [9] designed a low-cost hydraulic system with the express goal of improving access to general endoscopy
in South Africa.

The final entry in the hydraulic category, Yin et al. [10] published a very creative approach to endoscope design. Their
concept consists of a system of low glass-transition temperature polymer tubes braided around one another. These tubes
feed water to the distal tip of the endoscope where it exits the endoscope via a set of nozzles. The force reaction of the
water jets pushes the endoscope in the desired direction. The water used for actuation is held between 35 and 45°C,
keeping the tubing soft and flexible. To lock the shaft, the outer sheath of the endoscope is flooded with cooling water,
dropping the internal temperature of the endoscope and the braided tubing to about 5°C. This pushes the plastic tubing
below its glass transition temperature and causes the shaft to become significantly more rigid, thus creating an extremely
simple steerable gastroscope with variable stiffness.

Magnetic actuation usually consists of an array of electro- or- electropermanent magnets located outside of the body,
with a steerable instrument containing a permanent magnet inside the body. The interaction of the magnetic fields exerts
a force on the device inside the body, with no (or a very thin and flexible) connection to the outside. Do [11], Son
[12], and Yim [13] explored applications of magnetic gastroscopy, with Son proposing a magnetically-steered capsule
endoscope capable of performing fine-needle aspiration (FNA) biopsy. Jeon et al. [14] automated the insertion and
rotation of an endovascular catheter using an electromechanical master-slave system with a magnetically-controlled distal
tip. Colonoscopy appears to be the most common application of magnetically-actuated systems, with 5 individual works
exploring variants of capsule endoscopy.

Pneumatic systems are quite evenly distributed between gastroscopy, colonoscopy, NOTES and non-specific endoscopy.
Garbin et al. [15] for example explored low-cost gastroscopy using an endoscope actuated with a system of three parallel
bellows. Visualisation was achieved via Wi-Fi based image transmission to a smartphone. Yanmin et al. [16] on the other
hand developed a system for the automated insertion and control of a conventional endoscope.

A single work explored shape-memory alloy (SMA) systems - Hadi et al.[17] built a continuum element actuated by the
contraction of SMA springs.

Tendon-based control outnumbered all other actuation systems by far, making up some 43% of all the surveyed literature.
Work in the last ten years largely focused on NOTES, for example manually-actuated systems such as the ANUBIScope
[2] or the master-slave STRAS system [18] presented by De Donno et al in 2013.

A more unusual approach focused almost entirely on colonoscopy is the family of tissue-reaction drives. These are a
loosely-defined group of capsule endoscope-like systems using either tank tracks [19][20][21][22], paddles[23][24][25],
or worm-like locomotion [26][20].
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4. Discussion

The spread of the uncovered literature across applications and technologies paints an image of the advantages and disad-
vantages of each technical approach to medical robotics. Robots deriving their locomotion from tissue reaction forces, for
example, require a large amount of space for recirculating tracks or paddles. The human colon provides the largest lumen
diameter when compared to the oesophagus or the vascular system. Between the limiting factors of the technology and
the range of available applications it is only logical that the designers would choose colonoscopy as the application.

A similar trend can be observed in NOTES - tendon-based mechanisms are the most mature technology available to build
intraluminal robotics, meaning researchers tasked with building such devices will choose this technology because it gives
them the shortest turnaround time to a working prototype and offers very high chances of success.

Shape-memory technology remains rare - this is somewhat unsurprising given the fact that Hadi et al [17] reported a
deflection of approx. 70° takes on the order of 50 seconds. Note that larger bandwidths up to 2Hz or even higher can
be achieved if e.g. sufficient cooling is foreseen, but in general as master-slave control is the most common method of
controlling surgical robots, actuation on a faster timescale would be generally required.

One particular work stands out from the magnetic actuation group: Tappe et al. [27] proposed a system with a fully active
shaft that requires no bulky external steering magnets. Instead, this system relies on a multitude of smaller magnetic
actuators. Each actuator possesses only a small amount of travel, being able to pivot only a few degrees; the sum of many
of these units permits the shaft as a whole to bend through large angular displacements. Sadly, this system is quite bulky
(the authors hoped for a design diameter of less than 16mm) and produces very large bend radii. Nevertheless, use of
many discretely actuated elements to form one long continuum manipulator may be worth exploring.

Variable stiffness systems based on the glass transition of polymers appear to be a promising area of research. Le et al
[28] [29] designed a variable-stiffness tube (VST) that uses resistive heating to bring a Polyethylene Terephthalate (PET)
tube above its glass transition temperature (67°C) when low stiffness is required. Cooling in ambient air for the described
element requires a mere 20 seconds. While this is a problem for actuating elements, it can be argued that a user will not
be as acutely aware of the stiffness of a flexible system as of its pose, potentially reducing the perception of input lag.
Yin et al’s [10] water-jet actuated endoscope uses a similar mechanism of heating and cooling, but circumvents cooling
time by using chilled water to cool the plastic immediately, as well as using a polymer with a lower glass transition. A
combination of both approaches may be worth investigating in a conventional tendon-actuated system, thereby combining
actuation speed with rapidly-switchable stiffness.
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A. Python code

Listing A.1: The script used to quickly return a duplicate-free list of references from scopus

from pybliometrics.scopus import ScopusSearch
import pandas as pd
import time

#Define search term lists recursively

softBody = ["soft", "compliant", "coninux","flexx"]
robotic = ["autonomous", "robot*", "assist*", "automatx"]
application = ["endoscopx*", "laparoscopx*", "colonoscopx", "ureteroscopx", "

endovascular", "percutaneousx"]

DN N NN 4 =4 4 4 a4 A
A WO N - O © 0N O O & W N

["Needle", "catheter", "graspx","dissectx"]

additionalParams PUBYEAR > 2009"
#empties to hold outputs
searchTerm =

#Begin generating search queries from above lists

#for every item in softBody

A A B DB D WO W WWWWWWWWNDDNDMNDDNDDDN
A WO N - O © 0N O O B WOWN - O ©W 0N O O

for i in enumerate (softBody) :

#add the current item to the searchTerm string

searchTerm += i[1]

#add a space and AND

searchTerm += " AND "

#then take the next term from robotic

for j in enumerate (robotic):
#add the term and AND to the searchTerm string
searchTerm += j[1]
searchTerm += " AND "

for k in enumerate (application):
#add the next term from application as well as an AND
searchTerm += k[1]
searchTerm += " AND "

for 1 in enumerate (device):
#add the final term
searchTerm += 1[1]
output.append (searchTerm)
#remove the last added term to prepare for the next
permutation
length = len(1[1])
searchTerm = searchTerm[0:-length]
#remove the last added term to prepare for the next
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A. Python code

permutation
length = (len(k[1])+5)
searchTerm = searchTerm[0:-length]
#remove the last added term to prepare for the next permutation

length = (len(j[1])+5)

searchTerm = searchTerm[0:-length]
#remove the last added term to prepare for the next permutation
length = (len(j[1])+5)

searchTerm = searchTerm[0:-length]
#fcreate an empty python dataframe to hold the search results

resultRepo = pd.DataFrame (columns = ['eid’, ’'doi’, ’'pii’, ’'pubmed_id’, ’'title’,
" subtype’, ’creator’, ’'afid’,

"affilname’, ’'affiliation_city’, 'affiliation_country’, ’author_count’,
"author_names’, ’'author_ids’, ’"author_afids’, ’'coverDate’,
"coverDisplayDate’, ’'publicationName’, ’issn’, ’'source_id’, ’'elIssn’,
"aggregationType’, 'volume’, ’issueldentifier’, ’article_number’,
"pageRange’, ’description’, ’authkeywords’, ’citedby_count’,
"openaccess’, ’fund_acr’, ’fund_no’, ’fund_sponsor’])

#inform the user how many search queries the program will fire off
print ("Generated {:d} search terms.\n".format (len (output)))
#for each generated search query

for i in enumerate (output) :

#1limit the search to a title, abstract and keyword search

query = "TITLE-ABS-KEY (" + i[l1]+ ")" + additionalParams

#calculate the progress percentage

percentage = (1[0]/len(output))+100

#inform the user of what term is being searched and what the current
progress 1is

print ("Searching term {:d} of {:d} ({:.2f}%): \"{}\"".format (i[0], len(
output), percentage, query))

#create a scopus search with the query we generated above

s = ScopusSearch (query,view = ' STANDARD')

#reformat the search results as a pandas dataframe

searchResults = pd.DataFrame(s.results)

#append the results from this particular query to the list of results
resultRepo = resultRepo.append (searchResults)

#remove any duplicates

resultRepo.drop_duplicates (keep="first", inplace=True)

numResults = len(resultRepo.index)

#tell the user how many results were found and how many unique results
have been found

print ("{:d} results found for this term.\n{:d} unique results so far.\n".
format (s.get_results_size (), numResults))

#print the output to give the user a quick way to sanity check the output
print (resultRepo)

#store the list of references as a csv file

export_csv = resultRepo.to_csv (r’C:\\Users\\Fabian\\Documents\\LitResults.csv’
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index = None, header=True)
path
47145 Deliverable D1.1

#Don’t forget to add ’

.csv’

at the end of the
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