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Summary

The minimally invasive approach has revolutionized the standard in surgery. In con-
ventional open procedures, the surgeon exposes the diseased area with a relatively
large incision. Contrary to conventional surgery, in minimally invasive surgery, sev-
eral small incisions are used to insert the surgical instruments and reach the target
area, reducing the risk of infections and surgical trauma. The surgical instruments
currently used are straight and rigid, allowing only straight paths to be followed. An
alternative is passively flexible instruments, such as endoscopes and catheters, that
require external guidance, e.g., the blood vessel wall, and therefore cannot provide a
stable platform to operate. Areas with a high density, like the brain, or situations that
demand to actively decide the path to follow, such as in the peripheral bronchi of the
lungs, require snake-like instruments that are able to follow multi-curved paths and
can maintain their position without external support. Because of the great potential
advantages that these types of instruments could offer and because of the new sur-
gical possibilities that might be explored, companies and researchers are working on
creating solutions. However, the complexity of such instruments creates difficulties
in the surgical implementation and remain a major challenge.

In this context, additive manufacturing, also known as 3D printing, offers a new
paradigm for design, manufacturing, and assembly, allowing the production of com-
plex geometries difficult to produce with conventional manufacturing. Using additive
manufacturing might help to solve some of the major challenges in snake-like surgical
instruments, such as a large number of components and long assembly time. There-
fore, the main purpose of the research described in this thesis, is to explore how the
combination of additive manufacturing and mechanical solutions can help in designing
snake-like instruments, while minimizing the assembly and device complexity.

This thesis is organized into three parts as the main components of a snake-like
surgical instrument: Part |, Control, focuses on the control side of the instrument
with particular attention to mechanical solutions. Part Il, Shaft, focuses on the pos-
sibility of fabricating snake-like instruments with additive manufacturing technology,
and Part Ill, End-Effector, on the use of 3D printing to enhance end-effector functions.

In Part I, Chapter 2 introduces the so-called follow-the-leader behavior with a
comprehensive overview of the medical devices in literature and proposes a classifica-
tion based on their three main functions: steering (controlling the leader/end-effector
orientation), propagation (advancing the device along a specific path), and conser-
vation (memorizing the shape of path taken by the device). An interesting approach
to follow-the-leader devices is the use of mechanical solutions to avoid a large num-
ber of actuators. Therefore, Chapter 3 presents an adjustable mechanical memory
system able to impose a follow-the-leader motion to the steerable shaft of a med-
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xil Summary

ical instrument without using actuators. The shape memory mechanism allows the
real-time control of the path during the insertion and retraction of the instrument
in the human body. The memory system was implemented in the MemoBox, a fully
mechanical prototype able to create and follow discretized paths in 2D.

Part Il focuses on additive manufacturing for the development of snake-like in-
struments. Chapter 4 presents a comprehensive overview of additively manufactured
devices for treatment and diagnostics that have been found in the scientific literature.
Devices vary for clinical applications, materials, and applied technology but also for
the reasons behind the use of additive manufacturing. Two of the main advantages
of additive manufacturing are possible customization and the possibility of producing
complex geometries that are difficult, if not impossible, to fabricate with conventional
manufacturing technologies. Chapter 5 explores additive manufacturing for minimiz-
ing the components in the fabrication of snake-like surgical instruments. The study
begins introducing a new compliant element where torsion and axial stiffness are com-
bined in a helicoid-based element. The compliant segment was then implemented in
a new multi-steerable instrument. The instrument was then prototyped by having its
two main components 3D printed: the shaft, with a rigid and a steerable part, and the
handle based on a mirrored wrist-control. The prototype showed the ability to follow
single and double curved paths. Chapter 6 presents a comparative analysis of the us-
ability of the device presented in Chapter 5, with two different cable configurations:
parallel configuration, in which each segment is driven by four independent cables,
and multi-actuation configuration, where parallel and helical cables are simultaneously
used to control the steerable shaft. The study showed no significant difference in the
learning curves to operate the instrument, but participants experienced a significantly
lower workload and expressed a net preference for the parallel configuration. Part Il
ends by proposing a new design that combines the two main advantages of additive
manufacturing, customization and easy assembly, in a 3D printed steerable laparo-
scopic gripper (Chapter 7). The device consists of a pistol-grip handle with a joystick
to control the steering motion and a trigger to control the gripper motion. A steer-
able element, a rigid shaft, and a compliant gripper form the end-effector. Compliant
joints and snap-fit connectors are used to simplify assembly and reduce the number
of components to just five 3D printed parts in total. The design, in combination with
additive manufacturing, is easily adaptable to the needs of the surgeon.

Part Il of this thesis presents two examples of how additive manufacturing can
contribute to the design of customized end-effectors. Chapter 8 introduces an inte-
grated 3D printed mechanism for the repair of chordae tendineae, the strings that
attach the mitral valve to the wall of the heart and help the opening and closure of
the valve. The device, composed of ten parts, was successfully tested in a bovine
heart to evaluate its functionality. In Chapter 9, the compliant 3D printed gripper
design presented in Chapter 7 is equipped with elastomeric soft pads reinforced with
carbon-fiber fabric to maximize the contact area, prevent slippage, and reduce local
high pinch forces. The gripper was 3D printed as a single component, and the soft
pads were manually attached afterwards. The soft gripper was tested on soft tissue
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by comparing its behavior with the reference gripper where metal patterned pads were
attached showing. The test showed that the soft gripper generated a similar gripping
force, but had a lower pinch force compared to the reference gripper.

This thesis shows that the combination of additive manufacturing and mechanical
solutions has great potential in the design and development of surgical instruments
with enhanced functionalities. Additive manufacturing allows us to think out of the
box, take the chance of exploring creative solutions, and experiment without geo-
metrical boundaries, paving the way for new devices and new procedures that once
seemed like a distant dream.






Samenvatting

De minimaal-invasieve benadering heeft een revolutie teweeggebracht in de chirur-
gie. Bij conventionele, open procedures legt de chirurg het te behandelen gebied
bloot met een relatief grote incisie. Bij minimaal invasieve chirurgie worden meer-
dere kleine incisies gebruikt om de chirurgische instrumenten in te brengen en het
doelgebied te bereiken, waardoor het risico op infecties en chirurgisch trauma wordt
verminderd. De chirurgische instrumenten die hier momenteel voor worden gebruikt
zijn recht en rigide, waardoor in principe alleen rechte paden kunnen worden afgelegd.
Als alternatief kunnen passieve flexibele instrumenten, zoals flexibele endoscopen en
katheters, worden gebruikt, die een externe geleidingsstructuur in het lichaam nodig
hebben, zoals bijvoorbeeld de wand van een bloedvat, en daarom geen stabiel platform
kunnen bieden om te opereren. Operaties in complexe anatomie zonder aanwezige
geleidingsstructuren, zoals bijvoorbeeld in de hersenen, of medische ingrepen in si-
tuaties die vereisen dat het te volgen pad actief moet worden gekozen, zoals in de
vertakte perifere bronchién van de longen, vereisen slangachtige instrumenten, die in
staat zijn om meervoudig gekromde paden te volgen en die hun positie kunnen be-
houden zonder externe ondersteuning. Vanwege de vele potenti€le voordelen die dit
soort instrumenten kunnen bieden en vanwege de nieuwe chirurgische mogelijkheden
die erdoor ontstaan, wordt er wereldwijd onderzoek gedaan aan het creéren van op-
lossingen voor slangachtige ontwerpen. De complexiteit van dergelijke instrumenten
veroorzaakt echter problemen bij de chirurgische implementatie en vormt nog steeds
een grote uitdaging.

In deze context biedt additieve fabricage, ook wel 3D-printen genoemd, een nieuw
paradigma voor ontwerp, productie en assemblage, waardoor het mogelijk is om com-
plexe geometrieén te vervaardigen, die moeilijk te produceren zijn met conventionele
vervaardigingstechnieken. Het gebruik van additieve fabricatietechnologie kan hel-
pen om een aantal grote uitdagingen van slangachtige chirurgische instrumenten op
te lossen, zoals het grote aantal benodigde componenten en de lange montagetijd.
Het belangrijkste doel van dit proefschrift is daarom om te onderzoeken hoe addi-
tieve fabricagetechnologie, gecombineerd met slimme mechanische oplossingen, kan
helpen bij het ontwerp van slangachtige instrumenten, door de complexiteit van het
instrument te minimaliseren en de assemblage te vereenvoudigen.

Dit proefschrift is opgedeeld in drie delen die corresponderen met de belangrijkste
componenten van een slangachtig chirurgisch instrument. Deel |, Controle, richt zich
op de controlekant van het instrument, met bijzondere aandacht voor mechanische
oplossingen. Deel Il, Schacht, richt zich op de mogelijkheid om slangachtige instru-
menten te fabriceren met additieve fabricagetechnologie. Deel Ill, End-Effector, richt
zich op het gebruik van 3D-printing om de functionaliteit van de tip van het instru-
ment, waarmee het weefsel wordt gemanipuleerd, te verbeteren.

XV



Xvi Samenvatting

Deel | van dit proefschrift introduceert in Hoofdstuk 2 zogenaamd “volg-de-leider”
gedrag waarmee slangachtige instrumenten kunnen worden bestuurd, met een uitge-
breid overzicht van dergelijke instrumenten in de literatuur, ingedeeld op basis van
hun drie hoofdfuncties: sturen (besturing van de leider/end-effector), voortbewegen
(het manoeuvreren langs een specifiek pad) en vorm behouden (het onthouden van
de vorm van het gevolgde pad). Een interessante benadering voor het ontwerp van
volg-de-leider-instrumenten is het gebruik van zuiver mechanische oplossingen, om
zo het gebruik van een groot aantal actuatoren te vermijden. Daarom presenteert
Hoofdstuk 3 een instelbaar mechanisch vormgeheugensysteem dat in staat is om een
volg-de-leider-beweging op te leggen aan de bestuurbare schacht van een slangachtig
instrument, zonder gebruik te maken van actuatoren. Het vormgeheugenmechanisme
maakt real-time instelling van het pad mogelijk, tijdens het inbrengen en terugtrekken
van het instrument en is geimplementeerd in de zogenaamde “MemoBox": een volle-
dig mechanisch prototype dat in staat is om gediscretiseerde paden in 2D te creéren
en te volgen.

Deel Il van dit proefschrift richt zich op additieve fabricagemethoden voor de ont-
wikkeling van slangachtige instrumenten. Hoofdstuk 4 geeft een uitgebreid overzicht
van additief gefabriceerde medische instrumenten voor behandeling en diagnostiek die
zijn gevonden in de wetenschappelijke literatuur. Deze instrumenten variéren in Kklini-
sche toepassing, materiaal en toegepaste technologie, maar ook in de reden voor het
gebruik van additieve fabricage. Twee van de belangrijkste voordelen van additieve
fabricage zijn de mogelijkheid tot personalisatie en de mogelijkheid om complexe ge-
ometrieén te produceren, die moeilijk, zo niet onmogelijk, te vervaardigen zijn met
conventionele fabricagetechnologieén. Daarom onderzoekt Hoofdstuk 5 de moge-
lijkheid om het aantal componenten in de productie van slangachtige chirurgische
instrumenten te minimaliseren met behulp van additieve fabricage. Dit onderzoek
begint met de introductie van een nieuw compliant element, waarbij torsiestijfheid en
axiale stijfheid zijn gecombineerd in een op een helicoide gebaseerde structuur. Het
compliante segment is vervolgens geimplementeerd in een nieuw prototype van een
multi-stuurbaar instrument dat bestaat uit twee 3D-geprinte hoofdcomponenten: een
schacht, bestaande uit een rigide en een multi-stuurbaar deel met vijf individueel be-
stuurbare compliante segmenten, en een handvat waarmee de schacht via gespiegelde
polsbediening kan worden bestuurd. Het prototype toont aan dat het mogelijk is om
enkel- en dubbelgekromde paden te volgen. Hoofdstuk 6 presenteert een vergelijkende
analyse van het in Hoofdstuk 5 gepresenteerde instrument, waarin de besturing voor
de gebruiker met twee verschillende kabelconfiguraties wordt vergeleken: een parallelle
configuratie, waarbij elk segment wordt aangedreven door vier onafhankelijke kabels,
en een multi-actuatie configuratie, waarbij parallelle en helixvormige kabels gelijktijdig
worden gebruikt om de stuurbare schacht aan te sturen. Uit de resultaten van een
experiment met proefpersonen blijkt dat er geen significant verschil zit in de leer-
curves met beide instrumenten. De deelnemers hadden echter een significant lagere
werklast bij de parallelle configuratie en gaven hier netto hun voorkeur aan. Deel Il
eindigt in Hoofdstuk 7 met een bijzonder, nieuw ontwerp waarin de twee belangrijkste
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voordelen van additieve fabricage, maatwerk en eenvoudige montage, worden gecom-
bineerd in een 3D-geprinte stuurbare laparoscopische grijper. Het instrument bestaat
uit een handvat met pistoolgreep, waarbij een joystick wordt gebruikt om te sturen
en een trekker om te grijpen. De rigide schacht eindigt in een stuurbare tip met een
compliante grijper. Compliante gewrichten en klikverbindingen zijn gebruikt om de
montage te vereenvoudigen en het aantal componenten te verminderen tot slechts
vijf 3D-geprinte onderdelen in totaal. Het ontwerp is, in combinatie met 3D-printing,
op eenvoudige wijze aanpasbaar aan de behoeften van de chirurg.

Deel Il van dit proefschrift presenteert twee voorbeelden van geavanceerde 3D-
geprinte end-effectoren. Hoofdstuk 8 introduceert een bijzonder geintegreerd, 3D-
geprint mechanisme, ontwikkeld voor het herstel van de zogenaamde chordae ten-
dineae; de peesdraden die de mitralisklep aan de wand van het hart bevestigen en
helpen bij het openen en sluiten van de klep. Het mechanisme, bestaande uit tien
onderdelen, is met succes uitgetest in een runderhart om de functionaliteit ervan te
evalueren. In Hoofdstuk 9 wordt het in Hoofdstuk 7 gepresenteerde compliante 3D-
geprinte grijperontwerp uitgerust met zachte binnenlagen van een met koolstofvezel
versterkt elastomeer om het contactoppervlak met weefsel te maximaliseren, weg-
glijden te voorkomen en om lokale hoge puntkrachten te verminderen. De grijper is
3D-geprint als een enkel onderdeel en de zachte binnenlagen zijn daarna handmatig
bevestigd. De zachte grijper is getest op zacht weefsel, waarbij het gedrag is ver-
geleken met een referentiegrijper waaraan geribbelde metalen contactopperviakken
waren bevestigd. Uit de test bleek dat de zachte grijper een vergelijkbare grijpkracht
genereerde, maar een lagere knijpkracht had in vergelijking met de referentie grijper.

Dit proefschrift laat zien dat de combinatie van additieve fabricagetechnologie
met slimme mechanische oplossingen veel potentieel heeft bij het ontwerpen en ont-
wikkelen van chirurgische instrumenten met een sterk verbeterde functionaliteit. Ad-
ditieve fabricage stelt ons in staat om buiten bestaande ontwerpgrenzen te komen
en om nieuwe, creatieve oplossingen te verkennen en ermee te experimenteren zon-
der geometrische limitatie. Dit maakt de weg vrij voor nieuwe instrumenten en voor
bijzondere procedures waarvan we tot op heden alleen maar konden dromen.
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1.1. From open surgery to minimally invasive surgery

The word surgery has its origin in the Greek work xewpovpyla (kheirourgia) that,
translated, means handwork, (xeip hand and epyov work) [L].Is surgery still only
manual labor or, can new technologies and findings help the clinicians in achieving
new results?

Thirst for knowledge has played a fundamental role in the development of new
surgical technologies. Since the beginning of their history, humans have learned
how to make tools and use them to improve their life quality, from agriculture to
health. One of the first pieces of evidence of surgery dates back to the Neolithic
period (10,000-4,500 BC) with the practice of trepanation in which the skull was
drilled or scraped to reduce the intracranial pressure and cure diseases [2]. Across
centuries, breakthroughs have defined the development of surgery, such as the germ
theory of disease by Louis Pasteur or the discovery of penicillin by Alexander Fleming.
Until the late 20th century, open surgery was considered the standard in surgery. In
conventional open surgery, a relatively large incision directly exposes the diseased area
%)Wing the surgeon to visualize and access the inside of the human body [3] (Figure

).

In 1982, the advent of the high-resolution endoscope paved the way for a new
approach: minimally invasive surgery (MIS) [4]. In MIS, one or several incisions of
few millimeters long, are used as an entry port to the human body, and instruments
with long, straight, and rigid shafts are used to reach the diseased area, making
the procedure less invasive for the patient but more challenging for the surgeon [B]
(Figure E]). Even though more difficult to perform, MIS has significant advantages
compared to conventional open surgery, such as shorter recovery time, lower risks of
infection, less scar tissue, and therefore cosmetic benefits [6, [7].

Ne o/ e o
Trm,ﬁﬂb:ﬂ p d@ﬁocar

Trocar & Lapardscope

Figure 1.1: Surgical approaches. Open surgery, with one large opening (left), Minimally invasive surgery,
with multiple small incisions (right). Adapted from [g].
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In limiting the size of the incision, the instrument maneuverability decreases, forc-
ing the surgeon to operate in more challenging conditions. Whereas open surgery
allows for direct visualization and access to the organs, which can be directly touched,
in MIS, the surgeon can only count on two-dimensional camera images projected on
a flat monitor [9]. Due to the long and straight nature of the instruments, surgeons
are forced to adopt an unnatural stance with consequent fatigue and loss of dexterity
[10]. Moreover, minimizing the size of the incision reduces the number of degrees
of freedom from six in open surgery to four in MIS (Figure Ea) and creates the
so-called fulcrum effect, mirroring the surgeon’s hand movements and limiting the
workspace to a cone shape with the trocar as the apex (Figure b) 9.

—
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Pivot point
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a) b)

Figure 1.2: Degrees of freedom of surgical instruments a) in open surgery and b) in minimally invasive
surgery. In minimally invasive surgery, the fulcrum effect limits the degrees of freedom to four and mirrors
the movement of the surgeon due to the small incision through which the instrument is inserted.

In improving the surgeon's workspace and dexterity, the location of the operative
area plays a fundamental role. In the abdominal area, inflation of the abdomen is
a common practice to expand and enlarge the surgeon’'s workspace. However, in
some procedures, such as cardiovascular interventions, inflation is not an option, and
the natural pathways, such as blood vessels, are used to reach the diseased area
by means of passively flexible instruments, e.g., catheters. Such passively flexible
instruments need external guidance to move forwards and cannot provide a stable
operating platform because they are not rigid and therefore not self-supporting. The
need for instruments able to generate pathways by themselves by means of self-
supporting and self-guiding becomes clear in natural orifice transluminal endoscopic
surgery (NOTES); a minimally invasive procedure in which surgeons use the mouth,
nostrils, vagina, and other natural orifices to enter the human body [11, 12]. In deli-
cate, difficultly accessible anatomic areas such as the brain, the instrument cannot use
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existing pathways to reach the location of concern, and snake-like instruments with
self-supporting and self-guiding properties become increasingly essential to improve
the surgeon’s dexterity and, therefore, the positive outcome of the procedure.

1.2. Steerability and Follow-the-Leader motion

A number of research groups worldwide have analyzed the problem of instrument
maneuverability, and many solutions have been proposed [13, 14]. The integration
of a steerable component on the distal end of the device allows re-orientation of the
end-effector, keeping the rigid shaft steady in place. LaproFlex (DEAM, Amsterdam,
The Netherlands) (DEAM 2019), FlexDex (FlexDex, Brighton, MI, USA) [15], and
SILS™ Hand Instruments (Medtronic, Minneapolis, MN, USA)[16] are examples of
handheld steerable instruments available in the market. However, steerability in these
devices is still limited due to rigid shafts which do not permit navigation along curves
with multiple radii.

To overcome the rigidity of the shaft, research has been carried out on the in-
tegration of additional flexible components at the end of the rigid shaft to increase
maneuverability and on applying control strategies to navigate over more complex
paths [17]. One of the most applied strategies is the so-called follow-the-leader
(FTL) motion. FTL motion, also known as path following, was first proposed by
Choset and Henning in segmented snake-like robots [18]. In FTL-motion, the user
steers the most distal segment of the robot, the so-called “leader.” The leader creates
the trajectory that is taken over by the follower segments, mimicking the obstacle-
avoiding motion of a snake through its environment (Figure B). Therefore, the user
only controls the position of the first, most distal segment, whereas the steering infor-
mation is stored and passed back to the follower segments. The described mechanism
applies to all the segments of the robot: the pose of each segment slides backward
to the follower segments once the robot moves forward. In snake-like robots, FTL
motion is mainly applied to search and rescue strategies and general inspections, e.g.,
in pipelines of collapsed buildings after an earthquake. In these contexts, even if the
robot has to move in confined spaces, it can rely on the relatively stiff surround-
ing environment that can be used to generate motion [18, 19]. Moreover, different
from the surgical field, in search and rescue, dimensional constraints are much larger,
allowing the actuators to be embedded directly into the segments.

1.3. Snake-like instruments

Snake-like medical devices can be subdivided into three main categories: alternating,
telescopic, and shape-shifting systems. Within the alternating systems, the only
commercially available FTL device is the Flex® Robotic System (Medtronics Corp.,
Raynham, MS, USA) with real-time control [20]. With its 10 mm diameter, the
Flex® Robotic System uses the patient’s mouth as the entry port to have access
to the oropharynx, hypopharynx, and larynx. The internal alternating FTL system is
based on a friction-based locking system between rigid cylindrical links and spherical
joints. The system consists of two concentric tubes that alternate between rigid and
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Figure 1.3: Analogy of serpentine locomotion in medical devices. a) A snake's body follows its head
avoiding rocks on its path. b) Similarly, the body of a snake-like medical device follows its end-effector,
avoiding anatomical obstacles on its path.

flexible states, allowing for a specific path to be followed in real-time.

Telescopic systems mainly consist of concentric tube continuum robots. These
robots are based on pre-curved elastic elements nested concentrically into each other
[Ell, @]. Sliding and rotating the tubes relative to each other allow for an FTL
motion. However, due to the pre-defined pre-curved properties, only a few simple
paths can be followed precisely, and they require a priori planning of the trajectory
23

Shape-shifting systems instead are based on the individual control of the steerable
segments by means, for instance, of electric actuators. In these systems, the surgeon
steers the leader segment while the following segments assume the shape and position
of the segment in front of them as the instrument moves ahead. The shape is
memorized in a computerized actuation system in which each degree of freedom
requires its dedicated actuator to transfer the shape among the follower segments.
The actuators are usually placed at the proximal part of the instrument, separated
from the shaft, using a system of cables to transfer the actuator motion to the
segments [@]. Increasing the number of degrees of freedom increases the complexity
of the system.

A first attempt to decrease the complexity, avoiding the use of electric actua-
tors, has been made by Helselmans et a/ [[7], @], who developed two mechanical
master-slave shape-shifting FTL systems. In one of the systems, called MemoFlex,
a pre-curved steel rod is read out by the master that passes the curve information
to a @5 mm slave shaft, which mimics the shape of the rod [@] In the second
system, the shaft segments are steered through a certain path by means of control
points guided by pre-defined physical tracks []. Both systems show the potential
of fully mechanical solutions for snake-like instruments. However, both systems are
based on pre-defined tracks that cannot be changed in real-time by the surgeon and
have to be determined beforehand pre-operatively. Besides, both systems have a
complex mechanical design that requires a large number of components making the
manufacturing and assembly time-consuming and expensive.
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1.4. Additive manufacturing

Material spool

Build platform

Object
Liquid resin
Vat
a ~
Build platform .
a) b) Projector
Build material Support material
Curing lamp
Powder roller
Object Powder bed
in
Support
\. Ll Object
Build platform
) Build platform d)

Figure 1.4: Most used additive manufacturing technology in the fabrication of instruments for diagnostic
and surgery. In material extrusion technology a), a thermoplastic material is extruded via a nozzle and
deposited on a build platform. Due to the low temperature of the build platform, the semi-melted material
hardens in the 3D object. In Vat photopolymerization technology b), a liquid photopolymer resin contained
in a vat is selectively cured layer by layer by means of a heat source (laser or UV light) to build the object.
In powder bed fusion technology c), particles are melted together layer by layer using energy from an
electron beam or a laser. In multijet technology d), different materials, such as photopolymers or metals,
can be used to build a 3D object hardening layer by layer the material using a light or heat source.

A new perspective on the design, manufacturing, and assembly of medical devices
is offered by additive manufacturing (AM), also known as 3D printing. With AM, a
computer-aided design (CAD) model can be directly fabricated with a layer-by-layer
process. The first appearance of AM was in the early 80s, and in 1984 the first
AM technology, stereolithography, was patented [@] Stereolithography uses a light
source (e.g., laser) to harden a single layer of photopolymer resin; the process repeats
until the entire object is printed. The importance of AM rapidly increased. In 1987,
the first commercial version of the 3D printer was commercialized, and applications
further increased because of high reductions in the cost of printers [@].

Different AM technologies are available today, and the American Society for Test-
ing and Materials (ASTM) has defined a Standard Terminology for AM Technologies
in which they identify seven main categories: binder jetting, direct energy deposi-
tion, material extrusion, material jetting, powder bed fusion, sheet lamination, and
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Additive Manufacturing in Medicine
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Figure 1.5: Classification of medical fields related to additive manufacturing. The first level of the classi-
fication concerns the material used to print whereas the second level is the medical field of application.

Vat photopolymerization. Figure @ shows the most used AM technologies for the
production of instruments for diagnostic and surgery.

1.5. Additive manufacturing in medical devices

In the medical field, AM has grown in importance due to the possibility of designing
customized tools both for the clinician and patient needs [@]. AM has been applied
in many medical fields such as tissue engineering [@] drug delivery systems [@] lab-
oratory equipment [Ell] assistive tools such as customized cutlery to help people with
chronic diseases in their daily life [32], orthoses and prostheses [33]. implants [34],
anatomical models [B5], surgical guides [36], and medical instruments for diagnostics
and surgery (Figure [L.5).

AM enables the production of complex geometries that would be difficult to pro-
duce with conventional manufacturing technologies. Enabling an increased geomet-
rical complexity allows the integration of more functionalities in a single component,
reducing the assembly time. Many research groups take advantage of additive man-
ufacturing in the field of medical instruments [@]. Examples of steerable devices
manufactured using AM are presented by Morimoto et a/. [@] who used AM in
concentric tube continuum robots, Mintenbeck e /. ([39], who applied AM in the
manufacturing of the segments, and Jelinek et a/. [@] in the production of a steerable
surgical grasper. However, such instruments are still based on components meant to
be produced with conventional manufacturing methods, therefore, designed with a
large number of parts.

1.6. Goal of this thesis

The field of minimally invasive surgery is progressing towards a continuous reduction
of the invasiveness of the procedure to minimize the trauma for the patient. The
integration of follow-the-leader motion into flexible surgical devices allows the instru-
ment to pass through tortuous anatomical paths avoiding sensitive structures and
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accessing difficult anatomic areas. However, the design complexity of such systems
is still high, and the number of components is large, requiring much assembly time
and very high associated costs. Novel mechanical solutions in combination with the
new design and manufacturing possibilities of additive manufacturing might tackle
these challenges.

Therefore, in this thesis, we combine mechanical solutions and additive manu-
facturing technology to design steerable instruments while minimizing the assembly
and the device complexity. This research aims to provide an innovative approach to
design 3D printed steerable surgical instruments where the integration of multiple
functions into a single component allows simplification of the entire design.

1.7. Approach and thesis outline

This thesis is divided into three parts: control, shaft, and end-effector, considering
the main components of a snake-like surgical instrument, (Figure [L.6):

Control Shaft End-effector

[ T - ]

Figure 1.6: Main components of a snake-like surgical instrument representing the three parts of this thesis.

Part | Control:Real-time snake-like control. Chapter 2 presents a research and
patent literature review of solutions for follow-the-leader motion in medical devices.
When it comes to the control of snake-like systems, it has been shown that mechanical
solutions can be an option [, @] However, the only fully mechanical real-time
control system, presented in the literature, is composed out of hundreds of parts
that make the system too large for implementation in a medical device [@]. For this
reason, Chapter 3 presents an innovative programmable shape memory system, fully
mechanical, based on a shape-shifting mechanism with the number of components
strongly decreased as well as its size.

Part Il Shaft: Additive manufacturing and compliant solutions. Chapter 4 ex-
plores additive manufacturing technology for surgical and diagnostic instruments giv-
ing a critical perspective. Exploiting the possibilities given by additive manufacturing
in combining multiple functionalities in a single component, in Chapter 5, a novel
compliant steerable instrument with fully mechanical control is presented. Particular
attention is given to the reduction in the number of components. Both the shaft and
the control handle are manufactured as two single compliant parts, highly simplifying
conventional designs. Chapter 6 presents a comparative analysis of the instrument
designed in Chapter 5 routed with two different cable configurations. An experiment
involving 12 participants investigated the maneuverability and control of the steer-
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able instruments in terms of task performance time, learning curve, and partecipants’
preferences. The second part of this thesis ends with Chapter 7, where the design of
the instrument in Chapter 5 is developed further into a new fully 3D printed compliant
handheld grasper to achieve omnidirectional steering.

Part Ill End-Effector: Surgical grippers. In the last part of this thesis, two exam-
ples of 3D printed end-effectors for different surgical scenarios are presented. Chap-
ter 8 presents a new grasping mechanism for repairing chordae tendineae (tendinous
strands) in the heart in case of mitral valve regurgitation, a heart pathology in which
the heart valve does not close properly due to the breakage of such strands. In
Chapter 9, the end-effector of the compliant grasper from Chapter 7 is equipped
with adhesive pads and evaluated on its pinch force and capability in case of tissue
slippage.

Finally, the three parts are joined and discussed in the Discussion and Conclusion
(Chapter 10).
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Abstract

Conventional medical instruments are not capable of passing through tortuous anatomy
as required for natural orifice transluminal endoscopic surgery due to their rigid shaft
designs. Nevertheless, developments in minimally invasive surgery are pushing medical
devices to become more dexterous. Amongst devices with controllable flexibility, so-
called Follow-The-Leader (FTL) devices possess motion capabilities to pass through
confined spaces without interacting with anatomical structures. The goal of this
literature study is to provide a comprehensive overview of medical devices with FTL
motion. A scientific and patent literature search was performed in five databases
(Scopus, PubMed, Web of Science, IEEExplore, Espacenet). Keywords were used
to isolate FTL behavior in devices with medical applications. Ultimately, 35 unique
devices were reviewed and categorized. Devices were allocated according to their de-
sign strategies to obtain the three fundamental sub-functions of FTL motion:steering,
(controlling the leader/end-effector orientation), propagation, (advancing the device
along a specific path), and conservation (memorizing the shape of the path taken
by the device). A comparative analysis of the devices was carried out, showing the
commonly used design choices for each sub-function and the different combinations.
The advantages and disadvantages of the design aspects and an overview of their
performance were provided. Devices that were initially assessed as ineligible were
considered in a possible medical context or presented with FTL potential, broaden-
ing the classification. This review could aid in the development of a new generation
of FTL devices by providing a comprehensive overview of the current solutions and
stimulating the search for new ones.
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2.1. Introduction

In the last decades, minimally invasive surgery (MIS) has shown many benefits over
open surgery, due to a reduction in the size of incisions made by the surgeon [1—
3]. Ultimately, MIS leads to less scar tissue, bleeding, infections, and hospital time
[4—6]. Conventional MIS involves the use of rigid, slender instruments inserted into
the body via trocars. In some cases, such as in laparoscopic surgery, the surgeon’s
maneuverability and vision can be improved by creating an open space by inflating the
body with carbon dioxide.

However, this technique cannot always be used. In some procedures, natural
anatomic pathways such as blood vessels can be used to reach the target area using
passively flexible instruments, e.g., flexible endoscopes or catheters. However, in sit-
uations in which natural pathways cannot be used to reach the target area, external
guidance, and support of the instruments is necessary. This issue becomes funda-
mental in natural orifice transluminal endoscopic surgery (NOTES), in which surgeons
use the mouth, nostrils, rectum, and other natural orifices to enter the human body
[7-10]. In these scenarios, rigid or passively flexible instruments are limited in their
dexterity, which negatively impacts the positive outcome of the procedure [11]. It
is therefore important to design medical devices that have high dexterity and addi-
tional degrees of freedom (DOF) to reach targets in confined anatomical structures.
Features like controllable flexibility have been used in the design of many medical de-
vices [12, 13]. Controllable flexibility allows for surgical instruments to access target
locations in a flexible state while providing rigid support during the procedure phase.

Another important feature is the device control strategy that is the way to nav-
igate the instrument into the body and plan the pathway. One of the most applied
control strategies is the so-called Follow-The-Leader (FTL) motion, first proposed
by Choset and Henning in snake-like hyper redundant robots [14]. These robots pos-
sess bio-inspired serpentine locomotion in which the body of the robot follows its tip.
This motion allows the device to reach a target in a confined space from one entry
point without relying on reaction forces from the environment. A definition of FTL
motion for a medical instrument is given by Burgner-Kahrs et a/. [15], stating that
these devices must ‘operate in a so-called follow-the-leader manner where their body
conforms approximately to the path taken by their end-effector without relying on
anatomical interaction forces.” This behavior makes it possible to avoid obstacles at
all times during advancement towards a target or retraction from a target, without
applying significant force to any anatomy.

The goal of this study is to provide a comprehensive overview of methods used to
achieve FTL motion in medical devices from both scientific and patent literature. For
inclusion in this study, the device should be mechanically described and, a physical or
a virtual prototype should be presented. Moreover, the device should memorize and
propagate along the path taken by the end-effector to comply with the FTL motion.
The devices found in the literature are classified based on the mechanical aspects
providing their FTL motion.
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2.2. Literature search methods

2.2.1. Scientific literature search

The scientific literature search was conducted using the Scopus, PubMed, Web of
Science, and IEEExplore databases. Because the goal was to provide a comprehensive
overview of medical devices that have been designed to have FTL motion ability, the
query was organized in three main aspects named: behavior, object, and application.
All of these aspects had to be present in the found papers to merit their inclusion in this
study. The behavior terms of the query specify the nature of the devices’ motion.
Here, follow the leader®, shape memor*, path follow* snake-like, and serpentine
were used as search terms to capture this aspect. In the object category, device”,
mstrument*, catheter™, and manipulator* were specified to define the type of device
sought, in this case, any type of medical device. Finally, the application category
specified the medical application in which the sought devices could be used; *medic*,
surg®, interven®, *scop* inspec* diagnos* treat”® and therap* were specified for
this term. The query was restricted to title, abstract, and keywords because these
areas contain the essence of the article.

The query was formulated as follows: (‘7ollow the leader*” OR “shape memor*”
OR “path follow*” OR “snake like” OR ‘Serpentine”) AND (catheter®* OR instrument*
OR device™ OR manipulator) AND (*medic* OR surg* OR interven* OR *scop*
OR inspec* OR diagnos™ OR treat™ OR therap®). The search was limited to English
written documents only, and no time limitations were given. The query was aimed at
isolating results about devices that have an FTL mechanism and are used in medical
applications. The overlapping documents among different databases were filtered
out. The query was discussed and formulated by all the authors of this review. The
appearance of each word used in the query was further checked in the title, abstract,
and keywords to evaluate its relevance for the search.

2.2.2. Patent literature search

The patent literature search was conducted using the Espacenet database. The
query was limited to search within classification A61: Medical or veterinary science;
hygrene, and further limited to titles and abstracts (“ta”). The query was expressed as
follows: (za = "follow the leader” OR ta = ‘path follow*” OR ta = “snake like” OR ta =
serpentine*”) AND (ta any ‘catheter®” OR ta any ‘instrument*” OR ta any ‘device*”
OR ta any ‘manipulator*”) AND cpc = “A61" Because the search was already within
the medical classification A61, the application category became redundant and was
omitted. The term shape memor* was also omitted from this query, as even though
within the context of FTL motion, it refers to the ability of a device to remember its
physical shape, most often the term is used in materials science, leading to too many
irrelevant results. Finally, the results were filtered to show English results only.

2.2.3. Eligibility conditions

In order to be deemed eligible for inclusion, an item of literature had to demonstrate
a clear medical application, have met all of the conditions for FTL motion set out
by Burgner-Kahrs et a/ [15] in Section @ which means be able to memorize and
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propagate the path taken by the end-effector, and have disclosed the mechanical
design of the presented robot, either as a physical prototype or virtual model. Pa-
pers containing only algorithms or clinical trials of FTL devices without mechanical
background information were not included.

In many cases, FTL systems are not designed for medical purposes but rather for
search and rescue or inspection in an industrial setting [16, 17]. These systems face
fundamentally different design requirements as compared to medical robots, often
directly using their environment to provide the reaction forces necessary for move-
ment, a strategy that is undesirable in the medical field due to the risk of tissue
damage. This results in methods of locomotion that are significantly different from
those designed to interact with human tissue (e.g., wheels [18], continuous tracks
[19], or legs [R0]. Finally, these robots are simply much larger than their medical
counterparts [21, 2], which are designed to operate in confined spaces at compara-
tively small scales while maintaining biocompatibility and sterility and interacting with
human tissue. Solutions for search and rescue or industrial inspections were therefore
not included in the study.

The performance of the presented devices did not affect their selection. For
example, some devices cannot carry their weight and therefore need a surface to
operate on [23] or need to be operated hanging down [24]. In these cases, if the FTL
motion is still present and independent from the environment in at least one plane,
the paper was included.

2.3. Results

2.3.1. Literature search results

The literature search yielded 6638 scientific papers and 158 patents. Of the located
pieces of scientific literature, 3119 results were located using Scopus, 2376 were
sourced using the Web of Science database, 876 results were found on PubMed, and
267 on IEEExplore Figure @ Duplicates were removed by comparing titles with a
Matlab script that selected 3997 individual scientific papers (last update: June 2021).
The titles and abstracts of the found papers and patents were manually checked to
exclude documents dealing with topics different from FTL motion in medical devices.
This selection resulted in 175 potentially relevant scientific papers and 21 patents.
The full texts of these documents were then read and examined based on the eligibility
conditions by the authors. The references were also checked to find other relevant
papers or patents. Finally, 43 documents were selected from the scientific and patent
literature, covering in total 35 different FTL devices. The final results were discussed
and checked by all the authors.

2.3.2. General categorizations

In order to categorize the devices found in the literature, the concept of FTL motion
was divided into three sub-functions: steering, propagation, and conservation, as
shown in Figure @ The principle is that any device capable of FTL motion must
possess all three sub-functions. An FTL system must be able to:
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Potential scientific literature titles identified Potential patent titles identified
through database searching (Scopus, through database searching
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Figure 2.1: Four-phases flow diagram for the scientific and patent literature.

1. Steer the leader/end-effector to the desired orientation.
2. Propagate along a specific path towards a target.

3. Conserve the shape of the path taken by the leader/end-effector.

Each sub-function was further divided into the #ype of solution to achieve the sub-
function, Figure E Each type of solution was then analyzed considering the method
to generate forces for the given sub-function. Since patents often intentionally cover
a variety of suitable actuation method, the most emphasized method was assumed for
the purposes of classification. Throughout this review, the word "proximal” is used to
indicate the shaft segments that are closest to the operator or handle of the device,
whereas "distal” is used for the segments that are close to the end-effector of the
device.

2.3.3. Steering of the device

For FTL devices, steering the device essentially means manipulating the orientation
of the leader/end-effector. The steering classification concerns the location of the
steering actuator(s) - either inside or outside the body. Steering/Inside the body
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Figure 2.2: Schematic representation of Follow-The-Leader motion divided into three sub-functions. 1.
Steering, 2. Propagation, 3. Conservation. Each sub-function is further analyzed considering the actuator
location, propagation manner, and constraint type, respectively.

indicates that the actuation unit is embedded in the part of the device that must
be inserted into the body of the patient (e.g., the shaft or the steerable segments).
Steering/Outside the body means that the actuation systems of the robot are not
inserted into the body of the patient, but remain in a module of the robot (e.g.,
handle or controller) that is kept outside of the patient.

The steering motion is generated by forces that actuate the segment leader/end-
effector. The found methods by which these forces are generated in steering both
inside and outside the body have been subdivided into six groups:

(a) motor torque or force

(b) thermal deformation force
(c) elastic relaxation force

(d) electromagnetic (EM) force
(e) cable tension force

(f) hydraulic force

In these groups the leader segment changes orientation because (a) a torque is applied
to its joint by a motor; (b) it is attached to wires that change their shape with heat;
(c) it wants to assume the orientation with the lowest potential energy; (d) it is
attracted by an electromagnetic force pivoting it in a certain direction; (e) it is pulled
by a cable that bends or pivots the segment towards a certain direction; (f) it is filled
with a pressurized liquid.

Steering/Inside body
This group consists of devices that have actuators embedded within the parts that
enter the body of the patient [@, @@] Most of these devices have segments
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Figure 2.3: Examples of actuators inside and outside the body of a Follow-The-Leader (FTL) devices. a)
Continuum robot endoscope. The motors in the motor modules reel in the cables attached to the segment
connectors to articulate the segments [23] (©[2014] IEEE). b) Inside structure of an active endoscope
controlled by SMA actuators. The SMA coils contract when heated up and relax when cooled down with
cooling water. The SMA coils are attached to flanges that bend by activating the SMA actuators [@]
(©[1988] IEEE). c) CAD model of a hyper-redundant FTL system. Each segment is composed of two
grey rings. The grey rings are attached to each other using aluminum joints. The coil (red) around the
iron core generates a magnetic field if current runs through it. Depending on the current direction, the
rings swivel relative to their neighbors because of electromagnetic attraction/repulsion. Adapted from
[29. BA] (©[2015] IEEE). d) Two-dimensional schematic view of an extendable, tendon-driven continuum
robot, adapted from [@]. The robot body is divided into three sections, with distal section C at the top
and proximal section A at the bottom and connected to a control unit (not shown). Each section A-C
contains five disks loosely placed around a backbone tube in the middle, with the tube connected to the
top disc. The three backbone tubes of sections A-C fit concentrically into one another and are individually
retractable. The top disc of section C connects to three tendons that pass freely through the system
to the control unit. Similarly, the top disc of section B connects to three other tendons, and the top
disc of section C connects to a third set of three tendons. In total, nine tendons are controlled by the
control unit, as well as the length of the telescopic backbone tubes. If the distal tube is retracted, section
C collapses. Permanent magnets are oriented in a repelling sequence to ensure equal distance when the
concentric backbones are deployed. e) Hydraulic actuated device. The pressurized water in the main body
bends the device in different directions, adapted from [@] f) Concentric tube device. The tubes bend in
the direction of the least internal tension. Operating this precisely results in steering [37] (©[2015] IEEE).

with embedded motors that control the joint rotation of each segment individually by
applying torque [27, @ @]. A unique case is a device proposed by Chen et a/., shown
in Figure Ea [23]. This particular device uses motors embedded in the segments
to reel in cables and bend the segments with cable tension. Systems that steer
by means of shape memory alloy (SMA) wires, also referred to as SMA actuators
[@, @], are also considered to have an actuation inside the body of the patient



Chapter 2 23

[25, 26]. Actuation by SMA wires is carried out using a material phase change. By
changing the temperature of SMA wires, the atomic arrangement of the material
changes [B4], reshaping the wire. If these wires are attached to segments of the FTL
device, their deformation can re-orient the segment. If the temperature is precisely
and actively controlled, the deformation of the SMA wire can be regulated, making the
steering (semi-) continuous continuous (Figure P.3b) [26]. If the SMA wire is only set
to achieve the threshold for total deformation, the segments have a binary control
assuming only their extreme orientations when activated [25]. Note that in these
devices, the temperature increases due to current flow through electrical resistance
within the wires. One of the analyzed devices instead uses electromagnetic (EM)
force to pivot the segment to its extremes in one DOF, obtaining binary steering
for each segment, see Figure Bc [29, BQ]. The EM force is generated within the
segments and is therefore categorized as an actuator inside the body.

Steering/Outside body

This group consists of devices that have actuators in the proximal handle or controller,
external to the parts that enter the body of the patient. For most of these devices,
the steering is achieved using cables [24, B5, B8-60]. Pulling or releasing the cables
changes the curvature of the device's segments. Tensile force on the cables can be
applied by actuators located outside the body, e.g., electromotors [24, B5, B8—43, 46—
48, 5058, 60, 61] or manually [44, 45, 49, B9]. The number of DOF achievable by
any given steerable segment is dependent on the number of cables controlling it;
two cables result in one DOF, whereas three or four cables result in bending in two
DOF. A common arrangement for these devices consists of rigid spacer disks that
guide the cables along the shaft of the device, with these disks attached to [38]
or arranged around one compliant element [35, 51, b2], running the entire length
of the shaft (Figure Ed). As this design is analogous to a vertebral column, the
central element is often referred to as the "backbone” [62]. In devices with multiple
steerable segments, the cables controlling a given segment simply pass through the
disks of the segments they are not intended to control and are anchored only to the
segment they control. By pulling at the steering cables a local bending torque, which
directly relates to the length of the moment arm relative to their backbone, is applied,
causing the segment to steer. Cables can also be substituted by pressurized liquids.
%e combination of more than two jets bends the segments in two DOF [36], Figure

e.

Elastic relaxation forces are used for steering devices composed of pre-curved
concentric tubes [37, 63-69]. Pre-curved concentric tube devices consist of plastically
bent tubes aligned concentrically, Figure @f. Here, steering is essentially the result
of the elastic interaction of the tubes. The tubes naturally want to bend in a certain
direction, therefore applying elastic relaxation forces. By rotating and translating the
tubes with respect to each other, the pre-curved sections will change their orientation
[B7]. The rotations and translations of the tubes are achieved using actuators outside
the body. As the motion comes from the internal elastic forces of the tubes, these
devices do not need cable guiding disks or the creation of space between a backbone
and a tendon to allow moment arms to apply forces [70]. These types of systems are




24 Follow-the-Leader Mechanisms in Medical Devices

also called invertebrate robots due to the lack of a backbone compared to tendon-
driven devices. They are quite popular in the field of medical instruments because
their working principle allows the construction of very thin devices [71, 72] compared
to cable-driven devices. In cable-driven devices, the bending torque depends on the
length of the moment arm relative to the backbone, requiring a certain thickness for
functioning.

2.3.4. Propagation of the device
The propagation classification concerns the advancement method only of the shaft
of the device. The propagation of an FTL device is essentially the movement of the
device shaft along a path towards a target. The device shaft can either advance in
a shifting manner or a deploying manner. S//fting propagation, as defined by Ikuta
et al, means that the entire device shaft is part of the advancing movement [26].
All segments will advance the same distance simultaneously. Deploying propagation
means that a distal segment of the shaft can advance while its proximal segments
remain stationary.

The methods found for generating the forces to provide shifting or deploying
propagating motion have been subdivided into two groups:

(a) motor force (e.g., rack and pinion or lead screw spindle)

(b) manual force (e.g., surgical handle or manual insertion)

Shifting propagation

This group consists of devices that propagate by advancing all segments of the shaft
simultaneously. Most of the found devices advance with an electric motor to con-
tinuously have precise control and information of the displacement [24, 26, 27, 29,
30, 36, B39, 42, 43, 47, 48, b(, b5-58|, Figure @a. Conversely, some prototypes do
not have real-time information on device advancement, thus they are programmed
to steer segments on time for a constant advancement speed [23, 25, 31]. Other
devices are designed for manual insertion and have other aids to account for the
insertion depth [28, 44, 45, 59]. An example of the latter is the semi-automatic
snake robot for NOTES shown in Figure @b. The device is inserted manually, and
its insertion depth is tracked by a trans-anal endoscopic microsurgery (TEM) trocar
equipped with hall-effect sensors [28]. Another manually operated device that does
not need an external tracer module is the hyper-redundant surgical instrument shown
in Figure Ec. The manually actuated passive rack and pinion mechanism advances
the device by turning a crank, which creates a direct kinematic relation between the
crank rotation and the forward motion of the device [44].

Deploying propagation

This group consists of devices that propagate by advancing the relative distal seg-
ments of the shaft while the relative proximal segments of the device remain sta-
tionary, e.g., in Figure @d, tubes 3 and 2 remain stationary while tube 1 advances.
Since concentric tube systems propagate a tube while another remains stationary,
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Figure 2.4: Examples of Follow-The-Leader (FTL) devices with shifting or deploying propagation. a)
Example of shifting propagation in which all segments are independently controlled by dedicated motors
on the external control unit. For the advancing motion, an additional motor moves the whole system,
adapted from [@] b) Snake robotic colonoscope design concept named “hold the snake”. The trans-anal
endoscopic microsurgery (TEM) gate is placed in the patient’s anus, and the robot is inserted through
the TEM gate manually by a medical staff member. Electric motors embedded into the shaft segments
control the steering and memorize the shape [@] c) MemoFlex hyper-redundant mechanical surgical FTL
instrument, adapted from [@]. The crank drives a rack and pinion construction that translates the track
— a pre-bent stainless-steel rod that defines the 3D path to be followed. During the forward motion of
the instrument, the track moves through the master module in the direction of the shaft. The master
module follows the shape of the moving track and is connected via cables to the slave module that copies
the shape of the master. As the track moves through the master, the slave follows the shape of the track
and thereby displays FTL motion over the fixed shape of the track. d) Example of a concentric tube
device designed for optical biopsy applications driven by stepper motors (encircled in green) [65] (©[2017]
IEEE). e) Tendon-driven continuum robot with an inner tube placed inside an outer tube. The spacer
disks and silicone membrane provide a smooth concentric sliding motion, adapted from [B€] (©[2017]
IEEE). f) Highly Articulated Robotic Probe (HARP). The inner and the outer tube alternate their stiffness
during propagation: flexible while advancing (blue), stiff when stationary (red). Cables run through the
segments of the inner and outer tubes. Tensioning the cables compresses the segments and generates
normal forces (F,) at their contact surfaces, thus locking the shape. The friction forces (F¢) between the
contact surfaces of the segments keep the configuration locked, adapted from [E].

these systems usually advance in a deploying manner by means of linear motor force.
Three different types of concentric mechanisms have been found in the literature:
pre-curved concentric tubes, steerable concentric devices, and alternating devices.
Pre-curved concentric tubes [E?I @—@] often referred to as telescoping mecha-
nisms [@] slide concentrically by means of a linear motor force, see Figure @d.
Steerable concentric devices [35, Bg, 49, b1, b2, 60, 61] use the same deployment
mechanism, but since this devices are not pre-curved, an additional force is required
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to actively steer the tubes. A particular type of such a concentric mechanism is
based on spacer disks that cannot be fixed to the backbone since the backbone ex-
tends. To keep the equal distribution of disks along the backbone, the loose disks
contain mutually repelling permanent magnets. This means that the individual disks
in the mechanism behave as separated by a spring, but unlike a spring, which has
a minimum compressed length, the magnetic field can be compressed until there is
no space between the magnets [38], see Figure @e. The third type of concentric
mechanism is the so-called a/ternating devices that switch the stationary part of the
system [40, 41, 46, b3]. Instead of having multiple concentric tubes telescopically ad-
vancing one after another, these systems only have two concentric parts that switch
in propagation; when the inner segments advance, the outer segments are stationary
and vice versa, making it a deploying propagation. An example of this is shown in
Figure @f. As an alternative to this concentric version, the two alternating shafts
can also be aligned parallel to each other [54].

2.3.5. Shape conservation of the device

Conserving the shape of an FTL device means assuming the shape of the path taken
by the leader/end-effector during the entire propagation and memorize it. This means
that the advancing segments of the device are essentially constrained in their move-
ment. The constraint can be applied through the software or the hardware of the
device. A software constraint means that the movement of the segment is deter-
mined by a computerized controller that maintains the configuration of the shaft of
the device. Without a controlled actuation, this segment would be physically free
to reconfigure. In practice, this implies that there is no dedicated mechanism other
than the actuation system used for steering, which can preserve the global shape and
pose of the shaft. In other words, the shape constraint is virtual, existing only in the
control software of the device. Conversely, a Aardware constraint means that a phys-
ical mechanism determines the movement of the segment. Note that the mechanism
could still be activated using a controller, but the constraint on the movement of the
segment is physical. The physical constraint can be applied in the handle or the shaft
of the device. Naturally, the constraint type is closely related to the advancement
method, as the shape is often conserved by the method of propagating.

Software constraint

This group consists of devices that maintain their shape using a software constraint,
where advancing segments have a virtually assigned direction. For this group, the
shape is held by maintaining the position of the steering actuation. In devices with
electric motors, the shape taken by the segment is held by holding the torque at each
joint [27, 8, B1] (Figure P.5a). In devices with cables, the position taken by the
segments is kept by holding the tension on each segment [23, R4, B9, 42, 43, 47, 48,
50, 55-58], and in devices with hydraulic actuation by holding the pressure [36] see
Figure Eb. Devices with SMA actuators hold the shape by maintaining the right
temperature for each segment [25, 26] (Figure Ec), whereas devices with electro-
magnets conserve their shape by maintaining the magnetic force [29, 30], Figure
@c. When propagating, the segments change their orientation to compensate for
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the change in configuration due to the device translation. This behavior can be
achieved with inverse kinematics where the device configuration becomes the input
for the computerized actuation and/or path planning algorithms that may use cost-
functions to minimize the configuration perturbation.

Software constraint
() 0 h

Joint4 Joint5

Joint 3

Joint 1

Biopsy channel
Micromotor

~ bending sections
(200mm)

Figure 2.5: Examples of software constraints. a) Motor-based articulated robot. Each DOF is controlled
by a motor placed directly into the steerable shaft. The shape is conserved holding the torque. Adapted
from [@] ©)][2013] IEEE). b) Cable-driven catheter for transbronchial biopsy. The catheter uses a cable-
driven push/pull mechanism to control the three steerable segments. The user uses a joystick to actively
steer the end-effector and follow the path [42]. c) Manipulator based on SMA actuators. Each segment
is controlled by three SMA actuators [25].

Hardware constraint

This group consists of devices where the shaft segments are physically constrained to
advance only in the desired direction by a mechanism inside the shaft or the handle
of the device. The found methods that generate the forces for shape conservation in
devices based on hardware constraints can be subdivided into four groups:

(a) steering actuation force

(b) friction force

(c) interlocking geometry force
(d) elastic interaction force

where the shape of the device is maintained by (a) holding the actuation of the
steering mechanisms (e.g., by applying torque or maintaining cable tension), (b)
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using friction forces in the shaft to prevent segment motion, (c) using interlocking
structures in the shaft to prevent segment motion, or (d) leveraging the superposition
of elastic interaction forces seeking minimum potential energy.

Most devices leveraging deploying propagation depend on advancing individual
segments of the shaft in a particular sequence for the shape conservation method to
work. These devices are classified as having a hardware constraint given by steering
actuation forces [35, B8, b1, b2, 60, 61]. An example is shown in Figure @a.
The proximal segments of the device are advanced first and are steered along the
desired path. Once the endpoint of its insertion movement has been reached, the
segment stops moving and holds its shape. Thereby, it acts as a guide for a distal,
concentrically aligned segment that begins a movement physically constrained to
the path taken by the now stationary proximal segment. Since the leader segment
is concentrically guided by its proximal follower segments, the device shape always
conforms to the path taken by the leader.

The hardware constraint in pre-curved concentric tube devices is given by the
elastic relaxation forces of the concentric tubes. If the (stationary) proximal tube has
a strongly dominant stiffness relative to the (propagating) distal tube, the (station-
ary) proximal tube is considered to be a hardware constraint for the (propagating)
distal tube [63]. However, if the tubes have similar stiffnesses, the device shape is
determined by the superposition of the tube shapes [37, 64—69]. This means that
the tubes have to re-orientate collectively to maintain the desired configuration be-
ing a hardware constraint for each other. The difference between these concentric
tube mechanisms is schematically shown in Figures @b—c. Due to the presence of
pre-curved shapes, pre-curved concentric tube devices are limited in the paths they
can follow [73].

As opposed to pre-curved concentric tube devices, in alternating devices, the
concentric/parallel parts can be alternately locked and fixed in shape so that each of
those two parts forms the stationary guide for the other as it propagates. This forms
a hardware constraint for the concentric/parallel propagating part that slides along it.
The alternating devices found in the literature use friction forces [40, 41, 46, 53, b4]
or geometry locks [49] to hold the configuration of the stationary part. The friction
force is achieved by compressing the segments with cable tension [40, 41, b3, b4],
or by pinching the steering cables with piezo-electric deformation [46], Figure @d.
Geometry locking activated by cable tension or SMA actuators in an alternating device
is proposed in the patent of Sadaat et a/ [49]. Other interesting examples are the
devices presented by Henselmans et a/. [44, 45, 9], in which a geometry lock is used
in the control handle outside the body to constrain the motion of the segments inside
the body. Having the hardware constraint placed into the handle allows for larger
space to design a dedicated locking mechanism that acts directly on the actuation
of the segment. The locking mechanisms designed by Henselmans et a/ contain
either pre-curved rods [44] (Figure @c), pre-programmed physical tracks [59], or
programmable physical tracks, such as the system shown in (Figure P.6e) [45].
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Figure 2.6: Examples of hardware constraints. a) FTL continuum robot. The segments are deployed in
order from the most proximal (blue) to the middle (green), and finally the most distal segment (red). The
shape of a relative proximal segment is held by the steering cables while its relative distal segments advance
concentrically through this fixed curve. Thus, the relative proximal segments form physical constraints
to the advancement of the leader/end-effector towards the target [61] (©[2016] IEEE). b) A pair of
continuum concentric tubes with relative infinite stiffness of the outer tube (blue). When the inner tube
(grey) is retracted, the outer tube dominates the stiffness and therefore the shape. When a portion of
the inner tube slides out, the inner tube relaxes to its initial curvature [6§] (©][2006] IEEE). c) A pair
of continuum concentric tubes with similar stiffness. A superposition of both inner and outer tubes with
differently bent aligns the tubes in an intermediate position. The systems hold the configuration with
elastic interaction forces, adapted from [74] (©[2006] IEEE). d) The device consists of two identical
tendon-driven continuum robots: the follower continuum robot (FCR) and the leader continuum robot
(LCR). A clamp system, based on piezo-actuators, pinches the tendons, holding the configuration of the
LCR and the FCR, alternately, adapted from [@] e) The MemoSlide programmable cam. The left
figure shows the mechanism responsible for the MemoSlide shifting in which the main components of the
mechanism are the leader element (blue), the follower control-points (green), and the memory elements
(yellow). A red cross indicates when one of these components is geometrically locked. The right figure
shows a top view of the proof-of-concept prototype. The memory and follower elements have teeth on
the upper surface. These teeth interlock with the teeth on the bottom surface of the locking-bars (red).
When the lever is rotated, the left and right cam operate the sequence. The two bars move out of phase,
alternatively locking and releasing the follower and memory-elements, adapted from [@]

2.4. Discussion

2.4.1. Comparison of FTL device performance

Path following ability

One of the primary design goals of FTL medical devices is to allow better access to
sites in tortuous anatomy whereas reducing the potential for patient injury due to
contact between the shaft of the device and the surrounding tissue. Apart from the
risk of injury, poor path-following may also result in longer procedure times, thereby
increasing cost [75, [76]. With this in mind, it is naturally of interest to compare
FTL devices found in the literature by their relative leader-following capability. This
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Table 2.1: Deviation from the propagation path reported by nine FTL devices found in the literature.
Publications reporting path deviation data provided either the absolute value in mm (shown in columns
2-4) or as the deviation per unit inserted length, reported in percent (columns 5-7). Table sorted in
ascending order of mean percentage deviation. Unreported data is marked with a *-".

Deviation (mm) Deviation (%)

First author (year) Min.  Mean Max. Min.  Mean Max.
Dupourqué (2019) - 0.54 - - 027 -
Chen (2014) 13.50 15.00 29.50 1.50 1.60 3.20
Zhang (2019) 2.00 3.35 4.80 120 1.60 2.90
Gilbert (2015) - 2.00 - - 250 -
Amanov (2021) - - - - 2.60 14.00
Amanov (2017) 6.70 5.00 10.00 9.60 7.10 14.00
Gao (2019) 0.16 - 1.78 0.27 - 3.00
Granna (2016) - - 0.81 - - 5.00
Henselmans (2019) 15.00 - 40.00 13.00 - 36.00

section further compares the reported procedure times, the forces exerted by devices
on their environments, and their sizes.

Different metrics may be used to evaluate the path-following ability of a device,
such as a root mean square (RMS) error [65] or an overlaid motion footprint [44].
The most common metric, however, is the deviation of the device from its intended
path, expressed either as an absolute value or as a percentage of the insertion length
of the device being evaluated (Figure E) Many publications do not provide a
quantitative assessment of path-following ability, and path deviation depends heavily
upon many factors, such as propagation speed, insertion length, and the number and
nature of the curves along the path. This makes it difficult to meaningfully identify
relationships between device classifications and leader-following ability. Nevertheless,
it is interesting to gain a qualitative insight into the capabilities of devices proposed
in the literature. Table @ shows the deviation values for nine of the devices found
in the literature.

Another important aspect is the ability of the device to precisely follow the de-
scribed path not only during the device insertion but also during retraction. Only a
handful of papers explicitly stated that the device is capable of reversed FTL mo-
tion [24, 28, 4446, 50, b3, b9, 61]. Concentric tubes [61] or alternating devices,
such as the HARP [46, B3], can reverse the advancing order of the concentric el-
ements, whereas manually-actuated systems are manually pulled backward [28], or
the insertion movement is inverted; i.e., the crank is turned in the opposite direction
[44, 45, B9]. However, even if not explicitly stated, electromechanically actuated de-
vices with independent segments should be capable of backward motion by reversing
the actuator motion.
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Figure 2.7: Accuracy comparison of the devices that explicitly reported the deviation from the path of the
device. The minimum (blue) and maximum (orange) deviation are shown as bars. The dot markers show
deviation as a percentage of insertion length, where blue signifies the minimum absolute value and orange
the maximum absolute value. The two devices with the lowest reported deviation steer the leader with
cables from outside the body, advance in a shifting manner with linear actuators, and apply a software
constraint to the device.

Propagation speed

To justify the use of an FTL device in a procedure that can also be carried out
conventionally, the device should potentially be safer, more accurate, and enable faster
procedure times. The decrease in time, in fact, should not compromise the procedure
safety, and the device should not damage the surrounding tissues but rather increase
the accuracy of the procedure. Propagation speed, however, is often not explicitly
reported as a performance metric and can be affected by the surgeon’s experience,
and most of the literature deals with an early-stage technology not yet optimized
for speed. Information on procedure time is mentioned in only a few publications
presenting pre-clinical studies and clinical trial results. The FTL system proposed by
Gao et al. [@], for example, shows an increased procedure time when performing a
ventriculostomy and tumor biopsy in patients with normal anatomy, whereas reporting
a significantly reduced procedure time in patients with abnormal anatomy. The HARP
device proposed by Degani et a/, [@ @] reports procedure times comparable to
operations performed with other robotic platforms for epiglottectomy on a cadaver

[77).

Tissue reaction force and operating force

Another relevant performance metric is the magnitude of the forces exerted on the
device's surrounding anatomical structures. By decreasing the force applied to the
surrounding tissues, potential damage to these tissues can be reduced [@, [7]]. Again,
only a few publications measured and reported this aspect. For example, the robotic
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catheter for transbronchial biopsy proposed by Dupourqué et a/. reduced the reaction
forces measured with a force sensor on the phantom wall from 0.94 N with a manual
catheter to 0.13 N and the average path deviation from 0.95 mm to 0.54 mm [42].

The operating forces of some devices are also measured to assess the possibility
of supporting other equipment, ensuring stability during the procedure. For example,
the robotic endoscope proposed by Lee er a/ [47] allows the insertion of medical
instruments through the central lumen of the device while holding a load of up to 15
N applied either axially or laterally at the distal tip of the device without changing
its shape. This was manually measured using a push/pull gauge applied to the end-
effector of the device. Likewise, Kang et a/. stated that their device, shown in Figure
@d, ensures an operating force of approximately 4-8 N at an advancement speed of
1.5 mm/s [46]. In this case, the force was measured by externally pushing the device
end-effector with a force sensor constrained to a linear stage.

Size

One of the major determinants of potential applications for a flexible medical device
is the device's shaft diameter, and 19 publications were found that explicitly reported
the diameters and lengths of their respective proposed devices. On the one hand, the
shaft diameter is directly related to the surgical application the device is designed for.
When the application is for instance in the gastrointestinal tract, the device can reach
a diameter of 13 mm [78], whereas in applications such as neurosurgery 3.5 mm in
diameter is the maximum [43]. On the other hand, the mechanism used to achieve
FTL motion also requires a certain minimum shaft diameter. It was found that devices
with actuators located inside the body (Figure @ actuator location “A") have larger
diameters than devices with actuators located outside the body (Figure @ actuator
location "B"). Pre-curved concentric tube devices with elastic relaxation as steering
mechanism (Figure E steering mechanism “c”) have the smallest diameters, followed
by devices that apply cable tension (Figure @ steering mechanism “e") from outside
the body. Notable exceptions are the devices proposed by Kang et a/ [46], which
has no steering actuators but six shape locking actuators for each segment located
inside the body, and the one proposed by Lee et a/ [47], which is originally designed
for NOTES and for which the authors propose many potential size reduction options.

Medical Applications
FTL devices have been developed for different medical fields due to the ability to move
through tortuous paths and avoid obstacles (Figure @) Gastrointestinal applications
such as gastroscopy or colonoscopy are one of the major application fields [26, B1, 49,
50]. Conventional flexible endoscopes are passively inserted into the colon. However,
high forces can be applied to the colon walls increasing the patient's discomfort and
creating difficulties for the clinician [[79]. Having active navigation during colonoscope
insertion would avoid high stress to the colon walls and open new possibilities in
diagnostic and treatment for gastrointestinal pathologies.

Chen et a/. [23] proposed an FTL device able to follow the curves of the colon
without relying on the anatomical wall and therefore simplifying the insertion, decreas-
ing the chance of wall damage and patient discomfort. Other examples of FTL sys-
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Figure 2.8: Size comparison of the devices with explicitly reported maximum diameter and length, in
ascending order of shaft diameter (blue bars). The orange markers show the ratio of diameter to length of
each device. The first authors and the device classification are shown underneath the graph; A: actuators
inside body, B: actuators outside the body, a: motor torque force, b: thermal deformation force, c: elastic
relaxation force, d: electromagnetic force, e: cable tension force.

tems are the device by Gao ez a/ [43] and Yoon et a/. [56] that find their application
in neurosurgery. Gao et a/. proposed a device for endoscopic third ventriculostomy
and tumor biopsy. The device uses FTL motion to minimize tissue trauma while
reaching the operation site. Yoon ez a/. designed a device for endoscopic maxillary
sinus surgery able to follow the tortuous path through the nasal cavity [@]. Translu-
minal procedures are also a possible application of FTL devices due to their ability to
move in confined spaces and provide a stable platform to operate [@ @ @] Bajo
et al. proposed an FTL device for transurethral bladder resection that allows the sur-
geon to operate without a priorr knowledge with full control of the end-effector DOF
[@]. Another possible application is endoscopic biopsies; for example, in organs such
as the lungs, the diagnostic sensitivity of biopsies - the success rate of the procedure
- is lower than 25% in the peripheral airways due to the difficulties in reaching and
extracting the biopsy samples [@]

Dupourqué et a/. proposed a device for transbronchial biopsy in which the FTL
motion enhances the surgeon’'s maneuverability in reaching the peripheral bronchi of
the lungs [@]. Applications can also be found for cardiovascular surgery [@], en-
dovascular interventions [@] and extra-vascular procedures where the FTL device
cannot rely on the vessels' wall to follow the desired path [Ell] Other possible ap-
plications of FTL devices are optical biopsies [@], application of cochlear implants
[E?I], and treating epilepsy with laser ablation of the hippocampus [@].
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Neurosurgery

Cardiac surgery

Figure 2.9: Medical applications of FTL devices. Cardiac surgery, adapted from [40] (©[2006] IEEE);
neurology, adapted from [B5]((©[2018] IEEE); cochlear implant [57]; transbronchial intervention, adapted
from [42]; vascular intervention, adapted from [60] (©[2020] IEEE); gastrointestinal surgery [23] (©[2014]
IEEE); urology, adapted from [39] (©[2013] IEEE).

2.4.2. Common steering and shape conservation strategies

Steering

A widespread design approach in the steering of FTL devices is the combination of
actuators located outside the body with tendons transmitting the forces generated by
the actuators to the tip of the device. All but one of the 20 devices using tendons to
steer the device utilize this strategy. Looking at the published size (Figure E) and
performance data (Table @), it becomes clear that the goal of this strategy is to
use precise motor control to steer a thinner shaft, a goal achieved with some success.
Whereas systems using e/astic relaxation tend to have smaller diameters Figure @),
they tend to have a mediocre path deviation per unit inserted length when compared
to cable tension based devices. The accuracy of concentric tube robots tends to
be highly dependent on the task and the design of the tubes. The tube shapes
are specifically designed to achieve optimal pathing and advancement towards the
target [@, @]. Therefore, these devices are often designed for a particular medical
procedure that requires a path with a specific, near-constant shape, e.g., neurological
procedures [B83], treatment of hydrocephalus [63], a biopsy of olfactory cells [64], or
cochlear implant insertion [@] Table shows the published path deviation data;
Gilbert ez a/. [66] and Granna et a/. [67] are both steering/outside body, elastic
relaxation devices, whereas Chen et a/ [23] utilize tendons combined with actuation
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inside the body.

Furthermore, SMA and EM actuators were only found to be used as actuators
inside the body [25, P9, B0]. This is most likely since these technologies can create
individual actuators that are smaller than standard electric motors, leading designers
to attempt to integrate them into the shaft of a device. However, this strategy does
not necessarily result in smaller steerable shafts; in Figure @ it can be seen that
these devices possess diameters of over 40 mm.

Shape conservation

Software constraints were found to be used by 17 out of 35 systems. These devices
were universally found to use their steering actuation to conserve their shape, most
likely because this is the simplest way for an electromechanically controlled system to
hold its shape: if the actuator maintains its position, the device should stay in the same
configuration. This simplicity precludes other additional shape locking strategies such
as friction, interlocking geometry, or elastic interactions, as they would add complexity
with no real benefit.

Conversely, hardware constraints were used by 18 out of 35 devices with a variety
of shape conservation strategies. For example, almost all concentric tube robots
utilized their elastic relaxation properties to retain their shape, whereas geometry
locking systems were engaged either by cable tension or SMA actuators. Friction
locks were used exclusively by three FTL devices, such as the one shown in Figure
@f. All three of these devices [40, 41, 46, b3, b4] consist of alternating systems
that realize FTL motion due to their ability to alternatingly advance while locking
and unlocking their shape.

Two mechanisms were found by which friction was translated to the stiffness of the
shaft. Kang er a/ used friction between piezoelectric clamps and tendons to prevent
the tendons from moving relative to the shaft, thereby locking the system’s shape
[46]. On the other hand, the systems developed by Degani et a/. and Chen e a/. used
the friction between rigid shaft elements to conserve the shape of the device [40, 54].
Degani’s design applies tension on all of the steering wires simultaneously to compress
the shaft elements together in the axial direction, whereas Chen's system possesses a
dedicated tendon used to compress the elements together. These differing strategies
further appear to affect device diameters; Chen er a/ report a diameter of 6 mm,
although as this system uses two parallel shafts, its overall diameter increases to at
least 12 mm at the widest point. Degani’s design is concentric, but also reports a size
of 12 mm. Kang et a/. cite a much larger diameter of 30 mm due to miniaturization
limits with the piezoelectric clamps [46], supporting the argument that including any
kind of actuator, even actuators that are already highly miniaturized, in the shaft of
a device leads to much larger device diameters.

2.4.3. Design combinations in FTL devices

The designs proposed in the literature tend to cluster around certain combinations
of design choices, as shown by Table @ Whereas eight combinations of the two
types for each sub-function are theoretically possible (Figure P.1(), only four are
published. For example, every single one of the seven devices utilizing actuators inside
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Table 2.2: Existing combinations of the three FTL sub-functions in the devices found in the literature.
Sub-functions: 1. steering, 2. propagation, 3. conservation. The devices combine types A or B from each
sub-function to achieve FTL motion.

Sub-function

I 5 3 Description Number of devices References

A A A Actuation inside body, Shifting propagation, 7 23, R529, B1]
Software constraint

B A A Actuation outside body, Shifting propagation, 10 P4, 86, B9, 42, A3,
Software constraint 47, 44, b0, b4, bd]

B A B Actuation outside body, Shifting propagation, 3 44, 45, b9
Hardware constraint

B B B Actuation outside body, Deploying propagation, 15 [35, B7, B8, 46, A9,
Hardware constraint 53, b4, b0, b1, b3,

64, 66-59]

the body controls its segments individually, enabling them to propagate in a shifting
manner with software constraints. Actuation inside the body is usually less preferred
than actuation outside the body due to limits in the miniaturization of the actuation
components. However, with the great progress in soft robotics, new solutions can
be investigated, leading to combined systems with, for example, actuation inside the
body with deployment propagation.

Conservation and propagation are closely related, as the manner of propagation
can intrinsically provide shape conservation, particularly in systems that deploy to
propagate. All of the 15 devices that advance in a deploying manner use hardware
constraints to conserve the shape of the path taken by the leader/end-effector and
have actuators located outside the body. Deploying devices exclusively use hardware
constraints as their alternating nature means that at least one of the concentric
shafts always serves as a physical constraint, making software constraints redundant.
Conversely, 17 of the 20 devices propagating in a shifting manner apply a software
constraint, as shifting propagation requires individual control of the segments that
is commonly combined with feedback control to impose software constraints as dis-
cussed in Section . The remaining three devices [44, 45, b9] apply a hardware
constraint to the segment shape. Unlike hardware constraints in deploying devices,
hardware constraints in shifting devices are located outside the body alongside the
actuation system. These constraints act directly on the actuation of a given segment.
This constrained actuation is further mechanically coupled to the device translation,
resulting in a shifting propagation. The devices proposed by Henselmans et a/. have
a physical track (a programmed cam or a pre-curved rod) that serves as the phys-
ical constraint for the segment actuation in the controller [44, B9]. The physically
constrained actuation is then transferred with cables to the instrument shaft. Thus,
relocating the concentric physical constraint mechanism to a module outside the main
body results in a shifting propagation with a hardware constraint. While it is difficult
to directly compare devices based on the number of DOF, the inherent expense of
including additional actuators in any given robotic system makes it desirable to in-
crease the number of DOF controllable per actuator. Most of the surveyed devices
showed a ratio of between 0.5 and 1.5 DOF per actuator. Some devices with hard-
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ware constraints showed, however, a higher number of DOF per actuator. Devices
with hardware constraints showed a higher number of DOF per actuator. Notable
outliers are [44, B9] (with a geometry lock in the handle control), and the alternating
device proposed by Degani et a/. [@] which showed 28, 36, and 17 DOF/actuator,
respectively.
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Figure 2.10: Overview of combined sub-functions to achieve FTL motion in medical devices. Three FTL
sub-functions steering, propagation, and conservation, associated with the colors red, blue, and green,
respectively, are each executed in either type A or B. The number of devices found in the literature that
are allocated to each type, is noted in the grey nodes close to the schematic drawings. For example,
from the 35 devices 20 advance in a shifting manner (blue: Advancement method A. Shifting) and the
remaining 15 devices advance in a deploying manner (blue: Advancement method B. Deploying). The
cross combination of two sub-function types is shown in white nodes between the arrows associated with
the sub-functions. The color of the perimeter and arrows correspond to the sub-function with the same
color. For example, from the 20 devices that propagate in a shifting manner, seven have actuators inside
the body (red arrow from A. Inside body and blue arrow from A. Shifting) and 13 have actuators outside
the body (red arrow from B. band blue arrow from A. Shifting).

2.4.4. Assessment of alternative solutions for FTL medical devices

Medical devices with FTL potential: Many devices found in the literature contain two
of the three sub-functions to achieve FTL motion. Various devices with pneumatic or
hydraulic actuation show potential for FTL capabilities with pneumatic or hydraulic
actuators. A device excluded uses two pneumatically extensible and bendable seg-
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ments in series, Figure a [84, B5]. Steering each segment is achieved by filling the
fluid chambers inside the segment, whereas their configuration is hold using granular
jamming, a mechanism used in medical devices or soft robotics to adjust the system
stiffness [86, B7]. Keeping a similar configuration to the one proposed by Ranzani
et al, an FTL motion could have been achieved using a deploying mechanism to
propagate the shape, as for the concentric tubes.

Another excluded device uses hydraulic bellows inside a catheter of 3 mm in
diameter to steer the segments [88], Figure b. Depending on the pressure,
the bellows stretch or shrink the segments on one side, making them bend. The
system contains special valves that allow for independent control of each segment.
The authors claim that the device operates with safe pressures for blood vessels and
uses saline solution as a hydraulic fluid. If steering with bellows would be coupled
to the displacement of the catheter, FTL motion could be achieved by steering with
hydraulic forces that could also be used to hold the path configuration.

An interesting locking mechanism that could be applied for FTL motion is the
pneumatic expansion of tubes to lock segments in their orientation of the device
shown in Figure c [89]. Alternating devices, such as the devices shown in Figure
@f and Ed, could use this locking mechanism to memorize the shape.

FTL motion as a combination between tool and shaft propagation. Many of the
reviewed solutions are designed to act as a guide for other instruments, such as biopsy
forceps. While this review focused solely on devices with the shaft that performs FTL
motion, it is possible that a surgical instrument, inserted through a working channel of
the shaft, could take the role of the leader segment, thereby creating a combination
instrument/shaft FTL device. This could be advantageous from a human-machine
interface perspective, as the forward propagation of the shaft as a whole would be
intrinsically tied to the pose of the inserted instrument instead of being a separately-
controlled function.

FTL devices with nonmedical applications. As stated in the introduction, many
FTL devices have a nonmedical application. This often means that their design is
not applicable to medical devices. A few exceptions have been found for FTL devices
that have similar design constraints or have the potential to be miniaturized. The
device presented by Dong et a/. features an inspection/repair robot for gas turbines
[90]. Some of the specifications are a minimum of 25 DOF, maximum tip diameter
of 15 mm, and 1200 mm arm length. The device is steered with cables by actuators
outside the segments, advances in a shifting manner with a motor, and applies a
software constraint where the steering actuation holds the configuration. Another
device, designed for search and rescue operations, uses so-called growth navigation
[91], Figure . The steering is achieved by increasing the length of the device on
one side. A pump with air pressure supplied actuates the increase in length. The
device advances in a deploying manner with air pressure, and the shape is conserved
by a physical constraint where air pressure holds the configuration of the device. The
device is also able to retract from a straight position.
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Figure 2.11: Examples of medical devices with FTL potential. a) Fluid actuated segment. Three pneumatic
chambers can fill up with air. Combining the inflation of these chambers can bend the segment in various
directions. If all chambers are filled, the segment elongates straightly. The stiffening channel (brown)
serves as a backbone and contains coffee grains that serve as a granular interlocking substance. The
grains in the stiffening channel can be compressed by a vacuum, stiffening the channel, and keeping the
orientation of the segment. Adapted from [B5] (©[2013] IEEE). b) Hydraulic actuated active catheter.
The catheter maneuvers through a blood vessel towards the target. The control tube supplies the fluid to
all control valves. Depending on the pressure of the fluid supplied from the control tube, the valve opens
and the fluid enters the bellow, making it expand [B§] (©[2012] IEEE). c) Pneumatically actuated shape
locking mechanism. When the segments bend, the links displace the sliders. The sliders contain teeth
that can interlock with the stoppers. If air flows into the air tube, the air tube expands and pushes the
stoppers upwards compressing the springs. The interlocking teeth prevent the sliders from moving which
fixes the position of the links and therefore the orientation of the segments. If the air leaves the air tube,
the compressed springs reset the stoppers downwards. Adapted from [@].

2.4.5. Commercially available instruments

Five of the devices found in the literature are or were commercially available. In
1996, Buckingham and Graham presented the first prototype of a device that had
servo motors embedded inside the segments [@]. According to the authors’ evalu-
ation, the manipulator had to be five times smaller and place the actuation outside
the main body of the device to be used for surgeries. The authors suggested having
a device with actuators outside the shaft would help miniaturization. In 2002 Buck-
ingham presented the commercialized version of the prototype proposed in 1996: OC
Robotics. The OC Robotics 10 DOF snake arm robot is a tendon-driven device with
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actuators outside the shaft and is commercially available for search and rescue or
repair operations [92]. In 2003, OC Robotics patented FTL technology for medical
devices [48] and was awarded for NOTES robotic development in 2011 [93].
Robotics was mentioned in a review in 2012 [94], including one medical device, but
so far, there are no FTL medical devices commercially available from OC Robotics.

Another patented device presented by Saadat er a/. is affiliated with USGI Medi-
cal® [49]. The patent contains a shape locking mechanism that is used in the com-
mercially available catheter from USGI medical® [05]. However, the commercialized
catheter does not have a propagating mechanism and associated shape conservation
method as described in the patent.

Another device was patented by Donhoweet 4/ [50] in 2013 and today is commer-
cially provided by Intuitive Surgical® as lon™ [96]. The device, used in bronchoscopy
to perform biopsies in the lungs, has a shaft diameter of 3.5 mm and uses path
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planning before the intervention with the help of a computed tomography scan to
pre-plan its insertion and the retraction. The path is, therefore, predefined and can-
not be changed during navigation. Moreover, lon™ bases its propagation on the
surrounding anatomies, and a shape lock mechanism provides rigid support for the
biopsy needle. A fiber optic shape sensor measures the full shape of the device during
the insertion. A multicenter study is ongoing, but positive preliminary results have
already been published [97], 98].

Virtuoso surgical is a start-up [99] basing its technology on the concentric tube
robot presented in the work of Gilberter a/ [66]. The system is intended to enhance
dexterity compared to rigid endoscopes when operating in a single port surgery. Even
if the FTL motion seems to have not yet been implemented in the system, future
works could propose new generations of endoscopes able to follow and memorize the
desired path.

Finally, the HARP, presented by Degani et a/ (Figure @f), is provided by
Medrobotics® (MA, USA) as Flex® Robotic System [100]. The Flex® Robotic
System has been tested in cadaveric transoral surgery [[77] and evaluated in its perfor-
mance in various studies [101], showing promising results in colon rectus inspections
and in transoral procedures where the mouth is used as the entry port for the surgical
procedure [102, 103].

2.4.6. The future of FTL medical devices

Most of the works analyzed in this review, 35 out of 43, have been published within
the last ten years. This indicates that the field of FTL medical devices is still in the
development phase and that new solutions are expected in the upcoming years. With
the advent of soft robotics, research on new materials is being carried out, opening
the way to new possibilities for FTL devices. Shape memory alloys (SMA) are widely
used in the medical field due to their MRI- and bio-compatibility. In this review,
an example of their application is given by Arora et a/. [25] that use SMA wires to
steer their device. Electro-active polymers (EAP) change their stiffness depending on
the applied voltage, and they represent a valid alternative to conventional actuation
methods. However, even if widely used in general purpose soft robotics [L04], EAP
scarcely find their application in medical devices due to their need for high voltage, low
response time, and low exerted forces [105]. Elastomers such as polydimethylsiloxane
(PDMS) are often used in soft robotic systems for minimally invasive surgery [105]
due to their low cost, easy availability, and MRI-compatibility. Elastomers are often
used in Flexible Fluidic Actuators (FFA), allowing changes in stiffness using air or
liquids and avoiding electrical sources [106, 107]. These properties could be used
to create an FTL motion in concentric mechanisms. Interesting materials that find
application in medical devices are hydrogels. Hydrogels respond to temperature,
chemical, magnetic, or electrical stimuli by expanding or shrinking, changing their
rigidity and shape [108]. Interesting results have been achieved in the fabrication of
soft grippers [109, 110], showing potential for FTL medical devices.

An important aspect that must be taken into consideration is the use of devices
as disposable or reusable instruments. Looking at robotic systems, such as the da
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Vinci® robotic system (Intuitive Surgical Inc., Sunnyvale, CA, USA), having robotic
arms with embedded electronics and miniaturized components leads to a short life
span for the instruments and high costs of maintenance [111]. In this scenario, ad-
ditive manufacturing technology, also known as 3D printing, could open new oppor-
tunities for disposable and customized shafts and end-effectors due to the possibility
of modifying the design considering surgeon’s and patient’s needs [112-114]. The
implementation of this new technology, together with the implementation of FTL
motion in surgical devices, represents a step forward to more personalized medicine.

2.5. Conclusion

FTL motion was divided into three fundamental sub-functions: steering, propagation,
and conservation. As each sub-function has two types of solutions, eight combina-
tions are possible, of which only half were found in the literature. Despite being
often proposed in medical devices, no FTL devices were found based on pneumatic
mechanisms. Device specifications were mostly task-specific although some patterns
were apparent for certain design choices. For example, a smaller diameter was chosen
for devices with actuators outside the body, in particular pre-curved concentric tube
devices. The largest number of DOF per actuator was achieved by devices using
hardware constraints to conserve their shape. FTL devices have great potential in
the medical field, especially in procedures with abnormal anatomies and unpredictable
situations. In this work, we provided a detailed overview of the solutions currently
available for FTL devices, reflecting on current limitations and future perspectives.
This review offers the foundation that will aid in the development of an innovative
generation of medical devices.
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Abstract

With the increase in Natural Orifice Transluminal Endoscopic Surgery procedures,
there is an increasing demand for surgical instruments with additional degrees of
freedom, able to travel along tortuous pathways and guarantee dexterity and high
accuracy without compromising the surrounding environment. The implementation
of follow-the-leader motion in surgical instruments allows propagating the decided
shape through its body and moving through curved paths avoiding sensitive areas.
Due to the limited operational area and therefore the instrument size, the steerable
shaft of these instruments is usually driven by cables that are externally actuated.
However, a large number of degrees of freedom requires a great number of actuators,
increasing the system complexity. Therefore, our goal was to design a new memory
system able to impose a follow-the-leader motion to the steerable shaft of a medical
instrument without using actuators. We present a memory mechanism to control
and guide the cable displacements of a cable-driven shaft able to move along a multi-
curved path. The memory mechanism is based on a programmable physical track
with a mechanical interlocking system. The memory system, called MemoBox, was
manufactured as a proof of concept demonstration model, measuring 70x64x6 mm3
with 11 programmable elements and featuring a minimum resolution of 1 mm. The
prototype shows the ability to generate and shift complex 2D pathways in real-time
controlled by the user.
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3.1. Introduction

Minimally invasive surgery (MIS) aims at reducing the invasiveness of a surgical pro-
cedure by using small incisions as the entry port of the human body. By reducing
the incision size, the chance of exposure-related infections, pain, and recovery time
decrease drastically. A step forward has been made with the introduction of Natural
Orifice Transluminal Endoscopic Surgery (NOTES), in which surgeons can operate
and enter the human body using natural orifices such as mouth, nose, or anus [1-3].
For instance, Endoscopic Endonasal Surgery (EES) is a NOTES procedure in which
the nostrils are the entry port to reach and remove tumors at the base of the skull,
such as those occurring in the pituitary gland. The pituitary gland is difficult to reach
because the nostrils create a narrow passage that limits the maneuverability of the
tools. Therefore, by using conventional straight and rigid instruments, some tumors
cannot be reached or removed entirely, and patients require further treatment [4, 5].
Instruments such as flexible endoscopes or catheters usually have a passively flexible
shaft, and only in some of them, the end-segment can be actively controlled and artic-
ulated. These instruments usually need support from the surrounding environments
that constrain and guide them through organs such as the intestines or the blood
vessels. However, soft tissues and delicate anatomies, such as those in the skull base
and around the pituitary gland, cannot provide enough support for such instruments,
leading to the need for having instruments capable of self-support and self-guidance.

In 1999, Choset and Henning minted the new term "Follow-the-Leader” (FTL),
also known as path following, to refer to a new kind of motion behavior of segmented
snake-like robots [f]. In FTL-motion, the user steers the head (the most distal
segment) of the robot. The pose information is stored and passed back to the other
segments in order to let them assume the same pose once they have translated to
the same location in space. Therefore, the user only controls the position of the first
segment, the so-called "leader”. At the same time, the other segments follow the
trajectory created by the leader, mimicking the obstacle-avoiding motion of a snake
through its environment. The controlled navigation of FTL-instrumentation can be a
valuable alternative not only in EES but in many other surgical scenarios. Applications
can also be found in interventional bronchoscopy, in which a steerable bronchoscope is
inserted into the bronchi to perform diagnostic biopsies. Bronchi branches are delicate
and thin, and when the target lesion is located in a peripheric area of the lungs, the
diagnostic sensitivity, which is the percentage of successfully diagnosed lesions, is very
low (<25%) [7]. FTL-instruments could bring bronchoscopy to a higher level and
help the surgeon to navigate through peripheric bronchi and increase the diagnostic
sensitivity. Another possible application is in the trans-catheter replacement of cardiac
valves such as the aortic valve [8] or mitral valve [9]. During these procedures, the
femoral artery for the aortic valve, or the femoral vein for the mitral valve, are used to
insert the catheter and bring the new valve to the heart. Especially in the mitral valve
replacement, the catheter needs to navigate through the beating heart to position
the new valve correctly. During navigation, FTL-instruments could help the surgeon
to precisely control the motion for catheter insertion and retraction.
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3.2. State-of-the-art

3.2.1. Snake-like surgical robots

FTL-motion has been implemented into a number of surgical instruments. Snake-like
robots based on a hyper-redundant structure have each rigid segment connected to
the adjacent segment(s) by means of rigid joints. Those rigid joints are usually driven
by individual embedded actuators (intrinsic). Having individual actuators allows direct
control over the segment; however, miniaturization is challenging [IE ]. Therefore,
possible applications are limited to procedures such as colonoscopy, in which the
diameter of the instruments can be larger than 10 mm [12-14]. Miniaturization
is instead possible with actuators placed outside the main body of the instrument
(extrinsic), leading to fewer spatial limitations [[15, 16], less issues with sterilization
[17], and possible low-cost disposable use [18, 19]. Surgical robots can also be
categorized into two main groups considering the shape propagation method: shape-
deploying and shape-shifting [@, Ell] Figure @

Shape deploying robots mainly comprise telescopic robots and alternating robots.
Telescopic robots are usually concentric tube continuum robots based on pre-curved
elastic components concentrically nested into each other. Motors are placed outside
the robot and enable sliding and rotation of the tubes over one another. Due to the
difference in stiffness of the concentric tubes, the robot can create various paths [@
@]. These robots can achieve FTL-motion by controlling the actuation mechanism;
however, FTL-motion is limited to specific paths related to the pre-curves of the
elastic tubes, requiring prior planning of the trajectory [24, R5]. The research group of
Burgner-Kahrs developed a hybrid cable-driven continuum robot in which a telescopic
backbone is combined with magnetic spacer disks to control the arc lengths and the
curvature of the bending section during the FTL-motion [, @] They also present
an alternative hybrid continuum robot in which two nested Nitinol tubes, equipped
with spacer disks, use a cable-driven actuation method to achieve FTL-motion [@].
An evaluation of these two robots showed that they were able to perform specific

Shape-deploying robots Shape-shifting robots
T1 —

T2

S
T3 /A
Figure 3.1: Categorization of FTL surgical robots with extrinsic actuators: shape-deploying (left) and

shape-shifting robots (right). Blue indicates the leader segment and green the follower segment(s). Ty,
T,, and T3 indicate three different phases of the shape propagation.
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single and double-curved paths.

Alternating robots are based on actively stiffening their components in an alter-
nating fashion to create the desired path [21]. The Highly Articulated Robot Probe
(HARP), also known as CardioArm or FlexRobotic System [28], is based on a friction-
based locking system between rigid cylindrical links and spherical joints [29—31]. The
alternation between a rigid and a limp state of two concentric tubes allows the robot
to follow a specific path decided in real-time by the user. However, due to the large
dimensions (@10 mm in the commercialized version), applications are limited to the
colon, rectum, or laryngopharyngeal complex [28, 32].

In shape-shifting robots, the position and steering angle of the first distal seg-
ment are actively controlled by the user, whereas the following segments assume the
steering angle and position of the segment in front of them as the instrument moves
ahead. Usually, surgical robots that belong to this group are made of a large number
of segments (hyper-redundant). The segments are steered by cables and individu-
ally controlled by electric motors placed at the proximal part of the instrument and
therefore separated from the robot's snake-like body [33-35]. In these robots, each
degree of freedom (DOF) requires a dedicated actuator as transferring back the shape
among the follower segments requires simultaneous control of all the segments. The
use of a large number of motors leads to a complexity higher than strictly necessary
for FTL-motion that, in principle, only needs to actively control the pose of the leader
segment and passively transfer it to the follower segments.

3.2.2. Mechanical shape-shifting devices

A first attempt to avoid the use of electrical actuators in shape-shifting devices is
a fully mechanically-controlled and cable-driven instrument developed by Henselmans
et al. [36]. They developed a master-slave system in which a pre-curved steel rod is
read out by the master, which passes the pose information to a @5 mm slave shaft
that mimics the shape of the steel rod. A second fully mechanically-controlled and
cable-driven prototype is the so-called MemoFlex Il [20]. This device has a snake-like
shaft of 16 segments that are steered by steering cables. The steering cables are
fixed to control points, and the main body of the device (also called revolver) allows
their backward and forward motion. To define the path of the control points, a
track ring that contains fixed curved grooves representing pre-defined physical tracks
rotates around the revolver and guides the control points. A chassis synchronizes
the rotation of the track ring with the forward motion of the snake-like shaft using
coupled grooves so that the motion of the shaft will correspond with the pre-defined
curvature of the fixed tracks.

Although both these instruments function quite well, they have the drawback of
being designed to follow a pre-defined path. By using pre-operative MRI or CT imag-
ing data, the surgeon, determines the path to be followed beforehand without the
possibility of changing direction or adjusting the position of the shaft during the proce-
dure, limiting his/her action. The goal of this research is to design a fully mechanical
memory system able to achieve an FTL-motion for shape-shifting mechanisms. The
new memory system should memorize the pose information of the leader segment
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and propagate the shape to the follower segments. The mechanism should be able
to perform a variety of different path shapes, such as single, double, or multi-curved
paths. Moreover, the FTL-motion should be adjustable in real-time without a priori
knowledge of the path.

3.3. Concept design
3.3.1. Cable-driven FTL-propagation

Shape-shifting devices are usually based on cable-driven mechanisms that offer the
possibility of having a high number of degrees of freedom while keeping the diameter of
the shaft small. The minimum number of cables for steering one segment in two DOF
is three. The use of four cables, placed in diametrically opposite positions in the shaft
cross-section, allows antagonistic movement of the cables, simplifying their control.
Figure @ shows that when a steerable segment is bent to an angle o by applying
a specific displacement As to a steering cable, the antagonistic cable is displaced by
the same As in the opposite direction. Thus, passing the displacement As of the
leader segment to the follower segments allows an FTL-motion in a shape-shifting
device. Figure @ shows an example of a multi-steerable shaft with 16 segments.
Each segment is controlled by four cables and has two DOF. In an FTL-motion of the
shaft, the displacement As of leader segment 1 shifts back to the follower segment
2. Then, leader segment 1 will assume a new pose, and the new displacement As
will be pass backward to follower segment 2. The process will continue until reaching
the target.

Figure Ea shows a 2D representation of an FTL system with six segments. The
bending angle of the leader segment (blue in Figure @a) corresponds to a trans-
lation along the y-axis of the corresponding control point (also blue). As previously
discussed, due to the symmetry of the system, the displacement As of the tensioned
cable is equal to the released As of the antagonist cable. By steering the leader seg-

Antagonist cables
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Figure 3.2: Cable-driven segments. Four-cable control of a steerable segment and an example of a @ 8
mm cable-driven shaft with 16 segments. Segment 1 is the leader segment. Adapted from [2(].
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Figure 3.3: Schematic representation of a six-segmented system employing Follow-The Leader (FTL)
propagation. a) Main components of a cable-driven FTL system, showing: the control points (grey
circles) with the leader control point that controls the leader segment in blue, the cables, and the follower
segments. b) A path is defined by individually controlling the control points. c) A pre-defined physical
track, superimposed to the system, can substitute the individually controlled points giving a pre-defined
path. d-e) The pre-defined physical track is replaced by a programmable physical track composed out of a
number of steering elements that can be individually translated along the y-axis and locked into position.
Light green represents the future, blue represents the present, and dark green the past. The red line
represents the path.
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ment, memorizing its pose, and advancing the system forward along the x-axis, the
information is passed backward. This information is the displacement of the leader
control point passes to the second control point, the information of the second control
point to the third, and so on (Figure @b). The three actions, steering, memorizing,
and advancing, are repeated until reaching the target area. In the representation
of Figure Eb, each control point has to be independently actuated to pass back
its position to the follower segment and to take the new position from the previous
control point. By superimposing a pre-defined physical track on the set of control
points, we pass from an FTL-mechanism that acts directly on the control points to
an FTL-mechanism integrated into the pre-defined physical track. This means that,
in an ideal situation, a fixed physical track is capable of taking over the role of the
single actuators and perform a pre-programmed path (Figure @c).

Using a pre-defined physical track, however, means that the track cannot be
changed in real-time but can only follow the pre-defined path, which is a disadvantage
[20]. Discretizing the pre-defined physical track into a set of steering elements that
can be translated into position and locked gives a solution (Figures Ed—e). In such a
programmable physical track, the steering elements can be divided into three groups
resembling the past, the present, and the future. The past (dark green) corresponds
to the steering elements already translated into position and locked. The present
(blue) corresponds to the steering element that will be the next one to assume a new
position, and therefore the leader element that controls the leader segment of the
tip. The future (light green) corresponds to the steering elements not yet defined in
their position. The main functions that such a programmable memory system must
provide are then:

| Steering the leader segment by translating the leader control point
Il Memorizing the position given to the leader control point

Il Advancing while passing the pose information memorized backwards to the
follower control points (leader to second, second to third, etc.)

Pre-defined physical tracks can pass the pose information backward (I11) but do not
allow the position to be controlled in real-time (I-I1).

3.3.2. Memory mechanism

As shown in Figure @ to program a path, the steering element representing the
present (blue) must be decoupled from the past (Phase 1: decoupling) and moved to
a position of the user’s choice (Phase 2: steering). In this phase, the future steering
elements (light green) are locked to the present steering element and travel with it
as a single part. When the desired position is reached, the present steering element
is coupled again with the past (Phase 3: coupling), the system is advanced one
step forwards (Phase 4: advancing), and a new steering element becomes the blue
present. This new present steering element is then again decoupled from the past,
and the cycle repeats. The past (dark green) remains locked in place, and, as the
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cycle repeats, more steering elements are added to the past to form a programmable
path, visualized by the red lines in Figure Ell

steering elements control points

programmable |:
path
-— —>
Phase 1:
decoupling
Phase 2:
steering
— -«
Phase 3:
coupling
B
Phase 4:
advancing
-— —
Phase 1:
decoupling

Figure 3.4: Memory mechanism showing the programmable path (red lines) and the steering elements (light
green for the future, blue for the present, dark green for the past). The control points are represented
by the grey dots. The figure shows the four phases required to create a real-time FTL-motion: Phase
1. Decoupling the future and the present from the past. Phase 2. Steering the element that represents
the present to a new position. Phase 3. Coupling the present and the past again to memorize the new
position. Phase 4. Advancing the programmable physical track along the control points to pass the pose
information backward.
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Interlocking teeth

Figure 3.5: Detail of the steering element (green), guiding units (red), and control points (dark grey). At
the left, the steering elements and the guiding units form a straight path. At the right, they form a curved
path.

Figure @ shows a close up of the programmable physical track in a 3D representation.
The steering elements (green in Figure @) create a discretized path by interlocking
with each other due to teeth positioned at their sides. For smooth steering of the
control points over the programmable physical track, we equipped the steering ele-
ments with guiding units (red in Figure @). These guiding units have thin-walled
flexible lateral flaps and interpolate the discrete information from the steering ele-
ments into a smoothly curved path to guide the control points (dark grey in Figure
@). Each guiding unit is connected to the corresponding steering element via a pin
that enables its rotation.

3.4. Proof of concept prototype

A proof of concept MemoBox prototype was manufactured in order to test the func-
tioning of the programmable physical track proposed in the previous section, Figure
@. The prototype was designed by keeping in mind the size of the pre-defined
physical tracks of the MemoFlex Il (60x30x4 mm?) [20]. The MemoBox mechanism
is surrounded by a rectangular clear Acrylic frame (light grey) that is split into two
parts; the top part guiding the memory mechanism and the bottom part guiding the
control points. The bottom part of the Acrylic frame contains slots that guide sliding
bars (dark grey) with the control points, represented by @3 mm ball bearings. The
sliding bars represent the connection with the cables of the snake-like instrument,
and they can only translate sideways. As the programmable physical track must slide
over the control points to transfer the path (Figure @) along the x-axis, the steering
elements are mounted into a moving support frame (yellow) and coupled together by
a pre-tensioned leaf spring (grey).

In order to decouple the past steering elements from the present and future steer-
ing elements, the present steering element is engaged by a steering element selector,
blue in Figure @ By pushing it manually downwards, the steering element selec-
tor creates a space between the past and the present. Unlocking the past from the
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Figure 3.6: Exploded view of the MemoBox CAD model. The steering elements are shown in green and
the guiding units in red. The steering elements are positioned in a support frame (yellow) that slides over
the control points (dark grey ball bearings) connected to sliding bars (dark grey) along the x-axis. In order
to determine a new position for the present steering element, the steering element selector (blue) engages
the present steering element, and the positioning wheel (blue) enables its translation along y-axis. When
the new position is achieved, the steering element selector disengages the present steering element, and
the pre-tensioned leaf spring pushes back the steering elements in order to lock them in position. The
programmable physical track slides over the control points by rotating the steering element selection driver
(yellow) in the direction of the red arrow (x-axis).

present enables the translation along the y-axis (y-translation) of the present and fu-
ture steering elements without interfering with the stored path. Once the position of
the present is defined, the steering element selector disengages the present steering
element, and the pre-tensioning leaf spring pushes the present back together to the
past reconnecting all the steering elements. The y-translation of the present steering
element is controlled by a positioning wheel that is connected to the steering element
selector, blue in Figure @ by means of an endless screw. When the steering element
selector engages the present steering element, its y-translation can be set by rotat-
ing the positioning wheel in both directions with a resolution of 1 mm per step (0.5
mm tooth thickness, 0.5 mm gap between two teeth). The maximum travel range
(y-translation) between adjacent segments was limited to 2 mm in either direction to
avoid creating an irregular path that would be unable to guide the ball bearings (con-
trol points) smoothly. Finally, a knob named the steering element selection driver,
yellow in Figure @ can be used to move forward and backward the programmable
physical track along the control points.

The steering elements were machined out of an aluminum plate by means of
Electric Discharge Machining (EDM). Sliding parts, such as the support frame, the
positioning wheel, the steering element selection driver, and the sliding bars, were
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made out of brass to minimize friction. All springs in the system were made out of
stainless spring steel. The frame was made of clear Acrylic to facilitate visualization
and analysis of the mechanism’s behavior and the motion of the control points over

the path (Figure @).

Figure 3.7: The MemoBox prototype. a) Top view of the prototype. b) A detail of the smooth path
formed by the guiding units.

3.5. Functional evaluation

The MemoBox prototype was used to test the setting mechanism of the programmable
track and to evaluate its smooth propagation on the control points and their guiding
units. MemoBox is able to follow a wide range of single and double or multi curved
paths (Figure @).

Figure @ shows the sequence of motions to form a triangular path; from the
starting position, in which the control points are in their initial straight position and
still separated from the steering elements, to the ending position, in which all the
steering elements are engaged to form the path and have slid over all the control
points. Considering the behavior of a hypothetical steerable shaft (as shown in Fig-
ure @), in the beginning, the shaft will then be straight, whereas, in the end, it
will take a double-curved position due to the translation of the control points. The

Figure 3.8: Different paths followed by MemoBox: a) single curve; b) double curve; c) multi curve.
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action sequence of the user follows the four main phases listed in Section . First,
the selector is pushed down to engage the present steering element and space it to
the past steering elements. Once the present steering element is engaged, the new
position can be selected by turning the positioning wheel clockwise or counterclock-
wise, depending on the direction the present steering element has to take. When the
new position is decided for, the selector is released, reconnecting the present steer-
ing element with the past steering elements, and allowing the pose information to
be memorized. Then, the selection driver is turned clockwise, and the next present
steering element is selected, allowing the starting of a new cycle and moving the
control points along the generated track. The programmable physical track works in
both directions; by turning the selection driver counterclockwise, the control points
follow the created path backward till they are in the neutral straight position again.
This corresponds with the situation in a real surgical scenario, where the snake-like
instrument will be able to follow the same path for reaching the target area and for
retraction, avoiding sensitive organs or tissues on the way in and out of the patient.
The QR code at the end of this chapter provides the link to the video of the user
sequence of actions and the behavior of MemoBox.

3.6. Discussion

3.6.1. MemoBox design

In this paper, we developed a new, fully mechanical, programmable physical track for
controlling snake-like surgical instruments. MemoBox is based on the principle that
instead of using 14 actuators to perform an FTL-motion, one for each control point,
the control points can be controlled by superimposing a mechanical memory system.
The new memory system is based on a discrete geometrical interlocking mechanism
between 11 steering elements. The steering elements form the shape that is followed
by the control points. The control points, 14 in our prototype, represent the number
of segments of the shaft. Therefore, the steering elements can hypothetically change
in number from the control points as they belong to two independent assemblies in
the MemoBox with guiding units in-between. This mechanism is more reliable and
stiffer as compared to continuous friction-based mechanisms, such as in alternating
robots because it avoids error accumulation along the path. MemoBox allows for
single, double or, multi-curved paths that can be adjusted at any time during the
motion.

In our prototype, steering element discretization is 1 mm with a maximum travel
range of £2 mm from one steering element to the next. In combination with an @8
mm steerable shaft like the one in Figure @ with the cables placed concentrically
in a 6.4 mm ring, the shaft can reach a bending angle of 180 degrees with a cable
displacement of £10 mm. This means that, with a maximum travel range of £2 mm,
the shaft can reach an angle of 180 degrees in five subsequent steps of the mechanical
memory system, with 36 degrees per step. If, instead, we consider a @5 mm shaft
with cables placed in a @4 mm ring, the shaft would reach the same bending angle
in three steps of the mechanical memory system. In our prototype this resolution
was considered sufficient [20]. However, the resolution can be further improved by
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Figure 3.9: MemoBox following a triangular path, corresponding to a double curved shape in a snake-like
shaft. The programmable physical track slides over the control points step-by-step, and each time the
selected steering element takes the new position decided by the user.

decreasing the tooth width and spacing. Moreover, MemoBox is a modular system
and the number of steering elements can be adapted depending on the number of DOF
needed for the selected procedure. In our prototype, the 11 steering elements can
each take five possible positions: two positions when the steering element translates
upwards along the y-axis, two when it translates downwards, and one of it remains in
the middle with respect to the follower segment. Therefore, there are theoretically
511 possible paths that the mechanical memory can perform.

MemoBox used guiding units with flexible stainless-steel flaps to interpolate the
discretized information of the steering elements in a smooth path. However, due
to limitations in the flexibility of the flaps, the travel range between two adjacent
elements cannot be greater than £2 mm in order to not create irregularities. An
alternative solution to increase the travel range and thus achieve a larger bending angle
with fewer steering elements in the instrument shaft, could be the implementation



Chapter 3 65

of a continuous compliant element connected to the steering elements to create a
smooth and continuous path.

Although the user of the memory system has a continuous path in mind, our
MemoBox requires translation of this continuous motion into a discrete input. At
each step, the user selects the present steering element, defines the new position,
and moves the memory one step forward. Even though the control points move
smoothly from one position to another, the sequence of motion set by the user
remains discretized. The discretization of the FTL movement is, however, an intrinsic
characteristic of FTL surgical robotic systems, as the pathway is always programmed
in a step-wise manner related to the number and length of the segments.

MemoBox represents only one module of the overall system, and therefore a
complete evaluation of the FTL error cannot be carried out here. However, one of
the main factors that influence the FTL error in our MemoBox is the discretized angle
resulting from the resolution in the translation of the steering elements. The 1 mm
resolution allows the segments of the previously considered @8 mm compliant shaft
to make discrete steps at an interval of 18 degrees. Therefore, considering a segment
length of 10 mm, the maximum discretization error would be around 1.5 mm, given
by half of the 18 degrees angle at 1 mm discretization multiplied by the length of the
steerable segment. The acceptable error mainly depends on the surgical application.
An error of 1.5 mm is comparable with the error of similar FTL systems [27, B7]
and, although still too large for sinus surgery [38], is tolerated in procedures such as
colonoscopy [12]. Scaling down the resolution of the steering elements would reduce
the discretization error and expand the application range. Besides the discretization,
FTL behavior would also be affected by friction, flexible behavior of the steering
cables, and a possibility of cable buckling. All those factors should be considered
beforehand when designing the overall system [20].

Besides MemoBox, the literature contains only one other mechanically programmable
physical track called MemoSlide [39]. One of the difficulties encountered in Mem-
oSlide was miniaturization. In MemoBox, greater miniaturization has been achieved
by replacing MemoSlide's complex alternating mechanism to memorize the path by
a much simpler shape shifting mechanism. By using a shape-shifting mechanism, the
number of components halved because the mechanism is based on only one memory
system. Moreover, MemoSlides uses wedges that create a discretized path. In Mem-
oBox, the flexible flaps of the guiding units replace the wedges and ensure a smooth
path for the ball bearings. We, therefore, decreased the size of the programmable
physical track from 145x125x25 mm3 of the MemoSlide to 70x64x6 mm3 of our
MemoBox with a reduction in edge length of 50% by keeping the same discretization
and the same number of programmable segments.

3.6.2. Implementation in a surgical instrument

MemoBox was designed as a programmable physical track able to guide a surgical
shaft along tortuous paths with an FTL-motion avoiding sensitive organs or tissues.
Being a proof of concept, we designed a 2D system able to control cables of the
steerable shaft in one plane. However, in a real scenario, the steerable shaft needs to
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move in 3D. The integration of MemoBox into a system such as MemoFlex I [20]
allows transforming a system based on pre-defined physical tracks into one that can be
controlled in real-time, giving the possibility of adjusting the path during the surgical
procedure. MemoFlex Il is based on the combined work of four physical tracks, two
for each plane, Figure B.10a. Each pair of physical tracks control two antagonistic
cables for each segment of the steerable shaft. The four physical tracks are placed
in an external cylinder that rotates around the main body of the instrument. The
external cylinder is coupled with an external chassis to combine the steering motion
with the forward and backward motion of the instrument. Substituting the four pre-
defined physical tracks with the MemoBox mechanism will result in the instrument
schematically shown in Figure b. The figure shows a side view of the instrument
where only two of the integrated MemoBoxes are visible, one for the motions in
the xz-plane and the other for the motions on the yz-plane. The four MemoBoxes
in this schematic mechanism are controlled by means of two pivotable rings, light
blue in Figure b. The use of these rings allows the user to control antagonist
MemoBoxes in a synchronized fashion. The rings are connected to the main body
of the instrument via a frame, grey in Figure b, each with two spherical joints,
depicted in orange. Control knobs are connected to the rings to select and control the
position of the present steering elements. Following the design of the MemoFlex II,
the rotational motion of the yellow external cylinder that houses the four MemoBoxes
can be coupled with the sliding motion, forward and backward, in the z-axis. The
coupling can be done similarly as in the MemoFlex Il, with an external chassis, but
for the sake of clarity, this external chassis is not shown in Figure B.10b. MemoBox
was prototyped as a first proof-of-concept and was therefore designed as a 2D planar
design. Future work will focus on integrating the MemoBox into a 3D system, thereby
reshaping the mechanism into a curved design.

3.6.3. Mechanical over mechatronics solutions

When comparing mechatronic and fully mechanical FTL solutions, one of the advan-
tages of using mechatronics is that each DOF is individually controlled by a dedicated
actuator. Having independent control over each DOF generally makes such a system
more versatile, e.g., not only suited to propagate tracks initiated by the end-effector
but also suited for changing the entire track at one time. A limitation of mechatron-
ics FTL-systems as compared to mechanical ones is the associated high complexity
and related costs [40]. For example, to control a snake-like tip with 16 segments,
each having 2 DOF, with each of the four steering cable connected to a motor, 64
electric motors need to be precisely synchronized, as compared to only four Mem-
oBoxes. Using 64 motors, including sensors, gearboxes, and controls, will greatly
increase complexity and costs as well as the overall size of the system. In an attempt
to reduce the system size, miniature electric motors can be used as an alternative.
However, miniature motors can deliver only limited power, which would result, with
the use of miniature gearboxes, in slow responsiveness of the system. Reducing the
number of motors by making mechanical connections between antagonistic steering
cables would lead to 30 motors and 30 mechanical linkages or pulleys, which will still
lead to a very complex system as compared to our approach with four Memoboxes.
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Therefore, mechatronic and mechanical solutions should be considered complemen-
tary and chosen depending on the specific procedure. When mechanical solutions
are not able to ensure the precision and versatility requested, mechatronics systems
provide a valuable solution that justifies the costs.

steerable shaft
track ring

revolver
external chassis

==
/4’ =

control points

memory system

spherical joint

Figure 3.10: Integration of the MemoBox system into a surgical instrument with an FTL-motion. a)
MemoFlex Il device [@]. The close-up shows a physical track and the control points. b) An artistic
impression of the final system integrated with four MemoBox programmable physical tracks. The main
body (grey) slides over a gear track (yellow). The sliding motion of the main body is coupled with the
rotational motion of the external cylinder (yellow) in which the programmable physical tracks are placed
(green). At each step, a new position of the present steering element is decided by using the two double-
Jjoystick, one for each plane (black). The control knobs are attached to the main body by means of support
with two spherical joints (orange in the close-up).

3.7. Conclusion

In this work, we presented a new programmable, mechanically-actuated physical track
to guide a steerable shaft through tortuous paths with FTL-motion. A 2D proof of
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concept prototype, called MemoBox, was manufactured able to memorize the path-
ways that are selected in real-time by the user and transform these pathways into the
input of a snake-like multi-steerable shaft. Mechanical FTL solutions provide advan-
tages over mechatronics solutions in controlling a high number of degrees of freedom,
whereas mechatronics solutions can guarantee more versatility and precision. Me-
chanical and mechatronics FTL solutions should be therefore considered complemen-
tary and chosen depending on the specific surgical procedure. FTL-instrumentation
can make a difference in many surgical scenarios, such as colonoscopy, interventional
bronchoscopy, or skull base surgery. MemoBox represents a step forward in designing
advanced snake-like surgical instruments without the use of actuators and electronics
components.
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Abstract

Goal: Additive manufacturing, also known as 3D printing, has begun to play a signifi-
cant role in the field of medical devices. This review aims to provide a comprehensive
overview and classification of additively manufactured medical instruments for di-
agnostics and surgery by identifying medical and technical aspects. Methods: A
scientific literature search on additively manufactured medical instruments was con-
ducted using the Scopus database. Results: We categorized the relevant articles (71)
by considering the novelty of each proposed instrument and its clinical application.
Then, we analyzed the relevant articles by examining the reasons behind choosing ad-
ditive manufacturing technology to produce instruments for diagnostics and surgery.
Possible customization (27%) and Cost-effectiveness (23%) were the main reasons
expressed. Technical specifications of the additive manufacturing technology and the
material used were also analyzed, and a tendency of using material extrusion technol-
ogy (35% of the applications) and polymeric materials (86% of the applications) was
shown. Conclusions: Additive manufacturing is opening the door to a new approach
in the production of medical devices, which allows the complexity of their designs
to be pushed to the extreme. However, we found that technical limitations need to
be tackled and important aspects such as sterilization or debris contamination are
still not considered to be relevant factors during the design and fabrication process.
Keeping in mind the challenges of such a new field, additive manufacturing technol-
ogy can be considered as a great opportunity to provide easy access to healthcare in
developing countries as well as an important step toward patient-specific medicine.
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4.1. Introduction

Additive manufacturing (AM), also known as 3D printing or rapid prototyping, is
rapidly changing the perspective of how medical devices have to be designed and
what can be produced and prototyped. With AM technology, a computer-aided design
(CAD) model can be directly transformed into a 3D object, built layer-by-layer, in a
relatively short time and with low cost, avoiding the long processes of conventional
fabrication methods.

This technology emerged in the 1980s and rapidly increased in importance owing
to the possibility of designing tailored tools both for patient and clinician needs [|I|]
When the first commercial version of the 3D printer was launched in the market in
1987, applications further increased because of high reductions in the cost of printers
[Q]. As shown in Figure @ AM has been applied in a number of medical fields such
as tissue engineering to design personalized scaffolds or artificial tissues and organs
for transplants [E—g] drug delivery systems [, ]; laboratory equipment such as
probes [] and portable test tools to detect specific medical parameters such as
cortisol in the saliva []; assistive tools such as customized cutlery to help people
with chronic diseases in their daily life []; orthoses and prostheses for developing
countries, where the population cannot afford expensive devices [@]; implant [—
@]; anatomical models for both surgical planning and procedure training particularly
in cases of rare pathologies [21-23]; surgical guides for screw insertions [24]; and in
recent years, medical instruments for diagnostics and surgery.

In 2017, the Food and Drug Administration (FDA) published the first version of
guidelines for AM of medical instruments [@] However, to the authors’ knowledge,
neither an overview of the currently existing 3D-printed instruments for diagnostics
and surgery nor an analysis of their common characteristics exists.

In this review, we provide a complete overview of the current state of the art in
the AM of medical instruments used for diagnostics and surgery. We categorize the
instruments considering the application as well as the reasons related to the use of
the applied 3D printing method.

Additive Manufacturing in Medicine

5
) Polymeric, metallic & ..
Bio & Drug :
ceramic | @
[
Bio-scaffold & Drug delivery Lab & test Assistive Orthoses & Implants Training & surgery  Instruments
transplants systems equipment tools prostheses planning models for diagnostic

& surgery

Figure 4.1: Classification of medical fields related to additive manufacturing. The first level of classification
concerns the material used and the second level the medical field of application. This review paper focuses
on instruments for diagnostic and surgery (highlighted in yellow).
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4.2. Literature search methods

4.2.1. Scientific literature research

A scientific literature search was conducted using the Scopus database on the AM
of medical instruments used for diagnostics and surgery. The choice for Scopus
database rather than other databases, such as Web of Science or PubMed, is due
to its completeness in journal titles, the possibility of using nested Boolean searches,
and its classification of articles in multiple subject areas which allows achieving a
wider range of articles [26]. The search keywords of the query were organized into
three categories: (1) fabrication technology (3D print*, additive manufactur®, rapid
prototyp*), (2) product class (instrument, tool, prototype, device, appliance, equip-
ment), and (3) application area (med*, surg*, diagnos*). We decided to use only
general terms in all categories to have a broader search query and we excluded spe-
cific terms such as the specific AM technologies, specific types of instruments, and
specific names of interventions. We did not limit the search to a particular period;
however, we decided to crop the result to include only the English articles in the
subject area of "Engineering” and “Medicine.” We searched in titles, abstracts, and
keywords of the documents. Our complete search query was TITLE-ABS-KEY (("3D
print*" OR "additive manufactur®” OR "rapid* prototyp*") AND (instrument OR tool
OR prototype OR device OR appliance OR equipment) AND (med* OR surg* OR
diagnos*)) AND (LIMIT-TO (SUBJAREA, "ENGI") OR LIMIT-TO (SUBJAREA,
"MEDI")) AND (LIMIT-TO (LANGUAGE, "English™)).

4.2.2. Eligibility criteria

In this review, we define a medical instrument as a tool for examining or treating pa-
tients. The tool must be directly in contact with the patient but is not meant to stay
into the body for more than the duration of the examination or treatment. Consid-
ering the three categories used for the search keywords, in Category (1), “fabrication
technology,” we considered the seven main categories of AM technologies defined by
the Standard Terminology for AM Technologies (ASTM): binder jetting, direct energy
deposition, material extrusion, material jetting, powder bed fusion, sheet lamination,
and Vat photopolymerization [27]. Bioprinting and drug printing were excluded. In
Category (2), “product class,” we included surgical instruments used inside the body,
as well as diagnostic instruments used to examine the patient from the outside. Be-
cause we focused on medical instrumentation, we excluded surgical guides developed
for navigation during surgery, as well as 3D-printed anatomic models for surgical plan-
ning and training, implants, prostheses, orthoses, probes, and drug portable devices.
In Category (3), "application area,” we considered eligible all the instruments used in
the medical domain except for laboratory tools that are not directly in contact with
the patient.

4.2.3. Literature search results

The search resulted in 2616 scientific articles, the titles and abstracts of which were
scanned. We selected 53 articles that fulfilled the eligibility criteria. Besides analyzing
the results obtained with the search query, we also checked the references of the
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Table 4.1: Author(s), year of publication, clinical application, and corresponding category in the classifi-
cation of relevant articles for conventional medical instruments. Conventional General Purpose (C-GP);
Conventional Specific Purpose (C-SP).

Author(s) )I;’eualillcatlon Clinical Application Classification
George et al. 2017 General surgery C-GP
Paraskevopoulos 2016 Intracranial surgery C-GP
Singh et al. 2016 Microsurgery C-GP
del Junco et al. 2015 EﬂdOSCOpI(F and . C-GP
laparoscopic equipment
Rankin et al. 2014 Open surgery C-GP
Wong and Pfahnl 2014 General surgery C-GP
Wong 2015 General surgery C-GP
Yamamoto et al. 2015 General surgery C-GP
Ibrahim et al. 2015 General surgery C-GP
Kondor et al. 2013 General surgery C-GP
Kondor et al. 2013 General surgery C-GP
Fuller et al. 2014 Bone reduction C-GP
Baila et al. 2016 General surgery C-GP
B3ila et al. 2016 Dental procedure C-GP
Kaleev et al. 2017 General surgery C-GP
EEQC\?\ZZCL amaye 2018 Robotic surgery C-GP
Aguilera-Astudillo et al. | 2016 Diagnostics C-GP
Yamamoto et al. 2018 Endoscopic surgery C-GP
Rothenberg et al. 2017 Ultrasound-guided aspiration C-SP
Galvez et al. 2016 Assisted ventilation C-SP
Way et al. 2015 Assisted ventilation C-SP
Kontio et al. 2012 Mandible fracture correction C-SP
Way 2018 Flow rate control C-SP
Walter et al. 2017 Polyp dissection in colonoscopy | C-SP
Navajas and Hove 2017 Transconjunctival vitrectomy C-SP
Cook et al. 2015 Specific Ventilation Imaging C-SP
del Junco et al. 2015 Urine flow kidney-bladder C-SP
Ko et al. 2016 Mucosal/submucosal dissection | C-SP
Walker et al. 2016 Breast Brachytherapy C-SP
Ulmeanu et al. 2016 Tracheostomy C-SP
Steinemann et al. 2018 Distal esophageal mucosectomy | C-SP

selected articles to include the ones not captured by the query. We found 18 additional
articles, resulting in 71 total articles. The obtained information was analyzed from
different perspectives. First, we considered the clinical application and the novelty
of the devices. Then, we reviewed the articles on the reason for using the AM
technology. Finally, technical information related to the AM technology used in the
field of medical instruments was retrieved.
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4.3. Clinical application and novelty of AM devices

We categorized the instruments considering their novelty and clinical application (Fig-
ure @) We considered a device to be a “conventional instrument” when its basic
design was based on traditional instruments used in diagnostics and surgery such as
surgical tweezers. A completely new design was, instead, categorized as an “uncon-
ventional instrument.” Each of these categories was further split into two subcate-
gories considering the clinical application. We defined a device designed for diagnostic
or surgical approaches that could be used in different types of procedures as a “gen-
eral purpose instrument.” Laparoscopic or endoscopic generic instruments fall into
this category. On the contrary, we defined a device designed for only one particular
type of surgery as a “specific-purpose instrument,” for example, polyps dissection in
the colon (Figure .2). Articles in which a conventional instrument is proposed are
grouped in Table and those that propose an unconventional instrument are listed

in Table .2,

4.3.1. Conventional general-purpose instruments

A straightforward use of AM is to try and produce medical instruments that are iden-
tical to those manufactured by conventional methods, such as molding or machining.
General surgical kits were presented by George et a/. [28], Wong et a/. [29, B0],
Ibrahim et a/ [31], and Kondor et a/ [B2]. Surgical kits are generally composed of
tweezers, needle drivers, hemostats, retractors, forceps, and scalpels and are designed
to perform relatively common surgical procedures (Figure Ba).

Other research groups focused only on one such instrument with [32, B4-39] or
without [40-42] changes in its design. While Singh et a/ [40] presented a fully
assembled microsurgery tweezer, Paraskevopoulos [34] introduced a modified burr
hole: a device used in intracranial procedures as the entry port to stabilize a range of
endoscopic instruments (Figure @b). The modified design of this device is meant to
allow for solo surgeries. The approach used by B3ild ez a/. [43, 44] was different; they
printed a general-purpose dental elevator that was manufactured in two pieces with
two different AM technologies: Vat photopolymerization for the handle and power

Additively Manufactured Instruments for
Surgery and Diagnostic

Conventional Unconventional

|

| [ |
General Specific General Specific
Purpose Purpose Purpose Purpose

Figure 4.2: Classification of additively manufactured medical instruments for diagnostics and surgery.
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Figure 4.3: Examples of “conventional general-purpose” instruments: (a) surgical kit: scalpel, hemostat,
needle driver, and forceps [33]; (b) modified burr hole presented by Paraskevopoulos [34].

bed fusion for the beak. The choice of printing only a part of an instrument was made
also by Sanchez-Tamayo et a/. [@], who tried to manufacture grippers and cutting
tools for integration into surgical robots. An AM diagnostic device was presented by
Aguilera-Astudillo et a/. [@], who designed a stethoscope in which the chest piece
was manufactured using a 3D printer.

4.3.2. Conventional specific-purpose instruments

An interesting approach to AM is to use the 3D printing process to partly modify
the design of conventional instruments to perform specific procedures. The changes
made to the design are mostly related to the functionality [47-51] or size [62-56]. An
example of functionality change is given by the reciprocating syringe of Rothenberg
et al. [@] for image-guided aspiration, as shown in Figure @a. In a conventional
syringe, sucking small parts of solid organs or fluids while maintaining the vacuum
often needs the help of an assistant. The reciprocating syringe uses a double lu-
men structure allowing the physician to perform a solo procedure by inverting the
movement of the syringe plunger. A modification of the conventional equipment for
specific ventilation imaging, which is a technique used to measure the air distribution
in the lungs, was performed by Cook et a/. [@]. They proposed an alternative bypass
flow attachment that was completely manufactured using 3D printing technology and
could substitute a significant number of components with only one part.

Navajas and Hove [@] provided an example of size change using 3D printing in the
fabrication of a trocar-cannula for transconjunctival vitrectomy, a procedure during
which the gel-like material in the eye is substituted by a saline solution. In this case,
the functionality of the trocar-cannula is not changed, but because of the 3D printing
technology, the size can be customized considering the surgical instrumentations used
during the procedure. A similar approach was taken by Walker et a/. [@] in designing
measuring tools to estimate the size of a probe used in lumpectomy, a breast cancer
removal procedure (Figure @b). The overall design of the measuring tools, a handle
with a sphere on top, is the same as that of the probe. However, by using AM, the
size of the sphere can be changed to diameters ranging from 1.5 to 5 cm depending
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Figure 4.4: Examples of “conventional specific-purpose” instruments: (a) sketch of reciprocating syringe
by Rothenberg et a/. [@]; (b) CAD of measuring tool designed by Walker et a/. to choose the appropriate
probe for lumpectomy procedure [55]; (c) caps designed to be added to a conventional gastroscope to
perform different types of biopsies [58]; (d) retractors for distal esophageal mucosectomy [59].

on the patient’s needs. In this way, an appropriate probe can be chosen by avoiding
unnecessary sterilization of probes of the wrong size.

Furthermore, AM can be used to fabricate additional parts for standard devices or
procedures. Walter er a/. [@] presented a cap that can be added to a conventional
colonoscope to enhance the field of view of the instrument and detect the presence of
polyps in the colon. Using AM allowed the size of the cup for different colonoscopes
to be customized. Ko et a/ [58] also printed a set of caps (Figure @c). The caps
were added to a conventional gastroscope and the shape was varied depending on
the procedure to be performed. For example, a cap with a wide end was used to
perform esophageal biopsies - removal of a small piece of tissue. Figure @d shows
a space holder proposed by Steinemann et a/. [@], which was used to better expose
the esophagus wall during the suturing phase of mucosectomy, a partial resection of
the bowel wall, and enhance the final result.

4.3.3. Unconventional general-purpose instruments

AM has opened the doors to create new designs for medical instruments, some of
which are impossible to manufacture by conventional methods. These instruments
are generally designed for minimally invasive surgical procedures, during which one of
the most important aspects is the maneuverability of the instrument inside the human
body.

AM technology can be used to fabricate steerable surgical instruments @—@]
The DragonFlex is a new concept of a laparoscopic grasper, fully 3D printed with
seven degrees of freedom (DOFs), to give the surgeon the possibility to steer the
instrument inside a patient's body [60] (Figure .5a). A smart steerable needle was
presented by Sahlabadi er a/. [@], in which the shaft was 3D printed and guided by
Nitinol wires.

Many research groups focused their work on new designs for continuum robots
and manipulators [ , [71-75]. Morimoto et a/. [[71], Oliver-Butler ez a/. [67], and
Amanov et a/. 73] proposed concentric tube structures based on the sliding motion
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Figure 4.5: Examples of “unconventional general purpose” instruments: (a) steerable laparoscopic grasper
with seven degrees of freedom; (b) 3D printed concentric tube robot [B7]; (c) cable-driven continuum
robot [6§]; (d) the snake-like system presented by Kim ez a/ [69]; (e) different structures of the overtube
presented by professor Lueth’s group [[70].

of one tube into the other to achieve a snake-like motion (Figure @b). In these
concentric tube structures, the number of elements is usually kept to a minimal, and
the 3D printing material and design properties are used to increase the steerability.
The same principle was used by Kim et a/. [@] to implement a snake-like system
made of three segments fully assembled (Figure @d). A similar continuum robot
was presented by Mintenbeck et a/. [@] but, in contrast to concentric tube structures
that usually decrease the number of parts, the body of this robot was made of multiple
elements that were grouped into two cable-driven segments able to move with four
DOFs, as shown in Figure @c. The research group led by Professor Lueth [@]
proposed a branched overtube system to be used in combination with conventional
endoscopes and endoscopic instruments. The system was fully 3D printed and the
control was purely mechanical. They presented different structures for the overtube
system and the configuration of the branched unit, as well as different materials that
can be used for the production of the device [70, ['7, [78] (Figure .5e).

Other interesting examples of “unconventional general-purpose” medical instru-
ments concern positioning and stabilizing systems [@—@], such as the one designed
by Boehler et a/. [@] The stabilizing system is able to modulate the needle insertion
for biopsy intervention by estimating the patient's movements related to the breath-
ing cycle. In this case, AM allows the system to be magnetic resonance imaging
(MRI)-compatible.

Force sensors manufactured using AM are also part of this category, owing to the
novelty in their design, which aims to directly integrate the sensor into a catheter
(B3], or a trocar [B4] in one printing step. Finally, Garcia ez a/. [85] presented a new
3D-printed device to perform trans-anal endoscopic surgical procedures that is able
to provide an adequate workspace without inflating the rectum. In this case, AM
allows the device to be modified according to the patient's needs.
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Table 4.2: Author(s), year of publication, clinical application, and corresponding category in the classifica-
tion of relevant articles for unconventional medical instruments. Unconventional General-Purpose (U-GP);
Unconventional Specific-Purpose (U-SP).

Author(s) SeuaEIlcatlon Clinical Application Classification
’a\flwc;jrlglfjfnura 2016 Minimally invasive procedure U-GP
Oliver-Butler et al. 2017 Endoscopic procedure U-GP
Jelinek et al. 2014 Minimally invasive surgery U-GP
Jelinek et al. 2015 Minimally invasive surgery U-GP
Jelinek et Breedveld 2015 Minimally invasive surgery U-GP
Qi et al. 2016 Minimally invasive surgery U-GP
Amanov et al. 2015 Minimally invasive surgery U-GP
Boehler et al. 2016 MR-guided percutaneous procedure U-GP
Entsfellner et al. 2014 Ear Nose Throat (ENT) surgery U-GP
Krieger et al. 2017 Endoscopic surgery U-GP
Mintenbeck et al. 2014 Minimally invasive surgery U-GP
Cortes-Rodicio et al. 2017 PET-guided biopsy U-GP
Seneci et al. 2015 Laparoscopic surgery U-GP
Coemert et al. 2017 Minimally invasive surgery U-GP
Nowell et al. 2017 Endonasal surgery U-GP
Roppenecker et al. 2013 Single-port gastroenterology surgery | U-GP
Kesner and Howe 2011 Force measurement in catheter U-GP
Roppenecker et al. 2012 Single port surgery U-GP
Seneci et al. 2017 General surgery U-GP
Schmitz et al. 2017 General surgery U-GP
Sakes et al. 2018 Minimally invasive surgery U-GP
Sahlabadi et al. 2017 Percutaneous intervention U-GP
Fontanelli et al. 2017 Minimally invasive robotic surgery U-GP
Kim et al. 2015 Neurosurgery U-GP
Garcia et al. 2018 Trans-anal endoscopic procedure U-GP
Saafi et al. 2018 Laparoscopic surgery U-GP
Zizer et al. 2016 Endoscopic submucosal dissection U-SP
Chen et al. 2016 Cervical intraepithelial neoplasia U-SP
Krieger et al. 2016 Partial nephrectomy U-SP
Epaminonda et al. 2016 Cervical cancer U-SP
Menikou et al. 2017 Pain palliation bone cancer U-SP
Peikari et al. 2011 Transrectal brachytherapy U-SP
Maeda et al. 2015 Endoscopic submucosal dissection U-SP
Traeger et al. 2014 Endoscopic submucosal dissection U-SP
Yiallouras et al. 2014 Prostate cancer U-SP
Roppenecker et al. 2012 Endoscopic submucosal dissection U-SP
Rugg et al. 2016 Scanning fiber endoscope (SFE) U-SP
Myloas and Damianou | 2014 Brain cancer U-SP
Dikici et al. 2018 Hysterectomy U-SP
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4.3.4. Unconventional specific-purpose instruments

The “unconventional specific-purpose” category clusters works in which the authors
identified a specific procedure or disease, and used the AM technology to design an
innovative instrument. Five of the found articles presented instruments to treat or
provide palliative care for different types of cancer [86-90]. Chen et a/ [86] intro-
duced a new inexpensive thermo-coagulator to treat cervical neoplasia, an anomalous
growth of cells in the female cervix (Figure @a) while Menikou et a/. [88] proposed
an MRI-compatible device for pain palliation in bone cancer using thermal ablation
(Figure @b). A 3D-printed device for brachytherapy, a treatment via rectum in
which radioactive sources are placed directly in contact with the area of interest was
proposed by Peikari et a/ [01]. A new device was also proposed by Dikici et a/.
[92] to perform a particular gynecological surgery during which the uterus is removed
with a laparoscopic approach. The AM technology was used by Rugg et a/ [03]
to fabricate a tailored handpiece to hold the scanning fiber endoscope, a particular
instrument used to acquire dental images without using X-ray.

Figure @c shows an interesting application for the implantation of cell sheets.
Maeda et a/ [94] proposed a device to implant cell sheets after the removal of
gastrointestinal tumors in which the cell-sheet carrier was 3D printed. Finally, the
branched overtube system presented by Professor Lueth's group was modified, in
order to be suitable for a specific surgery during which a gastrointestinal tumor was
removed [95-97] (Figure F.d). The overtube system was tested in the laparoscopic
environment as well to remove small kidney tumors [9§].

4.4. Reasons for design of AM devices

Conventional manufacturing technologies are widely known and people have signifi-
cant knowledge on the possibilities and limits of such technologies. Thus, it is inter-
esting to analyze the reasons why AM technology was used to produce the medical
instruments found in the literature. In Figure E we highlighted eight reasons for
the choice of AM expressed in the articles, which if not explicitly expressed by the
authors were found on a careful analysis conducted by the authors of this review.
Multiple reasons are often mentioned in the same article.

4.4.1. Customization

One of the main reasons expressed in the articles (27%) is the possibility of customiza-
tion. Customization can concern patients, in which case instruments are customized
in their dimension or design not only to meet the patient’s anatomy, but also the clin-
ician’s needs for more intuitive ergonomics and user-friendliness [41]. The surgical kit
presented by Kondor et a/ [32] is an example; it was designed to be modified accord-
ing to the needs of the patient or the surgeon. Customization of the instrumentation
can also be performed considering the procedure. The instrument can then change in
its size for adaptation to conventional devices, such as colonoscopes or endoscopes
(67, B8] (Figure fr.4c) or considering the specific size of the tumor [98].
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Figure 4.6: Examples of “unconventional specific-purpose” instruments: (a) thermo-coagulator to treat

a type of gynecological cancer [Bf]; (b) MRI-compatible device for pain palliation in bone cancer [BE];
(c) device to implant cell sheets [94]; (c) detail of the branched end of the overtube system proposed by

Professor Lueth’s group [96].

4.4.2. Cost-effectiveness and disposability

Many articles (31) justified the choice for AM owing to a considerable reduction
in production cost. Ten of these articles estimated the incurred cost. Some of
them considered only the price of the material [41, 51, 52, 03], some others carried
out a complete evaluation of the expenses considering the material, cost of printer,
payment of an expert for the design process, duration of printing, and post-processing
[@] Walker et a/. emphasized the advantage of using the AM technology to avoid
unnecessary sterilization cycles of ultrasounds probes [@]. The probe has a lifespan
of 100 sterilizations. Therefore, avoiding unnecessary sterilization of the probes using
measuring 3D printed tools decreases the cost of the entire procedure (Figure Ellb).
Directly connected with the cost-effectiveness and customization is the possibility of
making disposable instruments. AM offers a low-cost production method, allowing
customization on-demand of the instruments for patient-specific procedures [@ ].

4.4.3. Accessibility

Eight articles emphasized the importance of AM in terms of accessibility: the possi-
bility of having access to healthcare in remote areas. Developing countries, military
expeditions, and space missions are the main scenarios proposed. The opportunity is
related not only to the low costs of the AM technology [@, @ @] but also to the
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Figure 4.7: Various reasons related to the choice of using additive manufacturing to print medical instru-
ments for diagnostics and surgery.

possibility of providing an open-source library in which the basic design of instruments
is uploaded and offered for free [32].

4.4.4. Simple assembly and short production time

AM is categorized as a rapid prototyping technology as it offers a more rapid fabrica-
tion process compared to conventional manufacturing. In a number of articles (16),
the reason for choosing AM is related to the necessity of having a quick turnaround
during the design process. An additional advantage of AM is that the production and
assembly time do not increase with the complexity of the design, allowing a reduction
in the number of components while increasing the complexity of a single element
[@ @] As a result, the design evaluation as well as the optimization phase can be
carried out in a shorter time [48].

4.4.5. MRI-compatibility and biocompatibility

Depending on the medical application, an important aspect is the MRI-compatibility of
the device proposed. A significant number of articles (8) highlighted the advantage
of AM in fabricating instruments with material properties compatible with MRIs.
Another fundamental property that is taken into consideration in various articles (16)
is the biocompatibility of the medical instrument. Biocompatibility is mainly related to
the material used. There are two main polymers used in the reviewed articles, where
their use is justified by their biocompatibility; polylactic acid (PLA) is described in
three articles, and PA2200, a type of polyamide is described in six articles. Metals
such as stainless steel, alumina—zirconia composites, or cobalt—chromium alloys are
also used to fabricate medical instruments owing to their biocompatibility but their
use is limited compared to that of polymeric-based materials.
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4.4.6. Prototyping and others

When conventional manufacturing methods are used in the first phases of a design
process, the time required for the production of a prototype can be extremely long.
The tuning phase to optimize and ameliorate the functionality of the design can be
even longer. For this reason, in many articles (12) AM was used to fabricate the first
prototype as a proof-of-concept [81, 82, 92]. Often, the 3D-printed prototype was
used to test the design properties, by using the actual size of the device [84] or by
giving it larger dimensions [[74]. In a few articles (6), the reason behind the choice
for AM is more related to material properties [44] or particular design configurations
that are difficult to fabricate [7g].

4.5. Technology to manufacture AM devices
4.5.1. AM technologies

The term “additive manufacturing” groups a large number of technologies. Owing
to its novelty, many types of classifications can be found in the literature. In this
review, we used the categorization given by the ASTM organization, which provides
seven well-defined groups of AM technologies [27]. Figure @ shows the percentages
related to the use of these technologies to manufacture medical instruments. Clearly,
the most applied technology is material extrusion (ME) with 35% of the applications.
The ME technology is based on the extrusion and deposition of thermoplastic material
through a nozzle. The semi-melted material in contact with the low-temperature
platform rapidly hardens and solidifies keeping the 3D shape. ME includes fused
deposition modeling (FDM), which is the cheapest process currently available in the
market [99].

Powder bed fusion (PBF) uses energy from laser or electron beam to melt layer
by layer particles together, while in material jetting (MJ) drops of liquid material are
deposited on a platform and cured with UV light every layer. PBF together with MJ
are widely used (26% and 21%, respectively), while Vat photopolymerization (VP)
is used only in nine cases (11%). In VP a vat of liquid photopolymer is selectively
exposed to a laser beam which polymerized layer by layer the material to create
solid parts. VP includes techniques such as stereolithography (SLA) and digital light
process (DLP). Ulmeanu er a/. [56] presented the only application of binder jetting
technology (BJ) in the production of medical instruments. BJ uses liquid bonding
agent on powder material to build 3D structures layer by layer.

Direct energy deposition (DED) uses energy to directly melt the material while is
deposited on the platform, while sheet lamination (SL) stacks and laminates sheets of
material using processes such as ultrasonic welding. In the literature analyzed for this
review, both DED and SL were not used to produce medical instruments; this could
be owing to the limitation in material choice. Five of the articles did not mention the
specific technology applied but only the material.

4.5.2. AM materials
The choice of materials is directly related to the technology used. We decided to
divide the materials into three main categories: polymer-based, metals, and ceramic-
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Figure 4.8: Various additive manufacturing technologies used to print medical instruments (see text for
abbreviations). Direct energy deposition (DED) and sheet lamination (SL) are not presented in the chart
because no articles were found using these technologies. The percentages are calculated considering the
number of applications that can be multiple in the same article.

based. The group with the largest number of applications (86%) is that of polymer-
based materials (Figure @c). This is in line with the analysis of the technologies
presented in the previous section in which only PBF and BJ allow the use of metals
and ceramic-based materials. Polymer-based materials include acrylonitrile butadiene
styrene (ABS), which is used in 21 different applications, PLA, polyamides (nylon),
polycarbonates (PC), resins, and rubber-like materials. When not specified, the ma-
terial category (polymer-based) was deduced from the technology applied owing to
the direct correlation between the material and type of printer used and categorized
as "others.” There was a single application with polycaprolactone (PLC), which was
included into “others” [73] (Figure @a). The large use of polymer-based materials is
partially related to biocompatibility, as for PLA, and biodegradability as for PA2200
polyamides raw powder (certificated as biocompatible according to ENISO 10993-1)

[g].

Compared to polymer-based materials, metals are rarely used; they are applied
only in 12% of the cases (11 applications). Stainless steel (SS) is most commonly
used (6 applications), while both titanium (Ti) alloy cobalt—chromium (Co—Cr) alloy
are each applied in two cases (Figure @b). We found the use of ceramic materials in
three applications: ceramic-filled epoxy resin and alumina-zirconia composite in the
DragonFlex steerable laparoscopic grasping forceps of Jelinek et a. [@ @] and in
the personalized tools for tracheostomy, a surgical procedure to help the breathing,
by Ulmeanu et a/. [56].
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Figure 4.9: Materials used to 3D print medical instruments. (a) Percentages of different polymeric-
based materials used to print medical instruments (see text for abbreviations); (b) percentages of different
metallic materials used to print medical instruments; (c) percentages of different categories of materials
used to print medical instruments.

4.6. Discussion

In this review, we provided an overview of the AM of medical instruments for diagnos-
tics and surgery found in the literature, considering the novelty and clinical application.
We analyzed the reasons related to the choice of using AM, the technologies, and
the materials used. In this section, we will focus on properties and performance, the
medical regulations and sterilization of additively manufactured medical instruments,
the production cost, and the use of this technology to expand healthcare in developing
countries, as well as to allow new surgical procedures.

4.6.1. Properties and performance of AM devices

Widely accepted advantages related to the use of AM are the simplicity of the man-
ufacturing phase and the possibility of making complex shapes without increasing
complexity in the fabrication process. However, due to the novelty of AM, there are
still issues to be tackled, regardless of the specific technology. The AM processes
create inhomogeneity in the material. Inhomogeneity creates anisotropic behavior of
the material and can lead to unpredictable ruptures of the printed parts [IZlI , @]
Another main cause of weaknesses in AM parts is print orientation [@]. Changing
the orientation of printing can alter the stiffness of a printed part, as shown by Ents-
fellner et a/. who printed a compliant mechanism in different directions [80]. Wong
and Nowell et a/. noticed weaknesses when forces are applied transversally to a 3D
printed layer [@ @] Print orientation can also affect the cross-section of the printed
part [|Zl|], but it is not the only factor that plays an important role during the printing
process. Different printers and materials with the same technology can alter the final
design [71, 93].

Accuracy is another important factor in AM; the higher the accuracy of the printer,
the more the 3D printed device will correspond to the designed CAD model. VT is
most accurate, but limitations in material choice limit its use in the medical field
[@] PBF is less accurate than VT, causing changes in design properties such as
decreased flexibility of thin structures due to increased thickness of the layers [@]
Despite this, PBF offers the possibility to print without any support material due
to the powder bed that creates support itself [Ell]. MJ allows the use of materials
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with properties ranging from high stiffness to great flexibility. Nevertheless, it is
necessary to remove a considerable amount of support material with consequences
on the surface properties of the printed part [62]. ME is the most used AM technology
due to its simplicity and the availability of cheap printers. However, ME needs support
material [55], a controlled extrusion temperature and specific nozzle size depending
on the material used [73]. It is therefore clear that, regardless the specific AM
technology, the CAD model must be modified considering limitations and accuracy of
the printer [35, B3, 56, ['1], but also considering the results given by printing attempts
and iterations [28, 62].

In Section we pointed out that the majority of the materials used are
polymer-based. Many polymers, such as PLA or nylon, are widely used in the med-
ical field and for this reason already certificated for their biocompatible properties.
However, polymers can change their properties over time. PLA becomes stiffer after
some time [73] while some of the epoxy resins used in SLA change due to their pho-
tosensitivity [62]. The use of a polymer-based material also influences the mechanical
properties of medical instruments. Brittleness and limitations in exerted forces [40]
are reasons why AM is often considered to produce disposable instruments.

Nevertheless, there are advantages that only AM can provide. Boehler et a/.
presented a variable stiffness spherical joint printed using the multi-material properties
of the MJ [79]. They printed a rigid polymer and a rubber-like material together in
a single component. Roppenecker ef a/ printed a snake-like system designed as
multiple pieces, but printed as a single structure, playing with tolerances in between
the different elements [7Q]. Moreover, compliant mechanisms and joints can be
printed [80], as well as different surface patterns [63], playing with material properties
and thickness.

4.6.2. Medical regulations and sterilization

In 2017, the FDA issued a new guideline to share technical aspects on the use of AM
technologies to fabricate medical devices [25]. The guideline covers all steps: from the
design process to the test phase and sterilization. One of the critical aspects on the
production of medical devices using AM is maintaining tight tolerances. Depending
on the AM technology used, it can be challenging to keep the correct dimensions and
geometry, especially in small-scale applications [56], and to produce identical pieces
respecting tolerances. Another important factor that is almost never considered in
the analyzed articles is the possibility of debris remaining even after sterilization,
owing to the complex shape of the device. Any medical device needs to be sterilized
before direct contact with the patient. However, the more complex the instrument
geometry, the more difficult the sterilization process.

According to the Centers for Disease Control and Prevention, there are many
sterilization techniques, such as autoclave, hydrogen peroxide gas plasma, and ethy-
lene oxide gas [L00]. The autoclave, which uses steam under pressure at a high
temperature (121 °C or 134 °C), is nontoxic and allows quick cycles of sterilization.
However, it can damage instruments printed with certain polymeric materials that
have a relatively low melting point. For example, PLA becomes soft at 60 °C [51]
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and ABS deteriorates at 88 °C [63]. The autoclave can be used with instruments
printed with the PA 2200 polymer, but in this case, sterilization can be done only one
time because, after the first use, the blood contamination cannot be eliminated [78].
Ethylene oxide gas and hydrogen peroxide gas plasma are low-temperature sterilization
methods (below 60 °C) with a cycle duration of 12-24 h and 28-75 min, respectively
[100]. However, ethylene oxide gas may be toxic and FDA recommends to use it
as a last resort [101]. Hydrogen peroxide gas plasma is safe for the body and the
environment. Both ethylene oxide gas plasma and hydrogen peroxide gas plasma can
be used with additively manufactured instruments, but none of the covered studies
have implemented these sterilization methods.

An interesting approach is suggested by three articles [29, 41, 55]. Due to the high
temperature with which the material is extruded using FDM, it could be possible to
consider the process as self-sterilizing (if the piece is printed in a sterile platform and
environment), according to the polymerase chain reaction (PCR) test for bacteria
load [41]. However, only 90% of the instruments printed by Kondor et a/ were
considered accurately sterilized directly after the printing process [32].

The overall conclusion is that even if some studies show an interest in the steril-
ization phase, many of them (42 studies) do not take this aspect into consideration.
The choice of using AM in the early prototyping phase can explain the lack of con-
cern in the sterilization phase. However, owing to the connection between complexity
of design and difficulties in the sterilization process, it would be preferable to con-
sider sterilization as a priority in the development of additively manufactured medical
devices.

4.6.3. Production cost

AM is often considered as an inexpensive method of fabrication, and if we consider
only the material cost, this is indeed frequently true [52, B0, 03]. However, there
are various factors that must be considered. In order to design a medical instrument,
an expertise in CAD modeling is necessary and the labor cost of a designer can be
approximately $100-150 per hour [38]. The CAD software license can have an an-
nual cost of approximately $2000 or more and even if free software packages are
available, paid software packages are often necessary for complex geometries. More-
over, the design of fine mechanical systems needs a long refinement phase to adapt
the CAD design to the 3D-printed results, increasing the labor cost of the designer.
A considerable difference in cost is attributed to the type of printer used. FDM is
the cheapest technology currently available [99] and the printer cost is approximately
$2500 [41, b5, B9]. However, considering a similar build volume, printers such as
multijet (MJ technology), stereolithography (VP technology), or selective laser sin-
tering (PBF technology) have considerably higher costs, Table (E) Other factors
that must be taken into consideration are post-processing, sterilization, and energy
usage. Among the relevant articles analyzed, only two of them provided a detailed
analysis of the costs; in both cases, the FDM technology was used [55, 56].
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Table 4.3: Examples of 3D printers available in the market for fused deposition modeling (FDM), multijet
(MUJ), stereolithography (SLA), and selective laser sintering (SLS), considering a similar build volume.

Printing process Build Volume Min. thickness )

(pr|nt|ngg technology) Name Company (cmxcmxcm) layer (um) Material Cost (€)
FDM (ME) Ultimaker 2 Ultimaker 23.0x22.5x20.5 | 20 polymeric | 2,500
FDM (ME) AW3D HDX | Airwolf 3D 30.5x20.3x30.5 | 60 polymeric | 3,500
MUJ (MJ) ProJet 3510 3D Systems 29.8x18.5x20.3 32-16 polymeric 69,500
Polyjet (MJ) Objet Eden Stratasys 25.5x20.0x25.2 16 polymeric 19,800
SLA (VP) ProJet6000 3D Systems 25.0x25.0x25.0 50 polymeric 200,000
SLA (VP) Form 2 Formlabs 14.5x17.5x14.5 | 25-100 polymeric | 4,000
SLS (PBF) Elite P3600 TPM 36.0x36.0x60.0 130 polymeric 150,000
SLS (PBF) ProX series 3D Systems | 38.1x33.0x46.0 100 polymeric | 500,000

4.6.4. 3D printing to help and 3D printing to challenge

Looking at the reasons behind the choice of using AM for medical instruments, it is
clear that two major application groups can be distinguished: instruments made to
help people in developing countries and instruments made to tackle new challenges
in terms of design complexity and technical possibilities. Five of the analyzed articles
presented ideas to expand the access to medical instrumentation in developing coun-
tries. Moreover, there are many non-profit organizations, such as the ILab/Haiti,
which introduce AM to the locals in order to provide critical medical equipment such
as umbilical cord clamps or oxygen splitters in a shorter time with an effective reduc-
tion in cost [102]. A similar project is implemented in Tanzania, where the ReFab
Dar organization is exploring the opportunity of recycling plastic to produce medical
supplies such as circumcision kits [103]. The intent of these non-profit organizations
is obviously good, but there are still some challenges to be addressed, such as the
energy supply required to run the 3D printers and the sterilization of instruments pro-
duced [102]. Moreover, there are a number of projects that base the material supply
on recycling plastic but the consequences of this choice are not completely clear in
terms of durability, mechanical properties, and sterilization. Another important issue
that should be taken into consideration is the possibility of damage to the 3D printers
and the need for experts to repair them. Simplifying the 3D printing process is one
of the actions for expanding the accessibility and attaining faster and ready-to-use
instruments.

A completely opposite trend in AM is to push its boundaries further in the design of
highly complex devices capable of performing a new generation of medical procedures.
Continuum robots are part of this group [67], 69, 71, [/3]. These robots are designed
to navigate to inaccessible areas of the human body that are impossible to treat with
conventional instrumentation.

4.6.5. Temporal distribution and future trends

AM began to gain importance in the 1980s. Figure shows how this technology
has strongly increased its impact in the field of medical instruments for diagnostics
and surgery only in the last eight years. In fact, we did not use any time limitation
in our query and no relevant articles dated before 2011 were found. Compared to
other medical fields, such as orthoses or surgical planning models, the interest in
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medical instruments for diagnostics and surgery had grown later [104, 105]. This
is probably related to the design complexity, advanced functionality, and miniature
dimensions of medical instrumentation. The earliest designs for both orthotic and
surgical models were only static models based on the images acquired by means of
computed tomography scan or MRI without post-processing. On the contrary, it
is often not possible to print medical instruments with the exact same design as
used with conventional manufacturing to achieve the same functionality. The upward
trend can then be considered as the consequence of an increase in knowledge of AM
technologies.

In this review, we only considered the seven main categories of AM defined by
ASTM. However, new technologies have been invented and tested in the last years.
Microscale medical instruments for minimally invasive surgery have been printed by
Cohen et a/. with the innovative technique of Electrochemical FABrication (EFAB)
in which, alternating layers of sacrificial material and structural material, the final
device is produced with a layer thickness of 4 um [106]. Other promising techniques
in the micro/nanoscale are Projection Microstereolithography (PuSL) and Direct Ink
Writing (DIW) which are widely explained by Mao et a/ [L107]. PuSL is a 3D
printing technology similar to the SLA in which liquid photosensitive materials are
polymerized. The high resolution of this technology is given by the combination of
a single exposure per layer and the use of micromirror arrays to define the projected
mask. DIW is similar to FDM, however, the material is not extruded due to an
increase in heat but usually under pressure by exploiting the high viscosity of the
material to keep the shape before the post-processing phase. These techniques are
mainly used in the bioprinting field, but, given the possibility of printing different
types of materials, among which polymers and metals, at a reasonably large volume,
possible future applications can be seen in the production of micro-instrumentation,
such as instruments for eye surgery, or soft actuators [10§].

Improving conventional AM, an interesting direction is followed by Mangat et a/.
[109]. They use FDM to produce an enhanced material for medical applications
by embedding natural fiber into conventional PLA. This idea can find applications
not only in bioprinting but also in medical instruments where having tendons directly
embedded into the device can lead to a faster assembly as well as more complex
geometry in tendon-driven instruments.

Finally, a remarkable new technology is Continuous Liquid Interface Production
(CLIP) developed to overcome limitations of SLA [110]. This technology, allows a
3D object to be built continuously without any stop between layers and at a higher
speed than in SLA by keeping high resolution [111, 112]. The great potential shown
by this technology can be foreseen in customization of medical instruments directly
before or during surgery due to the high printing speed which allows for on-demand
kits in a short time. High-resolution technologies, although still in an initial stage, as
well as modified conventional AM have a great impact in the design of medical instru-
ments leading to new designs impossible to produce with conventional manufacturing
technologies.
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Figure 4.10: Temporal distribution of relevant articles found in the literature.

4.6.6. Limitations of this study

This review focuses on the AM of medical instruments for diagnostics and surgery
taking into consideration only the seven technologies listed by the ASTM. However,
the combination of additive and subtractive manufacturing technologies has not been
considered as well as AM technologies such as the EFAB technology able to print
medical devices in a microscale [, ]. Because we only considered articles in
which the use of AM is specified, we did not cover papers without a description of
the fabrication technology or the material used. A number of AM surgical guides are
presented in the literature, mostly in dental interventions and orthopedic surgeries,
but they are not included in this review. A comprehensive overview of such devices

is provided by Dahake er a/ [114] and Popescu et a/. [115].

4.7. Conclusion

This review article provides an overview of the AM of medical instruments used for
diagnostics and surgery. We categorized the medical instruments according to the
clinical application, novelty, reasons behind the choice of using AM, and the technical
characteristics of the AM technologies used. Using AM means having considerable
freedom in terms of complexity of the design compared to conventional manufactur-
ing. Several research groups are pushing the boundaries of AM to achieve instruments
with advanced functionalities. However, sterilization issues are often ignored. AM
is often considered to be an inexpensive and rapid method to produce on-demand
medical instruments. The basic material used to print prototypes can be considered
inexpensive but the printing technology used is often expensive. On the other hand,




96 References

the AM technology is opening the door to a personalized treatment that will help
people with rare diseases or uncommon anatomy. Moreover, the simple production
provides an easier access to healthcare for people who live in developing countries
or remote areas. Making use of AM, without disregarding the practical aspects of
such a sensitive field, is therefore a great opportunity for designers to develop a new
generation of medical instruments with a great impact on society.
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Abstract

In minimally invasive surgery, maneuverability is usually limited and a large number
of degrees of freedom (DOF) is highly demanded. However, increasing the DOF
usually means increasing the complexity of the surgical instrument leading to long
fabrication and assembly times. In this work, we propose the first fully 3D printed
(in all its parts except for the actuation cables and their fixation) handheld, multi-
steerable device. The proposed device is mechanically actuated, and possesses five
serially controlled segments. We designed a new compliant segment providing high
torsion and axial stiffness as well as a low bending stiffness by merging the functions
of four helicoids and a continuum backbone. Compliant segments were combined
to form the compliant shaft of the new device. In order to control this compliant
shaft, a control handle was designed that mimics the shaft structure. A prototype
called the HelicoFlex was built using only three 3D printed parts. HelicoFlex, with
its 10 degrees of freedom, showed a fluid motion in performing single and multi-
curved paths. The multi-steerable instrument was 3D printed without any support
material in the compliant shaft itself. This work contributes to enlarge the body of
knowledge regarding how additive manufacturing could be used in the production of
multi-steerable surgical instruments for personalized medicine.
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5.1. Introduction

Over the last decades, one of the most significant innovations in surgery is the tran-
sition from open surgery to minimally invasive surgery (MIS). In open surgery, the
area of interest is directly exposed, and depending on the specific procedure, the inci-
sion can be relatively large [1l, 2]. However, increasing the size of the incision means
increasing the risk of infection as well as the recovery time for the patient [3, 4].
Conversely, MIS strives to reduce the incision size by using smaller instruments and
indirect visualization using endoscopes. However, using conventional tools that are
straight, long, and rigid while decreasing the size of the incision, has a high impact
on the maneuverability of the instruments and the reachability of the area of interest.
The problem is evident in Natural Orifice Transluminal Endoscopic Surgery (NOTES)
which uses natural orifices such as mouth, nose, or anus as the entry port of the body
[B, B]. For instance, Endoscopic Endonasal Surgery (EES) is a NOTES procedure
in which the nostrils are the entry port to reach and remove tumors at the base of
the skull. A common procedure is the removal of adenomas in the pituitary gland.
The narrow corridor through the nostrils limits the maneuverability of the used rigid
instruments.

Research groups have analyzed the problem of instrument maneuverability, and
many devices have been proposed [[7]. The use of the well-known da Vinci(@®) robotic
system (Intuitive Surgical Inc., Sunnyvale, Ca, USA) with integrated EndoWrist tech-
nology: a two degrees of freedom (DOF) mechanism for steering into the distal end
of the surgical instruments, increases surgeon dexterity in a laparoscopy scenario
allowing procedures in which high maneuverability is required [8] (Figure @)

However, steerability is still limited due to rigid instrument shafts which do not
permit navigation through curves with multiple radii [10]. Moreover, miniaturized
pulleys, which are at the base of the EndoWrist design, guide the cables, provoking
fatigue and limiting the lifespan to a maximum of ten sterilization cycles, increasing

Figure 5.1: Endo Wrist Grasper. a) Schematic exploded view of the Endo Wrist in which the different
driving cables, pulleys, and rivets are shown, adapted from Breedveld et a/. [g], based on the EndoWrist
patent [10], and b) a @ 8 mm Endo Wrist Grasper. In the EndoWrist, the two pulleys are positioned
perpendicular to each other provide two DOF (red arrows).
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the overall costs [11].

In order to overcome the rigidity of the shaft, research has been focused on the
integration of an additional flexible component at the end of the rigid shaft, allowing
maneuvering over more complex curvatures and expanding the motion beyond the 2
DOF EndoWrist. The flexibility of the additional component can be obtained using
continuum structures. Multi-steerable instruments based on continuum structures
can be compared with “invertebrates” due to their ability to form continuous curves
[12, 13]. Examples of continuum structures are concentric telescopic tube robots [L4]
composed of concentric precurved tubes placed into one another. The control of the
rotation and the translation of the tubes relative to each other allows the formation
of curved shapes [14, 15]. Another approach is using a single- or a multi-backbone
structure. In a single-backbone structure, a single element supports the entire flexible
segment. This element can be made of shape memory alloys [16], springs [17], flexible
tubes [18], or variable stiffness mechanisms [19, 20]. Multi-backbone structures are
based on multiple elements, for example parallel rods, that equally contribute to the
motion of the flexible tip [21].

Regardless of the number of backbones used, multi-steerable instruments require
a method of actuation. Types of actuation are based on hydraulic and pneumatic prin-
ciples, as well as shape memory alloys [[7]. However, tendon-driven actuation remains
most commonly used in medical applications due to the possibility of minimizing the
size of the tip while at the same time controlling a large number of DOF [22]. In
an attempt to control the complex motion of such a multi DOF shaft, each DOF
can be individually controlled and actuated using independent electric motors. Due
to their relatively large size, these motors should then be placed outside the patient
at the control side of the instrument. However, the use of a large number of motors
generally results in high production costs, difficulties in sterilization, and unsuitability
for disposable use [23]. Moreover, a system with a large number of motors requires
a large footprint, reducing the workspace for the surgeon near the patient.

In an attempt to solve these problems, manually actuated instruments such as the
HelixFlex proposed by Gerboni er a/ or the multi-backbone elbow device presented
by Riojas et a/, have been developed, presenting a completely different approach by
being multi-steerable and at the same time handheld [24, P5]. These instruments are
fully mechanically actuated with no need for electric motors. Fan er a/. [26] give a
comprehensive overview of handheld (multi-)steerable instruments and Anderson et
al. [27] of their control methods. Although the proposed handheld devices meet the
requirements in terms of flexibility, miniaturization, and maneuverability, they are still
very complex, containing numerous complex-shaped parts, impairing the assembly
process, and making the device unsuited for sterilization or low-cost disposable use.

Additive manufacturing (AM), also referred to as three-dimensional (3D) print-
ing, might provide a solution. AM enables a computer-aided design (CAD) to be
directly converted into a 3D object with a layer by layer printing process. AM allows
the production of structures with complex geometries that cannot be produced with
conventional fabrication techniques. Moreover, this increase in geometrical complex-
ity allows for the integration of more functionality into a single part, consequently
reducing the need for assembling multiple parts. Many research groups are exploiting
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this technology in the field of medical instruments [28]. An example is given by the
manipulator presented by Mintenbeck et a/ in which AM was used in the fabrication
of the steerable segments [29]. Morimoto and Okamura applied AM into concentric
tube robots investigating different materials and 3D printing technology [30], whereas
at the Technical University of Munich researchers developed a 3D printed overtube
to enhance the properties of conventional flexible endoscopes [31], B2].

Although problems such as steerability and miniaturization have been addressed,
design complexity is still high and the number of components is still large, hindering
the reduction of assembly time. Therefore, this study explores the use of AM for the
development of a manually actuated tendon-driven multi-steerable surgical device,
intending to simplify its fabrication and assembly process to make it suitable for
disposable use. A new device called HelicoFlex was developed as a first explorative
case to combine easy manufacture with very high steering performance. HelicoFlex
is the first handheld device that is printed in only three parts with five steerable
segments, which enables the control of 10 DOF. In the first part of the paper, we
will explore new geometries to find a design paradigm to combine the characteristics
of a compliant shaft and minimize the number of parts while using AM. In the second
part of the paper, we present the entire design and study its behavior in performing
complex curves.

5.2. Conceptual design of the compliant shaft

5.2.1. Design requirements

The compliant shaft of our instrument should allow high steerability in terms of
multiple DOF to follow tortuous paths and complex curves with different radii. The
device should, therefore, include multiple segments that are serially connected and
each bendable in 2 DOF. Each segment should have a high axial and torsional stiffness,
whereas a relatively low bending stiffness is preferred. Axial stiffness is required for
reliable control of the compliant shaft whereas torsional stiffness is required to endure
axial torques that arise from external loads. On the contrary, low bending stiffness
is preferred as it improves the bendability of the entire shaft and limits the required
tensile forces on the steering cables, reducing the forces required for actuation and
resulting in lower friction forces in the system. For application in MIS, the diameter
of the compliant shaft should not exceed 10 mm [33], integrating at least one lumen
to allow for the insertion of additional instruments (e.g., biopsy forceps) or tools to
visualize and operate on the area of interest. Guidance and fixation of cables are two
of the most challenging functionalities within a tendon-driven device, and therefore
often have a significant influence on the shape, fabrication, and assembly process of
the device, especially in multi-steerable instruments that incorporate many cables. An
effective and scalable method for integrating the functionalities of cable guidance and
fixation in preferably one single component was therefore a key research topic in the
design of our instrument. Finally, the new compliant shaft should preferably be 3D
printed without support material, which is sacrificial material needed to print specific
overhangs, in order to reduce the post-processing time after the printing process.
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5.2.2. Design choices

Conventional steerable instruments are generally based on a chain of connected rigid
elements. In the specific case of EndoWrist, steering in two directions is provided
by a series of miniature pulleys placed perpendicular to each other and individually
controlled by driving cables looped around the pulleys (Figure E). As the diameter
of the pulleys is too small as compared to the thickness of the driving cables, the
cables suffer from fatigue, reducing the lifespan of the EndoWrist to only ten pro-
cedures [@]. In our design, we aimed at avoiding pulleys by using a cable guidance
system that does not generate fatigue. Moreover, we aimed at greatly expanding En-
doWrist's motion to 10 DOF while merging all its rigid-linked frame properties into
one 3D printed compliant component without using support, combining high axial
and torsional stiffness with low bending stiffness. We strived to have at least one
lumen and containing simple means to guide and fix 20 actuation cables, to facilitate
fast and easy assembly.

Compliant segment design

A compliant structure that combines high axial stiffness with low bending stiffness
can be created by using a thin beam serving as a continuous backbone at the center
of a steering segment (Figure Ea).

However, a thin beam is not torsion stiff. Increasing the diameter of the beam
would provide higher torsion stiffness, yet would also increase its bending stiffness.
Thus, an additional element has to be added to ensure torsion stiffness. A helicoid is
a compliant element able to provide high torsion stiffness and low bending stiffness.
In our design, we decided to combine these two elements: a continuous thin central
backbone around which a helicoid runs (Figure p.9b). Four helicoids were evenly
placed around the centerline to provide a more homogeneous torsion stiffness as
compared to only one helicoid (Figure EC). The pitch of each helicoid was kept
equal to the length of the backbone, meaning that each helicoid makes one full turn

(a) (b)

Figure 5.2: Schematic drawing of a 3D-printed compliant shaft segment with actuation cables in yellow.
(a) A solid backbone gives a high axial stiffness; (b) a helicoid increases torsion stiffness; (c) increasing
the number of helicoids makes the system more homogeneous; (d) holes are added to guide four actuation
cables through the helicoids; and (e) the segment is completed with an additional structure to loop and
fasten the actuation cables.
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within the length of the backbone.

Finally, we defined the exact shape of the four helicoids. As shown in the cross-
section in Figure Ea, we started with a thin rectangular shape for the helicoids.
However, at the inside of these helicoids, cracks can be provoked by excessive bend-
ing. By increasing the thickness of the helicoids, we can ensure that the helicoids
would touch each other at their outer edge, thus creating a stop for the bending
(Figure Eb). However, increasing the thickness of the helicoid at the outer edge
while keeping the rectangular shape would increase the bending stiffness as, in this
case, more material is added to the backbone. Therefore, we decided to change the
rectangular shape into a T-shape (Figure Ec), keeping a low bending stiffness while
at the same time limiting the maximum bending angle.

Cable fixation method

As previously discussed, cable fixation is an important aspect that can affect the
robustness of the device, causing malfunctioning or breakages. In our compliant
design, we decided on an alternative cable fixation method avoiding soldering or
gluing in the shaft. Exploring friction-based fixation methods led us to a solution in
which the cables are looped inside the structure. As shown in Figure @e, by looping a
cable into a cross-shaped groove in the transversal plane of the segment and bending
both its ends 90 degrees in the pulling direction, we obtain two independent actuation
cables positioned at an angle of 90 degrees and connected in a sturdy cable fixation

Outer edge

' \3ackbone

(2 (b) (©)

Figure 5.3: Helicoids shape design. Top: Sketch of a compliant segment in a straight and bent position with
light blue arrows showing the two DOF per segment; each segment being able to bend in two perpendicular
directions. Bottom: different shapes of the helicoids cross-section: (a) thin rectangular shape, (b) thick
rectangular shape, (c) T-shape.




112 Non-Assembly 3D Printing for Compliant Surgical Devices

point (Figure @d). Fixating four actuation cables per segment was realized by adding
two cable fixation points on top of each other, rotated over 180 degrees. The total
height of the resulting fixation module was 3 mm, leading to a total segment length
of 12 mm. For our prototype, we decided to use an outer diameter of 8 mm.

5.3. Proof of concept — HelicoFlex

After characterizing a single 3D printed segment of the compliant shaft, we designed
the entire HelicoFlex (Figure @) The instrument is composed of only three com-
ponents: a compliant shaft and a compliant handle with a rigid shaft in between. We
designed a handle with a compliant structure equivalent to the compliant shaft. The
compliant shaft and the handle were connected using cables that actuate the device
with a serial control method, described by Fan et a/ [26], in which the compliant
shaft mirrors the movement of the compliant handle (Figure @a).

The compliant shaft of the device is composed out of compliant segments (@ 8
mm, length 12 mm) stacked on top of each other to create a modular shaft in which
the number of segments can be changed according to the number of DOF required.
We decided for a shaft with five compliant segments, resulting in a total of 10 DOF
at a length of 60 mm (Figure @b). Each compliant segment has a backbone of @ 1
mm and is actuated by four cables that are fixed at the segment location, as shown
in Figure @e, and run along the compliant shaft in a cable-ring configuration. Each
segment is twisted around its heartline over 18 degrees as compared to the previous
segment in order to avoid overlapping of the 20 parallel-running cables.

The rigid shaft (@ 8 mm, 120 mm long) is printed in one part together with the
compliant shaft and guides the cables from the compliant shaft to the handle through
dedicated grooves running along its entire length (Figure @b).

The compliant handle is connected to the rigid shaft by means of a press-fit
mechanism, and its design is based on a large version of the compliant shaft (Figure
@d). The handle contains an inner backbone and an outer helical structure. The
inner backbone has a structure similar to the compliant shaft, containing five segments
with a diameter of 8 mm and a length of 18.5 mm. The outer helical structure of
the handle has an outer diameter of 29 mm and contains holes through which the
cables run. Running the cables through the handle at a larger diameter than in the
compliant shaft creates not only additional space for precise fixation of the cables
but also creates an amplification factor between the handle and the compliant shaft.
Assuming that there is no friction, no play, no compression of the printed parts,
and no stretching of the cables, the amplification factor can be calculated using the
following equation:

Dhandle

5.1
Dshaft ( )

y=~8
where y is the desired bending angle of the tip, f§ is the corresponding bending angle of
the handle, Dyandie is the diameter of the cable ring in the compliant handle, and Dgpf:
is the diameter of the cable ring in the compliant shaft. In order to guide the cables
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smoothly from the shaft to the handle, an amplification component was designed at
the distal side of the handle to gently amplify the cable distance from 6.5 mm to 22
mm. The amplification component guides the cables smoothly through partly covered
S-shaped grooves while avoiding buckling. The amplification component is covered
by a hive-inspired structure with holes. The hive structure facilitates the 3D printing
process by enabling precise printing of cable grooves, avoiding clogging (Figure @f).

In the handle, cables were fixated via dog point set screws to enable easy fine-
tuning. The ends of all cables were collected and stored inside the end cap (Figure
@c), attached to the handle by a press-fit mechanism. Four lumens with a diameter
of 1.75 mm run through the entire device to enable the insertion of thin, flexible

rigid shaft compliant shaft
[

(2)

handle

rigid shaft compliant shaft

()
\

(b) compliant segment  cable fixation point

cable fixation point amplification component

(C) (d) external helix internal backbone

(f) actuation cable internal lumen

Figure 5.4: Phases in the development of the HelicoFlex. (a) Chosen serial control method in which each
colored segment of the compliant handle controls the corresponding mirrored segment of the compliant
shaft; (b) compliant shaft connected to rigid shaft in which a compliant segment and a cable fixation
point are highlighted; (c) end cap in which the loose ends of the actuation cables are stored; (d) compliant
handle in which the external helix, the internal backbone, a cable fixation point at the handle side and
the amplification component, to gently increase the distance between the cables from @ 6.5 mm in the
shaft to @ 22 mm in the handle, are highlighted; (e) assembly; and (f) cross-section, showing one of the
internal lumens and two actuation cables.
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instruments such as biopsy forceps, or thin, fiberoptic endoscopes to visualize the
site of interest.

5.4. Fabrication

Considering the small size of some of HelicoFlex's features, we selected the AM tech-
nology taking into account the resolution achievable by the printer. A Perfactory® 4
Mini XL (EnvisionTec GmbH, Gladbeck, Germany), with a layer height in the vertical
z-axis of 25 pm, was used to fabricate all three parts of the device. The used printer
is based on Vat photopolymerization technology and uses the so-called Digital Light
Processing (DLP) in which the combined work of a light source and a projector hard-
ens the liquid resin layer by layer [35]. We printed our prototype using the R5 epoxy
photopolymer resin (EnvisionTec GmbH, Gladbeck, Germany).

Both the handle and the shaft were printed vertically with the long axis parallel to
the vertical z-axis of the printer. As DLP printing technology requires overhanging
structures to be printed with support material, this would require a rather elaborate
post-processing step in the removal of support material within the detailed helical
structure. A number of studies carried out in the field of additive manufacturing for
support structures show, however, that support structures are not always necessary
providing that the length of overhanging layers is limited [36—40]. Following these
studies, we decided to print the segments of the compliant shaft without support,
using three general rules (Figure E): reducing the overhang angle (o), limiting the
length of bridges (B), and shortening overhanging structures (L).

The overhang angle is the angle between printed layers (i.e., the critical angle).
Increasing the layer thickness while keeping the number of revolutions of the helicoid
as well as the length of the segment equal, increases the overhang angle between

©

Figure 5.5: Rules to print without support: (a) reducing overhang angle a; (b) limiting the length of bridges
B; (c) shortening overhanging structure L; (d) the rules applied in our helicoid: reducing the overhang
angle by increasing the pitch or reducing radius r at a given layer thickness d will decrease the overhang |
and improve the possibility of self-support.
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two layers and thus the need for support. Therefore, by keeping the layer thickness
small (25 pm) and the pitch of the helix equal to its height, the overhang angle is
kept narrow, and the helicoids can support themselves. Bridges define the distance
between two unconnected points; limiting the length of the bridges avoids the use
of support material. The role of the amplification component is to guide the cables
through curved grooves. However, using solid material in such a long element would
clog the grooves. Therefore, the hive structure was used to create short grooves,
while at the same time avoiding long bridges that would have been created if rings
had been used as cable guidance during the vertical 3D printing process. Overhanging
structures are shapes that stick out horizontally parallel to the building platform. In
our design, combining helicoids with a central backbone allows the compliant shaft
to be printed without extra support due to the constant presence of support (the
backbone) in the structure [41].

Applying these rules, we printed the entire compliant shaft without any support
in a single printing run. Printing without support led to a strong reduction in post-
processing time with an additional advantage that eliminating support material from
the printing process resulted in smooth surfaces without debris that could cause
malfunctioning of the mechanism, especially in elements with a small size. Printing
the handle and the shaft vertically allowed the grooves for the cables to remain open
along the entire length of the shaft and the handle. The handle and the shaft were
printed all together in 26 hours. After the printing, all the parts were placed in an
ultrasonic cleaner for a few minutes.

Figure 5.6: The assembled HelicoFlex prototype showing a single curved shape.

In order to control the compliant shaft, each segment must be coupled with
the corresponding segment in the handle using the corresponding actuation cables.
Running all 20 cables (stainless-steel @ 0.2 mm) through the shaft and the handle
took around 5 hours. In the handle, the cables were fixated by dog point set screws
to allow fine-tuning in this prototype. Although it was possible to tap directly into
the 3D printed material, this could have created points of brittleness in the handle.
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We, therefore, decided to place threaded inserts that allow the cable to be fine-tuned
multiple times. During the assembly, the instrument was vertically placed and each
cable was straightened by weights of 3 grams before fixation in the handle. The entire
HelicoFlex prototype is shown in Figure @

5.5. HelicoFlex performance
5.5.1. Steering evaluation

90° 160°
N

(@) (b)
(©) (d)
©) ()

Figure 5.7: HelicoFlex compliant shaft bent in various shapes: (a) 90 degrees single curved shape; (b) 160
degrees single curved shape, reaching the maximum bending angle of the compliant shaft in performing
a C-shape; (c) double curved with equal radii; (d) double curved with different radii; €) only the distal
segment controlled; and (f) only the proximal segment controlled.

Simulating navigation through tortuous paths, the tip was moved along curves
with different radii and shapes to evaluate the performance of the device, Figure E
The prototype was able to perform single curved shapes with different angles (Figures
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device allowed controlling each segment individually (Figures b.7e-f). At an angle of
160 degrees, the maximum bending angle of the compliant shaft was reached because
the outsides of the helicoids touched each other in the inner bend (see Figure E)

B.7a-b) and double curved shapes with different radii (Figures gc—d). Moreover, the

Besides moving the device over different angles and shapes, we also evaluated the
possibility of using the internal lumen. The device allows the insertion of a flexible
fiberoptic endoscope into one of its four lumens while leaving the other three lumens
free for the insertion of multiple surgical instruments, such as a biopsy forceps, as
shown in Figure @a. Moreover, a bendable rod can be placed inside one of the
lumens of the handle and can be shaped to hold the desired position (Figure @b).
The fluid motion, as well as the easy maneuverability of the HelicoFlex prototype,
can be seen in the video linked to the QR code at the end of this chapter.

(b)

Figure 5.8: Pictures of the HelicoFlex prototype. (a) Close-up of the compliant shaft of the HelicoFlex
with a flexible biopsy forceps in one lumen and a flexible fiber optics endoscope in the second; (b) bendable
metal rod inserted into one of the lumens to create a certain shape in the compliant shaft and keep it in
position.
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5.5.2. Payload test

For the instrument to be useful in a surgical setting, it must be able to withstand
external loading. The bending stiffness of the HelicoFlex was therefore measured
at the tip of the shaft. The shaft was tested in three different poses: straight, 90
degrees single curved, and in a double curved shape. To ensure that the poses were
maintained during testing, 3D printed blocks were manufactured to properly constrain
the handle in the required pose.

The setup consisted of a load cell (S-Beam LSB 200 FUTEK Advanced Sensor
Technology Inc., CA, USA, controlled by a custom-made LabView script) mounted on
a linear stage (Thorlabs PT1/M-Z8, with additional KDC101 controllers, controlled
by Thorlabs Kinesis software). The linear stage drove the vertical displacement of the
load cell with a low, constant speed of 0.5 mm/s, as to induce a defined displacement
of the prototype shaft. The load cell measured the generated tip force as a result
of the induced displacement and the elasticity of the shaft. To ensure a precise and
consistent point contact with the tip, a steel ball (& 10 mm) was screwed on the
load cell. The prototype was placed perpendicularly to the linear stage movement
(Figure @a).

For the single and the double curved shapes, the force was measured in two
different directions: vertical (perpendicular to the plane of the curved shape) and
axial (along the prototype main axis) for the single curved shape, and vertical and
horizontal (in the plane of the curved shape) for the double curved shape (Figure
5.10). For the straight shape, the force was measured in the vertical direction.
Different directions were achieved by simply rotating the prototype. Due to possible
variations given by the 3D printing process and the post assembly, three prototypes
were tested in each pose, and each measurement was repeated ten times. Data were
acquired from the moment the load cell touched the shaft tip up to a displacement
of 9 mm and analyzed using a Matlab R2020a script (Figure @b).

Figure shows the average peak force in the tested configurations for three

£ Vload cell

Displacement (mm)

Figure 5.9: Setup of the payload test and an example of data acquired for the vertical direction. a) In the
close-up different parts of the setup are highlighted. b) The experimental results for prototype 1 in single
curved shape. The red line in the plot represents the averaged data.
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Figure 5.10: Plots of the average and the standard deviation of the peak-force for each different pose and
prototype tested. The black arrows in the pictures indicate the direction of the displacement.

prototypes in each pose. The bending stiffness in the vertical direction for the straight
shape was in the range of 0.030-0.035 N/mm. For the single curved shape, the
bending stiffness in the vertical direction was in the range of 0.026-0.034 N/mm, while
higher bending stiffness was measured in the axial direction (0.077-0.095 N/mm). For
the double curved shape, the measured bending stiffness ranged between 0.033-0.045
N/mm and 0.039-0.061 N/mm vertical and horizontal direction, respectively.

5.5.3. Actuation force test

HelicoFlex was designed as a manually powered device. To evaluate the actuation
force required from the user to bend the steerable shaft with and without load, a
setup similar to the payload test was used. We analyzed the required force to bend
the proximal segment of the handle. Due to its high flexibility, the handle bends under
its own weight if not supported. Therefore, except for the proximal segment that was
left free, the handle was supported with a 3D printed block and the amplification
component was constrained to stabilize the prototype. A load cell was mounted on a
linear stage. The linear stage allowed the vertical displacement of the load cell with
a low, constant speed of 0.5 mm/s. The prototype was perpendicularly placed with
respect to the linear stage, with the proximal segment of the handle underneath the
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Figure 5.11: Peak force measured to bend the proximal segment of the handle with the tip loaded with 0
g, 6 g, and 18 g. The pictures on the right show the bending angle of the tip in the three conditions at
the maximum proximal handle displacement (3 mm).

load cell. To ensure consistent contact with the proximal segment of the handle, a
steel ball (@ 10 mm) was screwed on the load cell. Data were acquired for a vertical
displacement of 3 mm of the proximal segment of the handle. Three prototypes were
each tested with three different loads applied at the tip of the steerable shaft: 0 g, 6
g, and 18 g. These loads were manufactured from aluminum (6 g) and brass (18 g)
as to have the same volume, shape, and center of mass, but different weights. The
measurements (three prototypes for three conditions) were repeated ten times for
each condition (0 g, 6 g, 18 g). Data were analyzed using a MatlabR2020a script.

Figure shows the average peak force at 3 mm of displacement for the three
conditions for each prototype. The peak force was in the range of 1.35-1.65 N, 1.55-
2.00 N, and 1.95-2.50 N respectively for 0 g, 6 g, and 18 g applied. As expected,
the force that the user must apply to the handle increases with the load carried by
the tip. Moreover, the bending angle of the tip of the steerable shaft decreases as
the load carried on the shaft increases: from the straight position, we measured 32
degrees for 0 g, 22 degrees for 6 g, and 18 degrees for 18 g.

5.6. Discussion

In this work, we presented the world’s first fully 3D printed handheld multi-steerable
instrument with five individually controlled compliant segments providing a total of
10 DOF. One of the requirements expressed in Section was the simplification of
the assembly. In the conventional design of the EndoWrist, each part of the steerable
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shaft is designed for a single function as a result of which the device contains a
significant number of parts that all have to be individually handled during the assembly
phase, which requires a large amount of time and work. In order to greatly simplify
the assembly, we integrated all the functionalities in the combined single shape of the
helicoids, the backbone, and the cable fixation points, giving to the segment high axial
and torsion stiffness and low bending stiffness with easy and reliable fixation of cables.
In HelicoFlex, we integrated all these functionalities in a five-segmented compliant
shaft, with a complex and unusual shape, yet 3D printed in only one printing job.
HelicoFlex shows a fluid motion and easy maneuverability during the performance of
multiple shapes allowing added multi-functionality due to the presence of the four
lumens. The maximum bending angle that can be obtained is 160 degrees, which is
much larger than the bending angle guaranteed by commercialized instruments such
as the LaparoFlex (DEAM, Amsterdam, The Netherlands) or the Autonomy Laparo-
Angle (Cambridge Endoscopic Devices, Framingham, MA, USA), which usually ranges
over 60 degrees. The 8 mm diameter of the shaft was chosen equal to the diameter
of most EndoWrist instruments and as a proof of concept in this paper. However,
smaller diameters seem feasible without creating essential changes in the design.

The payload test showed that the bending stiffness of the steerable shaft is directly
related to the direction of the external force. When the force was applied vertically,
the bending stiffness ranged from 0.026 N/mm to 0.045 N/mm in the single curved
and double curved shape, respectively. The bending stiffness increased when the
force was applied on the plane of the curved shape, ranging between 0.039 and 0.061
N/mm (double curved shape). The maximum bending stiffness of almost 0.1 N/mm
was measured when the external force was in the axial direction. To reach a bending
stiffness suitable for surgical applications, it may be possible to increase the diameter
of the internal backbone of the steerable shaft or the thickness of the helicoids. Also,
it would be interesting to study how the material employed in the printing process
affects the mechanical properties of the device. However, it is good to keep in mind
that a balance has to be found between bending stiffness and more fatigue for the
surgeon. The variance between the different prototypes is probably related to the 3D
printing process and the minimal differences in manual straightening of the cables.

The general feeling while controlling the HelicoFlex is the easy maneuverability of
the handle. Having a low bending stiffness reduces the forces required for actuation.
We found that the actuation force increases linearly with the weight on the tip:
increasing the load from 0 g to 6 g and from 0 g to 18 g required, respectively,
0.033-0.058 N and 0.033-0.047 N per added gram. Furthermore, the application of
weight to the tip of the shaft influences the bending angle, which decreases with
heavier loads. As currently designed, the prototype has a low bending stiffness not
only in the steerable shaft but also in the handle, which bends under the weight of
the shaft. Therefore, a higher bending stiffness would be desirable. Future research
will focus on finding a good balance between the bending stiffness of the handle and
the fatigue for the user.

The main goal of this work was to simplify the fabrication and assembly process
of a multi-steerable device by using 3D printing technology to make it suited for
disposable use. This led to a new type of continuous structure based on helicoids
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Figure 5.12: HelicoFlex printed with the E-Shell 600 biocompatible resin from (EnvisionTec GmbH, Glad-
beck, Germany). (a) The shaft and the handle disassembled with two cables run through the handle. (b)
The prototype assembled without cables with a close-up in which is visible how the grooves are clogged
by liquid resin.

that could be printed without support. Moreover, we showed that it is possible to print
an entire instrument out of one part, excluding the cables required for steering. In
this prototype, we decided to use dog point set screws to fix the cables in the handle
as this allows for easy fine-tuning of the prototype. Yet, we also experimented with
cyanoacrylate glue that proved to be a fast and durable, much simpler alternative in
the handle fixation (the cable fixation was tested tensioning the cable up to 1500 g for
one hour with no sign of failure). The friction-based cable fixation in the compliant
shaft required no other action than just looping the cables, which drastically decreased
the assembly time. The entire device was printed in 26 hours, whereas threading and
fixing the 20 cables took around 5 hours in this prototype. The handle and the shaft
were printed with a layer thickness of 25 pm. Printing the same design with a layer
thickness of 50 pm would drastically reduce the printing time to 13 hours, with only
minor effects on the quality of the device. We found that the combination of helicoids
with a continuum backbone limits the overhang angle between layers. In this way,
we could avoid support material in the compliant shaft, which resulted in smoother
surfaces without the presence of debris.
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Figure 5.13: Example of 16 compliant segments combination with a close-up of the 64 actuation cables
running through the @ 8 mm shaft.

In our prototype, we used a non-biocompatible acrylic resin especially developed for
prototyping. The use of this resin helped in the tuning phase to analyze and improve
the design quality of the prototype. Biocompatible resins, such as E-Shell600, are
provided by EnvisionTec as well. However, using this resin, results are decent but not
yet sufficient due to the lower viscosity of this resin, which makes the cable grooves
more difficult to be printed (Figure .12).

Using AM, the HelicoFlex can, in future surgical applications, be customized
considering the surgery, the patients, and the surgeons' needs, as well as made
MRI-compatible by replacing steel cables by Dyneema. In the future, more tests
to investigate the maneuverability of this new multi-steerable instrument in narrow
environments will be performed as well as different materials and sizes, increasing our
knowledge in this emerging new field of 3D printed medical devices.

Using 3D printing is often considered a cheaper method of fabrication as compared
to conventional manufacturing. However, it can be accounted as such only in specific
cases (i.e., the production of complex devices that cannot easily be manufactured of
molded conventionally) and if the necessary fine-tuning and testing time is taken into
account (i.e., high initial costs for calibrating the settings of the printer, an expert who
is able to tune and evaluate carefully how the design can be improved considering its
use, long iteration phases to reach good results). Therefore, we believe that the real
strength of AM is the capability of printing structures that are impossible to produce
with conventional manufacturing and being able to integrate multiple functions into
a single complex-shaped part. In a further elaboration, the number of segments can
be increased, even more, reaching with the used cables and dimensions, a maximum
length of 16 segments in a compliant shaft with 32 DOF (Figure ). A multi-
steerable structure this complex yet simple to assemble is a great step forward in the
history of medical instrumentation.

5.7. Conclusion

In this work, we have presented the first 3D printed multi-steerable device. We have
shown that by adapting the design of a device to the fabrication capabilities of additive
manufacturing, we have integrated multiple functionalities of different conventional
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elements into a single part, extensively decreasing the assembly time of a tendon-
driven multi-steerable device for disposable medical use. The potential has been shown
in a prototype: HelicoFlex. The handheld device, made out of three components,
had five tendon-driven steerable segments for a total of 10 serially controlled DOF.
HelicoFlex has shown a fluid motion and satisfactory results in performing different
shapes. We have shown the high potential of additive manufacturing technology in
building multi-steerable surgical instruments, limiting the number of components, and
avoiding support material. HelicoFlex strives to contribute to the first generation of
multi-steerable 3D printed instruments for MIS.

References

[1] R. Bittner, 7he standard of laparoscopic cholecystectomy, Langenbeck’s archives of
surgery 389, 157 (2004).

[2] C. W. Akins, Full sternotomy through a minimally invasive incision. a cardiac surgeon’s
true comfort zone, The Annals of thoracic surgery 66, 1429 (1998).

[3] M. J. Mack, Minimally invasive and robotic surgery, Jama 285, 568 (2001).

[4] M. S. L. Liem, Y. Van Der Graaf, C. J. Van Steensel, R. U. Boelhouwer, G.-J. Clevers,
W. S. Meijer, L. P. S. Stassen, J. P. Vente, W. F. Weidema, and A. J. P. Schrijvers,
Comparison of conventional anterior surgery and laparoscopic surgery for inguinal-hernia
reparr, New England Journal of Medicine 336, 1541 (1997).

[5] E. G. Sheu and D. W. Rattner, Natural Orifice Transluminal Endoscopic Surgery
(NOTES™) BT - The SAGES Manual Operating Through the Endoscope, (Springer
International Publishing, 2016) pp. 463-474.

[6] C. H. Snyderman, H. Pant, and R. Carrau, 7ransnasal Endoscopic Skull Base and Brain
Surgery (2011) pp. 83-91.

[7] J. Burgner-Kahrs, D. C. Rucker, and H. Choset, Continuum Robots for Medical Applica-
tions: A Survey, IEEE Transactions on Robotics 31, 1261 (2015).

[8] G. S. Guthart and J. K. Salisbury, 7#e /nturtive/sup TMy/telesurgery system. overview
and application, in Proceedings 2000 ICRA. Millennium Conference. IEEE International
Conference on Robotics and Automation. Symposia Proceedings (Cat. No. 00CH37065),
Vol. 1 (IEEE, 2000) pp. 618-621.

[9] P. Breedveld, H. G. Stassen, D. W. Meijer, and J. J. Jakimowicz, Manipulation in laparo-
scopic surgery: overview of impeding effects and supporting asds, Journal of laparoendo-
scopic & Advanced surgical Techniques 9, 469 (1999).

[10] A. J. Madhani and J. K. Salisbury, Wrist mechanism for surgical instrument for performing
minimally invasive surgery with enhanced dexterity and sensitivity, (1998).

[11] R. Prewitt, V. Bochkarev, C. L. McBride, S. Kinney, and D. Oleynikov, 7#%e patterns
and costs of the da vinci robotic surgery system in a large academic institution, Journal
of robotic surgery 2, 17 (2008).


http://dx.doi.org/ 10.1109/TRO.2015.2489500

Chapter 5 125

[12] I. D. Walker, Continuous Backbone “Continuum” Robot Manipulators, ISRN Robotics
2013, 1 (2013).

[13] I. D. Walker, Some issues in creating ‘invertebrate” robots, in Proceedings of the Interna-
tional Symposium on Adaptive Motion of Animals and Machines (Citeseer, 2000).

[14] H. B. Gilbert, D. C. Rucker, and R. J. Webster Ill, Concentric tube robots: The state of
the art and future directions, in Robotics Research (Springer, 2016) pp. 253—2609.

[15] P. E. Dupont, J. Lock, B. Itkowitz, and E. Butler, Design and control of concentric-tube
robots, |EEE Transactions on Robotics 26, 209 (2010).

[16] T.-D. Nguyen and J. Burgner-Kahrs, A tendon-driven continuum robot with extensible
sections, in 2015 IEEE/RSJ International Conference on Intelligent Robots and Systems
(/ROS) (2015) pp. 2130-2135.

[17] H.-S. Yoon, J. H. Jeong, and B.-J.Yi, /mage-Guided Dual Master—Slave Robotic System
for Maxillary Sinus Surgery, |EEE Transactions on Robotics 34, 1098 (2018).

[18] K. lkuta, Y. Matsuda, D. Yajima, and Y. Ota, Pressure pulse drive. A control method for
the precise bending of hydraulic active catheters, |EEE/ASME Transactions on Mecha-
tronics 17, 876 (2011).

[19] I. De Falco, C. Culmone, A. Menciassi, J. Dankelman, and J. J. van den Dobbelsteen,
A variable stiffness mechanism for steerable percutaneous instruments. integration in a
needle, Medical & biological engineering & computing 56, 2185 (2018).

[20] A. Jiang, G. Xynogalas, P. Dasgupta, K. Althoefer, and T. Nanayakkara, Design of
a varnable stiffness flexible manipulator with composite granular jamming and membrane
coupling, |EEE International Conference on Intelligent Robots and Systems , 2922 (2012).

[21] N. Simaan, R. Taylor, and P. Flint, High Dexterity Snake-Like Robotic Slaves for Minimally
Invasive Telesurgery of the Upper Airway BT - Medical Image Computing and Computer-
Assisted Intervention — MICCA/ 2004, (Springer Berlin Heidelberg, Berlin, Heidelberg,
2004) pp. 17-24.

[22] J. Catherine, C. Rotinat-Libersa, and A. Micaelli, Comparative review of endoscopic
devices articulations technologies developed for minimally invasive medical procedures,
Applied Bionics and Biomechanics 8, 151 (2011).

[23] P. W. J. Henselmans, S. Gottenbos, G. Smit, and P. Breedveld, 7he Memo Slide: An
explorative study into a novel mechanical follow-the-leader mechanism, Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine 231, 1213
(2017).

[24] G. Gerboni, P. W. J. Henselmans, E. A. Arkenbout, W. R. van Furth, and P. Breedveld,
HelixFlex: bioinspired maneuverable instrument for skull base surgery, Bioinspiration &
biomimetics 10, 66013 (2015).

[25] K. Riojas, P. Anderson, R. Lathrop, S. D. Herrell, C. Ruker, and R. J. Webster, 4
Hand-Held Non-Robotic Surgical Tool with a Wirist and an Elbow, |IEEE Transactions on
Biomedical Engineering (2019).



http://dx.doi.org/ 10.5402/2013/726506
http://dx.doi.org/ 10.5402/2013/726506
http://dx.doi.org/10.1109/TRO.2009.2035740
http://dx.doi.org/10.1109/IROS.2015.7353661
http://dx.doi.org/10.1109/IROS.2015.7353661
http://dx.doi.org/10.1109/TRO.2018.2830334
http://dx.doi.org/10.1109/IROS.2012.6385696
http://dx.doi.org/ 10.3233/ABB-2011-0018

126 References

[26] C. Fan, D. Dodou, and P. Breedveld, Review of manual contro/ methods for handheld
maneuverable instruments, Minimally Invasive Therapy & Allied Technologies 22, 127
(2013).

[27] P. L. Anderson, R. A. Lathrop, and R. J. Webster Ill, Robot-like dexterity without com-
puters and motors. a review of hand-held laparoscopic instruments with wrist-like tip
articulation, Expert review of medical devices 13, 661 (2016).

[28] C. Culmone, G. Smit, and P. Breedveld, Additive manutacturing of medical instruments:
A state-of-the-art review, Additive Manufacturing 27, 461 (2019).

[29] J. Mintenbeck, M. Siegfarth, R. Estafia, and H. Wérn, Flexible instrument for minimally
Invasive robotic surgery using rapid prototyping technology for fabrication, |EEE/ASME
International Conference on Advanced Intelligent Mechatronics, AIM , 1085 (2014).

[30] T. K. Morimoto and A. M. Okamura, Design of 3-D Printed Concentric Tube Robots,
IEEE Trans. Robotics 32, 1419 (2016).

[31] D. B. Roppenecker, A. Pfaff, J. A. Coy, and T. C. Lueth, Multi Arm Snake - Like Robot
Kinematics, (2013) pp. 5040-5045.

[32] Y. S. Krieger, D. B. Roppenecker, |. Kuru, and T. C. Lueth, Multi-Arm Snake-Like Robot,
IEEE Int. Conf. Robot. Autom. , 2490 (2017).

[33] A. Schneider and H. Feussner, Chapter 7 - operative (surgical) laparoscopy, in |Biomedical
Engineering in Gastrointestinal Surgery, edited by A. Schneider and H. Feussner (Academic
Press, 2017) pp. 269-327.

[34] F. Jelinek, R. Pessers, and P. Breedveld, Dragonfilex Smart Steerable Laparoscopic In-
strument, Journal of Medical Devices 8, 015001 (2014).

[35] J. Gardan, Additive manufacturing technologies: state of the art and trends, International
Journal of Production Research 54, 3118 (2016).

[36] J. Jiang, X. Xu, and J. Stringer, Support structures for additive manufacturing: a review,
Journal of Manufacturing and Materials Processing 2, 64 (2018).

[37] M. Fernandez-Vicente, M. Canyada, and A. Conejero, /dentifying limitations for design
for manufacturing with desktop FFF 3D printers, International Journal of Rapid Manufac-
turing 5, 116 (2015).

[38] J. Kranz, D. Herzog, and C. Emmelmann, Design guidelines for laser additive manu-
facturing of lightweight structures in TiA/6V4, Journal of Laser Applications 27, S14001
(2015).

[39] M. Cloots, A. Spierings, and K. Wegener, Assessing new support minimizing strategres
for the additive manufacturing technology SLM, in Solid Freeform Fabrication Symposium
(SFF), Austin, TX, Aug (2013) pp. 12-14.

[40] M. Langelaar, 7opology optimization of 3D self-supporting structures for additive manu-
facturing, Additive Manufacturing 12, 60 (2016).

[41] D. Chakravorty, 3D Printing Support Structures — All You Need To Know in 2019, (2019).


http://dx.doi.org/ https://doi.org/10.1016/j.addma.2019.03.015
http://dx.doi.org/10.1109/AIM.2014.6878225
http://dx.doi.org/10.1109/AIM.2014.6878225
http://dx.doi.org/ 10.1109/TRO.2016.2602368
http://dx.doi.org/ https://doi.org/10.1016/B978-0-12-803230-5.00007-5
http://dx.doi.org/ https://doi.org/10.1016/B978-0-12-803230-5.00007-5
http://dx.doi.org/ 10.1115/1.4026153
https://all3dp.com/1/3d-printing-support-structures/

Chapter 5 127

Figure 5.14: Video of the motion of the HelixFlex
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Abstract

In laparoscopy, a small incision size reduces damage to healthy tissues but leads to
consequent impairment of the surgeon’s maneuverability. Such reduction introduces
new challenges, such as the loss of wrist articulation or the impossibility of overcom-
ing obstacles. A possible approach is using multi-steerable cable-driven instruments
fully mechanical actuated, which allow great maneuverability while keeping the wound
small. In this work, we compared the usability of the two most promising cable con-
figurations in 3D printed multi-steerable instruments: a parallel configuration with all
cables running straight from the steerable shaft to the handle; and a multi config-
uration with straight cables in combination with helical cables. Twelve participants
were divided into two groups and asked to orient the instrument shaft and randomly
hit six targets following the instructions in a laparoscopic simulator. Each partici-
pant carried out four trials (two trials for each instrument) with 12 runs per trial.
The average task performance time showed a significant decrease over the first trial
for both configurations. The decrease was 48% for the parallel and 41% for the
multi configuration. Improvement of task performance times reached a plateau in
the second trial with both instruments. The participants filled out a TLX question-
naire after each trial. The questionnaire showed a lower burden score for the parallel
compared to multi configuration (23% VS 30%). Even though the task performance
time for both configurations was comparable, a final questionnaire showed that 10
out of 12 participants preferred the parallel configuration due to a more intuitive hand
movement and the possibility of individually orienting the distal end of the steerable
shaft.
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6.1. Introduction

Laparoscopic surgery is a minimally invasive procedure in which several small incisions
allow access to the human body by means of long and straight surgical tools. The
reduction of the incision size reduces the post-operative pain and the recovery time
for the patient, minimizes the scar tissue, thus obtaining better cosmetic results,
and improves the cost-effectiveness of the procedure. Despite its great advantages,
laparoscopy introduces new hurdles, e.g., due to the loss of wrist articulation and the
introduction of a fulcrum effect [l, 2].Due to the pivoting point in the abdominal
wall, the movement of the end-effector is inverted with respect to the handle. This
so-called fulcrum effect results in a steeper learning curve. With the advent of new
domains of minimally invasive surgery, such as single-port laparoscopy, transluminal,
and intraluminal procedures, new challenges arise. For instance, accessing the target
area becomes demanding when its optimal approach direction is not aligned with the
rigid instrument shaft inserted through the incision [3].

Many robotic platforms have been proposed to overcome the limits in laparoscopy.
One of the most famous platforms is the Da Vinci® robotic system offered by
Intuitive Surgical Inc. (Intuitive Surgical Inc., Sunnyvale, Ca, USA) [4]. Robotic
platforms give the surgeon additional degrees of freedom (DOF), three-dimensional
visualization of the surgical site, and eliminate the fulcrum effect. However, they
require a large footprint and high maintenance cost that makes the price-benefit ratio
unfavorable for many procedures [B].

An alternative approach is the use of handheld mechanical solutions, in which
the surgeon's dexterity is enhanced by a steering mechanism with an additional two
DOF close to the end-effector. Many research prototypes and commercialized in-
struments have been designed, and different solutions have been proposed to control
the steerability of the end-effector [§, [7]]. The two most used control strategies in
handheld instruments are wrist contro/, in which the movement of the wrist is used
to steer the end-effector, such as found in the Laparo-Angle [8] or the LaparoFlex
8], and thumb contro/, in which the thumb controls the steering by means of a
joystick [10], a trackball [11], or a steering wheel [12, 13]. Comparative studies
have been carried out on these two different control strategies to identify the most
beneficial handheld control for the surgeon [14-16]. However, despite the 2-DOF
steerable end-effector, the shaft rigidity of these instruments still restricts the sur-
geon's workspace, limiting surgical use to procedures in which no obstacles need to
be passed without being touched. To further improve maneuverability, mechanical
solutions such as cable-driven mechanisms [L7-19], or concentric continuum tubes
[20] have been proposed to design a multi-steerable shaft enabling the surgeon to
move along complex double-curved paths. In cable-driven solutions, the cab/e contro/
strategy plays an important role [21]. Cables can vary from a minimum of three for
steering in two planes [22] to four or more as in the so-called cable-ring configura-
tion [23], Figure @a. In our group, we have explored two different cable control
strategies for controlling cable-driven multi-steerable instruments: a control strategy
based on cables straightly guided from the steerable shaft to the control handle (par-
allel configuration) [24], and a control strategy based on the combination of straight
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and helically cables placed around the backbone of the shaft and the control handle
(multi-actuation configuration) 18], Figure p.1b-c.

Whereas control strategy comparisons have been performed for 2-DOF instru-
ments with only one steerable segment, a comparison in the steering and control
of multi-steerable instruments with two or more segments has not yet been carried
out. As a result, there is a lack of information about which way of controlling multi-
steerable instruments is more convenient to the surgeon. In this study, we developed
3D printed multi-steerable instruments using parallel and multi configurations. Using
these instruments, we carried out an experiment with 12 participants to compare the
two control strategies and identify which one has a steeper learning curve, faster task
performance time, requires a lighter workload, and is preferred by the participants.

Parallel configuration Multi configuration

a) : b) q

Figure 6.1: Multi-steerable strategies to control surgical instruments. a) Cable-ring mechanism with its
cross-section. Cables are placed concentrically to actuate the segments and guide each other along the
shaft, adapted from [R3]. b) Parallel configuration of a multi-steerable instrument, adapted from [25]. c)
Multi configuration of a multi-steerable instrument, adapted from [@]

6.2. Cable configuration strategies

Cable-driven steerable instruments are controlled by actuation forces applied to their
steering cables. In multi-steerable instruments, various deformation modes can be
generated with different cable configurations, determining the behavior of the steer-
able shaft. In a 2D representation of one segment, we can define a generic steerable
segment as an incompressible compliant backbone, with a length L, in which a rigid
end plate of 2R in length is attached at the distal end, Figure @ The proximal end
of the backbone is fixed and represents the connection with the shaft. Actuation ca-
bles are attached at the outer ends of the end plate. In the case of a 2D symmetrical
cable configuration, each segment can have two parallel cables (the parallel configu-
ration), two diagonal cables, or the combination of diagonal and parallel cables (the
multi configuration).
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6.2.1. Parallel configuration

In the parallel configuration, cables are placed parallel to the backbone, and the pulling
force F, is parallel to the longitudinal axis of the segment, Figure @a. Therefore, the
bending moment is constant along the segment length L because the perpendicular
distance R between the force application point and the backbone stays constant along
the segment length L. The bending moment, therefore, defines the orientation angle
of the segment, and the deflection mode will result in a curve with a constant bending
radius. Segments with a parallel configuration can be combined by placing them on
top of one another so that the base of the first segment acts as the top of the second
segment and so on. The combination of the segment angles defines the position and
the orientation of the end-effector, i.e., the end plate of the most distal segment,
allowing different deformation modes.

6.2.2. Multi-actuation configuration

In the diagonal configuration (Figure @b), cables connect the end plate to the fixed
base by crossing each other. Forces Fd are applied along the cable direction and
can be split into the F, and F, components. When the cables cross each other at
L/2, the segment will have a symmetric bending moment and, therefore, symmetric
behavior, enabling a double-curved shape deformation mode as shown in Figure @b.
In this case, the end plate translates laterally in the direction of the F, force while
the orientation of the end plate remains unchanged. Full control with only one seg-
ment can be obtained by combining parallel and diagonal cables, Figure @c. This
combination, which will be referred to as the multi configuration [18], results in a
mechanical behavior similar to the parallel configuration but with only one segment
instead of multiple segments.

6.2.3. Three-dimensional representation

Navigation through confined anatomy requires instruments able to move in a 3D
space. For instruments based on the paralle/ configuration, 3D motion can be
achieved by using a minimum of three a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>