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Propositions

accompanying the dissertation

SELF-PROPELLING NEEDLES

From biological inspiration to percutaneous interventions

Marta Scali
Increasing the number of components decreases the design complexity of a
self-propelling needle (This proposition pertains to this dissertation).

Science fiction movies facilitate brainstorming sessions for the design of
medical instruments.

Learning a skill is a skill on its own.

Supporting scientists to publish negative results will speed up technological
development.

Bureaucracy promotes conflict-avoidance behaviour.

Peak performance is a delicate balance between rigid discipline and flexible
mindset.

Creativity is a tool to create new standards.

Making working from home obligatory at least once a week is a solution to
climate change.

Teaching human psychology to researchers, in particular PhD students, will
enhance productivity.

To facilitate a conversation, the Dutch should learn how to tell a story and the
Italians should learn how to ask a question.

These propositions are regarded as opposable and defendable, and have been approved

as such by the promotors Prof. dr. ir. P. Breedveld and Dr. D. Dodou.
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Summary

During percutaneous interventions, medical needles are inserted through the skin inside
the body to collect diagnostic samples or to inject substances in a minimally invasive manner.
However, when the target to be reached is located deep inside the body, needle insertion
becomes challenging: the needle should be long enough to reach the target, thin (diameter
lower than 1 mm) to limit tissue damage, and preferably steerable in order to move around
obstructing anatomical structures. No needle currently used in medical practice combines all
these characteristics: slender (i.e., long-and-thin) needles are susceptible to buckling, and
steerable mechanisms require space, inhibiting miniaturization.

In nature, such needles exist. Some species of parasitic wasps use their slender ovipositor
to puncture, advance and steer through solid substrates, such as fruits or wood. These wasps
use a push-pull mechanism to advance their ovipositor through the substrate without
buckling. Translating that mechanism into a technical system might help to solve the current
challenges with medical needles. Accordingly, this thesis aimed to design, develop, and
evaluate a new ovipositor-inspired ultra-thin (i.e., submillimetre diameter) and long needle
that can move through solid substrates.

First, a comprehensive overview of steerable needle designs and mechanisms is presented
(Chapter 2). A classification of mechanical working principles was created to categorize the
existing mechanical solutions for 3D steering through solid organs. Two main classes were
identified: needles with a simple design, such as pre-curved needles, which are easy to
miniaturize, but they need rotation around the body axis to steer in 3D, and cable-actuated
needles, which are able to steer omnidirectionally without axial rotation of the body, but they
usually have complex designs, hampering miniaturization.

Inspired by the ovipositor of parasitic wasps, a 1.2-mm diameter, 160-mm long needle
prototype was developed (Chapter 3). The needle consists of seven flexible Nitinol wires
connected at the tip by a straight, flower-shaped ring. The needle was able to move through
gelatine with zero net push force and steer omnidirectionally by creating an offset at the tip.
A second ovipositor-inspired needle prototype was developed with the aim of increasing the
steerability of the first prototype (Chapter 4). In order to do so, the straight ring of the
previous prototype was replaced by a tapered flower-shaped ring.

Next, three ovipositor-inspired needle prototypes were developed (Chapter 5), with the
goal of miniaturizing the needle design. The prototypes had a length of 300 mm and
diameters of 0.8 mm, 0.6 mm and 0.4 mm. The reduction in diameter was achieved by
replacing the aluminium flower ring from Chapters 3 and 4 with a thin-walled shrinking tube
to keep the Nitinol wires together at the tip. All three prototypes were able to self-propel
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through single- and multi-layer tissue-mimicking phantoms without buckling. The 0.8-mm
diameter needle prototype was also preliminarily tested ex vivo. Results showed that this
prototype self-propelled through porcine kidney, liver and brain (Chapter 6).

Chapter 7 describes the design of a 0.5-mm diameter probe which combines the simplicity
of the pre-curved needle design with the steering capabilities of cable-actuated needles. The
prototype probe was able to steer in 3D without the need of axial rotation through gelatine.
The probe was also able to follow a multi-curved path. Ultra-thin submillimetre steerable
probes can be advantageous for correcting small deviations from the pre-defined trajectory
and for making complex curvatures to avoid sensitive structures into the body.

This thesis demonstrates the value of adopting a biological mechanical solution to solve
the challenges with standard needles during percutaneous interventions. The proposed bio-
inspired needle design and mechanism of motion hold great promise to improve accuracy
and safety during delicate percutaneous procedures and to perform those that are not yet
possible.



Samenvatting

Tijdens percutane ingrepen worden medische naalden door de huid in het lichaam
ingebracht om diagnostische monsters te nemen of om vloeistoffen op een minimaal
invasieve manier te injecteren. Wanneer de beoogde locatie zich echter diep in het lichaam
bevindt wordt het inbrengen van de naald een uitdaging: de naald moet namelijk lang genoeg
zijn om deze locatie te bereiken, dun zijn (diameter kleiner dan 1 mm) om weefselschade te
beperken, en bij voorkeur stuurbaar zijn om versperrende, anatomische structuren te
ontwijken. Geen enkele naald die momenteel in de medische praktijk wordt gebruikt,
combineert al deze kenmerken: slanke (d.w.z. lange en dunne) naalden hebben de neiging te
knikken, en bestuurbare mechanismen vereisen ruimte, waardoor miniaturisatie wordt
verhinderd.

In de natuur bestaan dergelijke naalden. Sommige soorten sluipwespen gebruiken hun
slanke legboor om door vaste substraten, zoals fruit of hout, te boren en te sturen. Deze
wespen gebruiken een trek-duw mechanisme om hun legboor zonder knikken door het
substraat te bewegen. Het vertalen van dit mechanisme naar een technisch systeem zou
kunnen helpen om de huidige uitdagingen van medische naalden op te lossen. Zodoende was
het doel van dit proefschrift om een nieuwe, geinspireerd door de wesplegboor, ultradunne
(d.w.z. sub-millimeter-diameter) en lange naald te ontwerpen, ontwikkelen, en evalueren, die
door vaste substraten kan bewegen.

Eerst wordt een uitgebreid overzicht gepresenteerd van bestaande ontwerpen van
stuurbare naalden en mechanismen (Hoofdstuk 2). Er wordt een classificatie van de
mechanische werkingsprincipes geintroduceerd waarmee bestaande mechanische
oplossingen om in 3D door solide organen te bewegen kunnen worden gecategoriseerd. Er
werden twee hoofdklassen geidentificeerd: naalden met een simpel ontwerp, zoals
voorgebogen naalden, die eenvoudig te miniaturiseren zijn maar die rond hun lichaams-as
moeten worden gedraaid om in 3D te kunnen bewegen, en kabel-gedreven naalden, die
omni-directioneel kunnen sturen zonder rotatie om hun lichaams-as, maar wiens ontwerp
doorgaans complex is, waardoor miniaturisering wordt belemmerd.

Geinspireerd op de legboor van sluipwespen werd een prototype van een naald
ontwikkeld met een diameter van 1.2 mm en een lengte van 160 mm (Hoofdstuk 3). De naald
bestaat uit zeven flexibele Nitinol draden die aan de tip verbonden zijn door een rechte,
bloemvormige ring. De naald was in staat om door gelatine te bewegen met nul netto
duwkracht en kon omni-directioneel sturen door het creéren van een offset aan de tip. Een

tweede door de legboor geinspireerde naald prototype werd ontwikkeld met verbeterde
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stuurbaarheid als doel (Hoofdstuk 4). Hiervoor werd de rechte ring van het eerste prototype
vervangen door een tapse bloemvormige ring.

Vervolgens werden drie, op de legboor geinspireerde, naaldprototypes ontwikkeld gericht
op de miniaturisering van het ontwerp (Hoofdstuk 5). Deze drie prototypes hadden een
lengte van 300 mm en een diameter van 0.8 mm, 0.6 mm en 0.4 mm. De reductie in diameter
werd mogelijk gemaakt door de aluminium bloem-vormige ring van Hoofdstukken 3 en 4 te
vervangen door een dunwandige krimpkous om de Nitinol draden bij elkaar te houden aan
de tip. Alle drie de prototypes waren in staat om zichzelf zonder te knikken voort te bewegen
door enkellaags en meerlaags weefsel-imitaties. Het naaldprotoype met een diameter van 0.8
mm diameter werd ook voorlopig ex vivo getest. De resultaten toonden aan dat dit prototype
in staat was om zichzelf voort te bewegen door varkensnier, -lever, en -hersenen
(Hoofdstuk 6).

Hoofdstuk 7 beschrijft het ontwerp van een sonde met 0.5 mm diameter die de eenvoud
van een voorgebogen naald-ontwerp combineert met de stuurbaarheid van kabel-gedreven
naalden. De prototype-sonde was in staat om in 3D door gelatine te sturen zonder dat
daarvoor een axiale rotatie nodig is. De sonde was ook in staat om een meervoudig gekromd
pad te volgen. Ultradunne sub-millimeter, stuurbare sondes maken het mogelijk om kleine
afwijkingen van een vooraf bepaald pad te corrigeren, en om complexe krommingen te
realiseren waarbij kwetsbare structuren in het lichaam vermeden kunnen worden.

Dit proefschrift toont de waarde aan van het overnemen van een biologisch-mechanische
oplossing om de uitdagingen van bestaande medische naalden voor percutane interventies
op te lossen. Daarmee zijn het voorgestelde, door de natuur geinspireerde, naaldontwerp en
bewegingsmechanisme erg veelbelovend, zowel om de nauwkeurigheid en veiligheid van
delicate percutane procedures te verbeteren, maar ook om nieuwe type interventies mogelijk

te maken.
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Chapter 1

Introduction

“A journey of a thousand miles

begins with a single step”

Lao Tzu



Chapter 1

1.1. MEDICAL NEEDLES AND THEIR USE

At the time of the ancient Greeks and Romans, simple hollow tubes were used to administer
liquids into natural orifices of the body. It was only in 1844, when Dr. Francis Rynd [1]
injected painkillers through the skin of his patient, that the modern medical needle was
invented. Since then, the design has basically remained unchanged (Figure 1.1). Designed as
a hollow, slender tube with a sharp tip, the medical needle provides access through the skin
to internal tissues to carry out diagnostic and therapeutic procedures in a minimally invasive
way.

For example, during blood sampling, a needle connected to a syringe is inserted into a
vein in the arm, to extract blood for diagnostic analysis. In regional anaesthesia, clinicians
inject medication near a group of nerves, to numb the area of the body that requires surgery
[2]. During a biopsy procedure, a needle can be used to extract a tissue sample for cancer
diagnosis [3]. Needles are also used in brachytherapy [4], to insert radioactive seeds inside
the prostate for cancer treatment, or as introduction tool for guidewires [5] and catheters [6].
The success of these procedures relies on the accuracy and precision of needle targeting.

(b)

Figure 1.1. Medical needle. (a) Antique needle and syringe [7], (b) Six modern needles with Luer connectors
for the syringe. The color indicates the needle diameter [8].

During percutaneous procedures, physiological processes, such as breathing and heart
beating, might cause the tissue to move, leading to targeting errors [9]. Furthermore, in these
procedures, the needle crosses several tissue types with different mechanical properties (e.g.,
stiffness), which could cause the needle to deviate from its planned trajectory [10]. Finally,
human error, such as wrong needle placement, might compromise the success of the
procedure [11]. Clinicians can correct for needle misplacement either by retracting and re-
inserting the needle multiple times until the target is reached [12] or by manipulating the
base of the needle (i.e., the part of the needle outside the patient) to re-direct the needle [13].
The second option is preferred over the first, because multiple needle insertions might
increase procedure time and discomfort for the patient.

In the past years, studies on models estimating needle deflection [14, 15], robotic needle
guidance [16, 17], and needle tracking [18, 19] have been presented, to improve the accuracy
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in needle targeting by limiting manual corrections. Also, the use of external imaging systems,
such as X-ray and ultrasound, helps clinicians to monitor the needle inside the body during
the procedure [20, 21].

1.2. STEERABLE NEEDLES

Common needles have a straight, rigid body, meaning that they can in principle only follow
a straight path. However, when the target is located deep inside the body, a simple straight
trajectory could not be sufficient because of the presence of vulnerable anatomic obstacles
such as organs or blood vessels between the entry and the target point. To overcome this
limitation, flexible steerable needles have been developed and studied by a number of
research groups (a detailed state-of-the-art on this topic is presented in Chapter 2). Steerable
needles are able to follow a curved path, which is useful for avoiding anatomical obstacles
between the entry and the target point and for compensating for unwanted needle deflections.

A common way to achieve needle steering is via tip asymmetry. A needle with a bevel-tip
[22] or a pre-curved tip [23] can steer through tissue because of asymmetric reaction forces
at the tip upon insertion. Bevel-tip and pre-curved needles are designed to steer in one
direction, meaning that, in order to achieve 3D steering, rotation around the needle axis is
necessary. However, the rotation along the long and very slender needle body might not
exactly match the rotation applied at the handle [24], which makes the control of the needle
trajectory challenging, particularly in the case of large insertion depths. One solution to this
problem is the use of tendon-driven steerable needles [25]. This type of needles steer without
the use of interaction with the tissue, which opens possibilities for steering in 3D with no
need of rotation around the body axis. However, the design of tendon-driven needles is

complex, which inhibits their miniaturization.

1.3. BIOLOGICAL INSPIRATION

In nature, needle-like systems are used to puncture and penetrate solid structures for feeding
or reproduction [26]. Some species of female parasitic wasps bear a thin and flexible needle-
like structure, called ovipositor, used to lay eggs into hosts hidden into solid substrates, such
as fruits or wood [27]. The ovipositor consists of three longitudinal parts, called valves: one
dorsal valve and two ventral valves (Figure 1.2). A tongue-and-groove mechanism, the

olistheter, connects the valves along their length, preventing their separation [28].
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dorsal
olistheter

Figure 1.2. Structure and anatomy of the wasp ovipositor. (a) Wasp Diachasmimorpha longicaudata
(Braconidae) ovipositing into an agar gelatine substrate (Courtesy of Uros Cerkvenik, Sander W.S.
Gussekloo, Johan L. van Leeuwen). (b) SEM image of the ovipositor of D. longicaudata. (Scale bar: 100
um) (adapted with permission from [29]). (c) Cross-section and internal anatomy of the ovipositor
(adapted with permission from [28]).

The ovipositor can be few pum thin with a length of few cm. Despite its high aspect ratio
(e.g., a 260 length-to-diameter ratio in the wood-probing wasp Megarhyssa atrata [30]), the
ovipositor advances through substrates as hard as wood without buckling or breaking. The
secret of its success is in the mechanism of motion. The ovipositor insertion is done by
antagonistically moving the valves: one valve moves forward while the other valves are used
as support [31]. Some species have directional serrations at the ovipositor tip, to help the
valves anchor against the substrate [32]. In some cases, the wasp pulls backwards two of the
three valves, anchoring on the substrate and allowing the third valve to advance through the
substrate. This mechanism limits the amount of forward motion of the valve that is protruded
and protects the ovipositor from excessive axial load and net push force. Researchers have
shown that the wasp is also able to steer the ovipositor to precisely reach the target host [33,
34].

A number of hypotheses have been proposed about the steering mechanism of the wasp
ovipositor [33]. During the reciprocal motion of the valves, the relative position between the
valves changes, creating an asymmetry at the tip. Because the tip of the valves has a bevel
shape, asymmetric forces arise at the tip. These forces might be the cause of the ovipositor
bending [29]. Additionally, the steering might be enhanced by the fact that the valves are pre-
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curved, that is, they tend to curve in a specific direction when no opposite force is applied.
When the valves are aligned, they are “forced” in a straight configuration. As soon as one pre-

curved valve is protracted, it will curve.

1.4. BIOLOGICALLY INSPIRED NEEDLES

Engineers in several application fields, from planetary (e.g., Mars) and Earth drills [35] to
medical needles and probes [36], have shown interest in the design of the ovipositor of
parasitic wasps and the mechanism of advancing and steering through substrates. Rodriguez
y Baena and co-workers, for example, developed a probe consisting of four segments, each of
them with a bevel-tip, connected with a jigsaw-puzzle interlocking mechanism similar to the
olistheter in the wasp ovipositor [36]. In their paper, a series of prototypes are presented, with
diameters ranging between 12 mm [37] and 2 mm [38]. The authors showed that the probe
is able to self-propel by using a reciprocal actuation sequence and that the use of such probes
has the potential to decrease the damage to the tissue and the target displacement as
compared to when the probe is directly pushed [39]. Additionally, the probes were able to
steer by creating an asymmetry at the tip [40].

At Delft University of Technology, Sprang et al. [41] developed a needle (2-mm thick)
consisting of four rigid longitudinal square segments. These authors showed that a needle
without directional serration is able to self-propel through gelatine phantoms with zero
external pushing force. This is possible when the surface-dependent friction acting on the
protruding segment and the cutting force acting at its tip is compensated by the difference in
contact area between the stationary and the protruding segments.

1.5. NEEDLE DIAMETER

Although 2 mm thick ovipositor-inspired needles do exist [38], their size is still too big for
use in most clinical settings. Typical needle diameters range from 2.1 mm (14 G?) for tissue
sampling, where a part of tissue is removed to be diagnosed [42], to 0.5 mm (27 G) for spinal
anaesthesia, where a local anaesthetic is injected in the spinal cord [43]. Smaller diameters
are required, for example, in ophthalmology, where needles as thin as 0.3 mm (30 G) are used
[44]. Needles with a larger diameter are easier to handle and allow to collect bigger samples,

but they also cause more damage to the tissue and pain to the patient. Therefore, when

'Birmingham gauge: the main system for measuring the outer diameter of needles. Smaller gauge

numbers indicate larger outer diameters.
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possible, thinner needles (diameter smaller than 1 mm) are preferred over thicker needles
[45].

1.6. AIM AND RESEARCH OBJECTIVES

Pushing and steering a thin needle through a solid substrate is challenging. Buckling might
occur and unwanted trauma to the tissue might result from the rotation of the needle body
used in current steering techniques. Parasitic wasps use an ingenious biological method to
protrude and steer a thin and long needle through a solid substrate while avoiding buckling
and without the need of rotation of the body. Such a wasp-inspired needle would help doctors
reach deep targets into the body avoiding tissue damage and pain for the patient.

The aim of this thesis is to design, develop, and evaluate a new biologically inspired needle
that can steer and self-propel at a submillimeter scale. The following research objectives were

addressed to achieve the above aim:

e To investigate the state-of-the-art of mechanical working principles of steerable
needle-like instruments.

e Toinvestigate how the mechanical working principles of the wasp ovipositor can be
translated into the design of needles able to self-propel and steer through solid
structures.

e To develop self-propelling and steerable needles with a diameter smaller than 1 mm.

e  To evaluate the self-propelling behaviour of an ovipositor-inspired needle in single-

and multi-layered phantoms.

In this research, we explored the benefits of using an ovipositor-inspired working principle
for the development of a new generation of medical needles able to reach targets located deep
inside the body accurately and precisely without buckling. Observing the ability of the wasp
to move its ovipositor forward and steer through solid substrates, inspired us to develop a

series of unique ultrathin self-propelling and/or steerable needle prototypes.

1.7. 'THESIS OUTLINE

This thesis consists of eight chapters. Chapters 2-5 and Chapter 7 are independent articles,
published in peer-reviewed journals or conference proceedings. For this reason, the
information presented in the introduction and method sections of these chapters might
overlap. To gain insight into steerable needle mechanisms, Chapter 2 presents a detailed
analysis of the mechanical working principles used for steering needle-like instruments

through solid organs. The literature study showed that, previously to the work presented in
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this thesis, a design of a needle with a diameter smaller than 2 mm, able to steer in 3D without
the need of axial body rotation has not been proposed. The next chapters focus on the
development and experimental evaluation of a series of biologically inspired needles that aim
to fill in this gap. Chapter 3 describes the design process used to translate the wasp ovipositor
into the design of a needle with a diameter of 1.2 mm. The prototype was able to self-propel
and steer in 3D without the need of axial body rotation. The two functions, steering and self-
propelling, are further investigated in Chapters 4-5. Chapter 4 presents an experimental
evaluation of a second version of the prototype with a different tip design, with the aim to
increase the amount of steering. Chapter 5 describes the parameters that influence the self-
propelling motion, looking at the properties of the needle designs and the environment. The
performance of three needle designs (diameters 0.8, 0.6, and 0.4 mm) are compared and
tested in single- and multi-layer tissue-mimicking phantoms. Each of the prototypes was able
to self-propel through the samples. Slip between the needle and the sample was used to
compare the performance of the prototypes. Chapter 6 presents an ex vivo experiment in
porcine tissue samples using the 0.8 mm ovipositor-inspired needle described in Chapter 5.
Chapter 7 describes the development of a manually controlled ultra-thin steerable needle
(diameter 0.5 mm) the size and morphology of which was inspired by the wasp ovipositor.
Chapter 8 discusses the main findings of the work and gives a number of recommendations

for future research.
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ABSTRACT

High accuracy and precision in reaching target locations inside the human body is necessary
for the success of percutaneous procedures, such as tissue sample removal (biopsy),
brachytherapy, and localized drug delivery. Flexible steerable needles may allow the surgeon
to reach targets deep inside solid organs while avoiding sensitive structures (e.g., blood
vessels). This article provides a systematic classification of possible mechanical solutions for
three-dimensional steering through solid organs. A scientific and patent literature search of
steerable instrument designs was conducted using Scopus and Web of Science Derwent
Innovations Index patent database, respectively. First, we distinguished between mechanisms
in which deflection is induced by the pre-defined shape of the instrument versus mechanisms
in which an actuator changes the deflection angle of the instrument on demand. Second, we
distinguished between mechanisms deflecting in one versus two planes. The combination of
deflection method and number of deflection planes led to eight logically derived mechanical
solutions for three-dimensional steering, of which one was dismissed because it was
considered meaningless. Next, we classified the instrument designs retrieved from the
scientific and patent literature into the identified solutions. We found papers and patents
describing instrument designs for six of the seven solutions. We did not find papers or patents
describing instruments that steer in one-plane on-demand via an actuator and in a
perpendicular plane with a pre-defined deflection angle via a bevel tip or a pre-curved

configuration.
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2.1. INTRODUCTION

Medical needles are common devices used in percutaneous procedures, such as tissue sample
removal (biopsy) [1], internal radiotherapy (brachytherapy) [2], and localized drug delivery
[3]. The success of these procedures depends on the accuracy and precision with which the
target site is reached. During biopsy procedures, for example, malpositioning of the medical
needle can lead to false diagnosis and healthy tissue damage [4, 5]. Similarly, accurate
positioning of radioactive seeds is necessary for brachytherapy [6], and wrong positioning of
the needle during peripheral or central anesthesia could cause neurological complications
[7]. When the target is reachable via a straight trajectory, rigid needles are typically used. The
physician carefully chooses the puncturing angle and pushes the needle forward in order to
reach the target. Once the needle is inside the tissue, only small adjustments of the trajectory
are possible. Misestimating the puncturing angle requires withdrawing and reinserting the
needle, which elongates procedure times and increases patient discomfort.

Flexible steerable needles have the potential to allow the surgeon to reach targets located
deep inside the body with higher accuracy and precision than rigid straight needles do.
However, several parameters undermine the accurate placement of steerable needles,
including needle deflection due to needle-tissue interaction, organ movement due to
physiological processes (e.g., breathing), and human error [8, 9].

The navigation of a flexible steerable needle in the human anatomy can be controlled
manually or automatically. In the latter case, a robot is used to align the needle with the target
location in real time, thereby reducing human error during the pre-insertion phase [10]. Real-
time correction of the needle path requires a detailed model of the interaction between the
tissue and the needle. Defining the right model for the procedure is challenging due to a vast
amount of variables that have to be taken into account, such as needle geometry and tissue
properties (for a comprehensive review on this subject, see Gao et al. [11]). Therefore, mainly
manually controlled steerable needles are used in percutaneous interventions. Manually
controlled needles allow the physician to correct the trajectory of the needle toward the target
by, for example, maneuvering the tip of the needle with a joystick, at the cost of inducing
human error [12].

The steerability of a flexible needle depends on the mechanical design of the needle and
the control strategy used, with the latter having been more broadly investigated than the
former [13] (for a review, see Abolhassani et al. [14]). So far, needle steerability in terms of
mechanical design has been investigated in two reviews [15, 16]. Cowan et al. [15]
distinguished between three steering methods: (1) tip-based steering, relying on an
asymmetric needle tip for deflection, (2) lateral manipulation, in which the base of the needle

is moved perpendicularly to the needle insertion axis, and (3) steering by means of tissue
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manipulation, in which instead of steering the needle toward a stationary target, external
forces are applied to the tissue to align the target with the needle trajectory. In the second
review [16], a distinction was made between active steering, referring to needles that are
steered by means of actuation with no need of tissue interaction, and passive steering, relying
on needle-tissue interaction forces that lead to deflection of the needle.

Both reviews follow a bottom-up approach in which existing needles and needle designs
are clustered based on their steering strategy. Moreover, both reviews focus on scientific
literature only and do not include patent literature. In this review article, we adopted a top-
down approach, focusing on the fundamental differences between steering mechanisms of
needle-like instruments and on logically derived design solutions, with the goal to create a
framework of all mechanically possible solutions for three-dimensional (3D) steering
through solid organs. Moreover, we expanded the search in the patent literature, and we
applied a systematic search and review methodology, in order to provide a comprehensive

overview of the state of the art.

2.2. LITERATURE SEARCH METHODS

A search of the scientific literature and the patent literature for instruments that can be
steered through solid organs was conducted using Scopus and the Web of Science Derwent
Innovations Index (DII), respectively. In both databases, the search query was a Boolean
combination of keywords regarding the following: (1) the instrument type, (2) the target
application, and (3) the function of interest, while excluding terms that led to a considerable

amount of noise in the search results.

2.2.1. Scientific literature search

We conducted our scientific literature search in Scopus. Scopus offers several advantages
compared to both Google Scholar and Web of Science. Google Scholar provides the broadest
coverage out of all three search services [17], but one of its limitations is that it does not allow
for nested Boolean searches or for exclusively searching in the abstract of papers. Web of
Science does allow for complex syntaxes and for searching within specific parts of papers, but
it comprises fewer journals and conference proceedings than Scopus. Furthermore, in Web
of Science, each paper is classified in only one discipline, meaning that even if a paper is
related to both the disciplines of, for example, Engineering and Computer Sciences, it will
still be classified in either Engineering or Computer Sciences, and not in both [18].

In our Scopus search, we used the function “LIMIT TO” to limit the search to English
language papers and within the subject areas “Engineering” and “Medicine”, which means
that all the papers classified in Engineering and Medicine were included (i.e., even those that
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were not exclusively classified to these two disciplines but were cross-classified to third
disciplines). The entire search query was TITLE-ABS-KEY((needle OR probe OR cannula OR
stylet) AND (tissue OR medic* OR surg*) AND (steer* OR deflect* OR articulat* OR maneuv*
OR manoeuv* OR “flexible needle”) AND NOT (sutur* OR syringe)) AND (LIMIT-TO
(SUBJAREA, “MEDI”) OR LIMIT-TO(SUBJAREA, “ENGI”)) AND (LIMIT-TO(LANGUAGE,
“English”)). No limitation to the publication year was applied. Besides the search in Scopus,
we checked the references of the papers included in this review for retrieving relevant works

that were not captured by the Scopus search.

2.2.2. Patent literature search

We compared the Web of Science DII with Google Patents and Free Patents Online (FPO)
and concluded that DII provides several advantages compared to the other two patent
databases. Similar to Google Scholar, Google Patents does not support nested Boolean
searches, and it only allows for full-text searches and searches in the title rather than
exclusively searching in the patent abstract. Patent titles are often not informative, whereas a
full-text search, albeit comprehensive, would lead to extensive noise in the form of irrelevant
patents which happen to mention the search term(s) in an unrelated context. FPO does
provide the option to limit a search exclusively to specific parts of a patent (e.g., abstract) as
well as to use a nested Boolean search syntax. However, because patents typically use
nonspecific formulations in their abstract, restricting a search to the patent abstract increases
the risk of missing relevant patents. Patents in the DII database are complemented with an
edited title and abstract that are manually prepared by a human abstractor based on the
claims and novelty of the patent. The edited title and abstract also comprise information
about the uses and advantages of the technology [19]. A search in the edited title and abstract
can be performed using the DII “Topic search” (TS) field.

We restricted our search within the technological field with Derwent Class Code (DC)
“P3,” which corresponds to the health section of the engineering area. Section P3 contains
several subsections. We focused our search on the following subsections: “P31,” containing
results from the group “Diagnosis, surgery”; “P33,” representing “Medical aids, oral
administration”; and “P34,” representing “Sterilizing, syringes, electrotherapy.” We further
restricted the search regionally using the first two letters of the patent number (PN).
Specifically, we searched only for US (US*) and European (EP*) patents, as well as patent
applications (WO*). The entire search query was TS=((needle OR probe OR cannula OR
stylet) AND (tissue OR medic* OR surg¥) AND (steer* OR deflect* OR articulat* OR maneuv*
OR manoeuv* OR “flexible needle”) NOT (sutur* OR syringe)) AND DC=(P31 OR P33 OR
P34) AND PN=(US* OR WO* OR EP*). No limitation to the publication year was applied.

Patents in which priority date and inventor names were identical were considered to be

15



Chapter 2

potential duplicates. After checking the edited title and abstract of such patents for false

positives, duplicate patents were removed.

2.2.3. Eligibility criteria

Our review focuses on steerable needles. We defined a needle as an instrument that is able to
puncture a solid tissue and move through it. Instruments that can move (only) through a
body lumen, vitreous humor, or the vascular system were excluded. Furthermore, only those
instruments that are capable of maneuvering along a curved path, that is, are able to steer,
were considered as relevant. If a research group published multiple papers on the same needle
design, only the most comprehensive paper, in terms of the description of the mechanical
working principle, was included. Papers from different research groups reporting on
steerable needles of similar designs were counted as independent designs. Works that focused
on needle-tissue interaction, computational modeling, motion planning algorithms, or
control of a steerable needle and not on the mechanical design of the needle were excluded.
Also, works that only added a feature that does not relate to the steering performance of a
needle presented in a different paper or patent were excluded.

2.2.4. Study selection

The title and abstract of the scientific papers were initially screened by the first author (M.S.)
based on the above-mentioned eligibility criteria. The references of the two previous reviews
[15, 16] were also checked but did not reveal papers that were not already retrieved by our
search. Next, the full text of the remaining papers was read. To test the clarity of our eligibility
criteria, a sample of 50 scientific papers was chosen by M.S. and independently classified as
relevant or not by the last author (D.D.). The blind test resulted in 92% (46 out of the 50
papers) agreement between the two authors.

The patents were also first screened based on the eligibility criteria by reading the title and
edited abstract. Next, the selected patents were split between M.S. and T.P.P. and studied in
depth by reading the full text. When in doubt (six patents), the two authors discussed the

relevance of the work until consensus was reached about whether or not to include the work.

2.3. LITERATURE SEARCH RESULTS

The searches yielded 1292 scientific papers and 1014 patents (last update 15 February 2016).
A total of 78 patent duplicates were excluded, leaving 936 unique patents for further
inspection. After checking the title and abstract of these papers and patents based on our
eligibility criteria, 1102 papers and 857 patents were excluded, leaving 190 scientific papers
and 79 patents for full-text inspection. After full-text inspection, 22 papers and 22 patents
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were identified fulfilling all criteria. After checking the references of these 44 works, two more
relevant papers were found and added, leading to a total of 24 papers (Table 2.1) and 22
patents (Table 2.2) included in this review.

2.4. CLASSIFICATION OF POSSIBLE MECHANICAL SOLUTIONS FOR 3D
STEERING

To identify fundamentally distinct steering mechanisms, we first analysed the instrument
motions and geometrical features that are responsible for 3D steering. We assumed that every
needle can be pushed forward (i.e., translated) and rotated about its longitudinal axis. Note,
however, that when the needle interacts with the tissue, these motions can be compromised.
Specifically, when a long and thin needle is pushed into the tissue, buckling can occur [64],
whereas rotation of a needle as it is advanced in the tissue can generate a torsional stress on
the needle body which may result in angular lag between the orientation of the needle base
and the needle tip, making the control of the needle trajectory difficult [65]. Moreover, to
maneuver a needle in 3D, translation and rotation are not sufficient. To enable 3D steering,
the needle (or its tip) should be also able to deflect. The first level of our classification
concerns the way in which needle (or tip) deflection is induced. Specifically, we distinguish
between needles with a pre-defined deflection angle and needles with an on-demand deflection
angle. Needles with a pre-defined deflection angle have a pre-defined shape that determines
the deflection angle of the needle. These needles can have a particular tip shape (e.g., bevel
tip) or a particular body shape (e.g., pre-curved needles). Needles with an on-demand
deflection angle have one or more means (e.g., wires, a magnetic head, etc.) able to change
the deflection angle of the needle upon actuation.

The second level of our classification concerns the number of planes in which a needle
can deflect. Needles with a pre-defined shape or an on-demand actuation can deflect in one
plane, whereas deflection in a perpendicular plane is achieved by retracting the needle,
rotating it about its longitudinal axis, and pushing it again forward. It follows that deflection
in one plane (called henceforth single deflection) is sufficient for 3D steering. Some needles,
however, allow for deflection in two perpendicular planes (called henceforth double
deflection) without the need of rotation, which increases the number of possible 3D
configurations of the needle, thereby improving steerability as compared to needles relying

on single deflection.
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The third level of our classification depicts eight distinct design solutions derived as

combinations of the deflection method (first level of the classification) and the number of

deflection planes (second level of the classification):

L.

Bevel-tip needles

In this type of needles, the distribution of forces exerted by the tissue on the bevel tip is
asymmetric, as a result of which the needle bends in the direction of the bevel.
One-plane pre-curved needles

These needles consist of an inner tube which has a pre-set curvature and is fed through
an outer straight tube.

Double bevel-tip needles

These needles have a tip which is beveled on two sides perpendicular to each other.
Two-plane pre-curved needles

These needles consist of at least two segments with a pre-set curvature perpendicular to
each other.

Bevel-tip and one-plane pre-curved needles

These needles are a combination of solutions (1) and (2).

Needles with one on-demand deflection angle

These needles contain at least one actuated part which causes deflection of the needle
upon actuation.

Needles with two on-demand deflection angles

These needles have at least two parts that lead to deflection in perpendicular planes upon
actuation.

Needles with one on-demand angle and one predefined deflection angle

These needles are a combination of solution (1) or (2) with solution (6).

We dismissed solution 3 (“Double bevel-tip needle”) as practically meaningless: a

“double” bevel tip is in essence not distinct from the bevel tips in solution 1. Therefore, in the

remainder of this review, we will consider only seven possible solutions as part of our

classification (Figure 2.1).
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2.5. ALLOCATION OF THE RETRIEVED STEERABLE NEEDLE DESIGNS IN THE
CLASSIFICATION SCHEME

The needle designs retrieved from the literature were allocated into the seven possible
mechanical solutions of our classification for 3D steering. Below, the working principle of
each of these seven solutions is described, papers and patents which apply the respective

solution are presented, and the main design variations are highlighted.

2.5.1. Bevel-tip needles

Upon advancement of a needle through a solid tissue, reaction forces are exerted by the tissue
on the tip and along the needle surface. Due to the presence of the bevel, the distribution of
these forces (so-called “tissue interaction forces”) on the tip is asymmetric. The curvature of
the trajectory can be controlled by rotating the needle while pushing it through the tissue.
When the needle is pushed forward without rotation, it bends in the direction of the bevel.
When the needle is rotated with a rate that is higher than the insertion rate, the needle follows
an approximately straight trajectory (or, strictly speaking, a helical trajectory with small
pitch). By altering between insertion with and without rotation of the needle, the surgeon can
control the curvature and thus the final trajectory of the needle. This control strategy is often
referred to as “duty cycling,” where the “duty cycle” is defined as the period in which the
needle is inserted while being rotated divided by the period of insertion without rotation. A
duty cycle of 100% yields a straight path, whereas the maximum needle deflection is achieved
when the needle is not rotated at all (i.e., a duty cycle of 0%) (see previous studies [66-68] for
examples of applications of this control strategy).

The bevel tip has been used in needles for percutaneous interventions already in the 1980s
[24] and remains one of the most popular designs for steering during such procedures [69].
Several variations of the basic bevel-tip geometry have been presented in literature. The main
purpose of these variations is to increase the maximum deflection angle of the needle either
by geometric modifications of the shaft (or a segment of the shaft) that lower its bending
stiffness [13, 23, 37, 43, 62] or by increasing the surface area that is in contact with the tissue
[52]. Swaney et al. [13] Swaney and Webster [62] presented a needle with a flexure joint
incorporated in the bevel tip, which creates a so-called “flexure tip” (Figure 2.2). Upon
insertion into the tissue, the flexure tip deflects more than the shaft due to the low bending
stiffness of the flexure. The configuration of the flexed needle looks similar to a kinked bevel-
tip needle and can bend more than a standard bevel-tip needle [70]. The curvature of the
needle is adjusted using the “duty cycling” control strategy, where the needle is
simultaneously rotated and advanced. When only rotation is applied to the needle body, the

flexure at the tip disappears and the needle returns to a configuration similar to a standard
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bevel tip. The flexure joint can be replaced with a compliant mechanism, as shown in Chen
and Chen [23], in which the needle has a bevel tip and two compliant hinges, that is, flexible
members that store energy when they are deformed (input) and transfer this energy to the
environment (output). Another way to increase the deflection angle of a bevel-tip needle is
presented by Wang et al. [37], who developed an articulated bevel-tip needle made of multiple
sections. The head of the needle bends due to asymmetric forces applied at the bevel tip, with
the articulations that are distributed along the needle body increasing the deflection angle.
Another approach for increasing the deflection angle relatively to a bevel tip is described by
Kubhle [52], who patented a needle having a bevel tip with a larger diameter than the diameter
of the shaft. The underlying principle of this mechanism is that the larger diameter of the tip
creates a larger contact area with the tissue, which leads to greater resistance from the tissue,
thereby a larger deflection as compared to a needle with uniform diameter.

Figure 2.2. Example of a bevel-tip needle. The design presents a flexure joint at the tip, which deflects
more than the shaft upon insertion in the tissue: (a) a schematic drawing (adapted from Swaney and Web-
ster [62]) and (b) a photo of the prototype [13] (courtesy of PJ] Swaney).

2.5.2. One-plane pre-curved needles

These needles consist of a straight tubular outer part (cannula) and a cylindrical inner part
(stylet) with a pre-set curvature. The pre-curved stylet is fed through the cannula which forces
the stylet to assume an approximately straight configuration. As the stylet is moved out of the
distal end of the cannula, it returns to its initial bent shape, allowing the needle to follow a
curved trajectory. Note that there exist nested cannula systems that cannot bend once into
the tissue due to their high stiffness. These systems have been excluded from our review.
We found six needles that use this steering mechanism of a pre-curved stylet/straight
cannula [12, 34, 35, 51, 53, 57, 60] and four needles with small variations of this mechanism
[42, 49, 50, 56]. Okazawa et al. [12] described a pre-curved stylet/straight cannula concept of
a steerable needle (for the complete design description of the instrument, see also Salcudean
et al. [60]) manually controlled with a joystick (Figure 2.3). Torabi et al. [35] used such a

24



Needle-like instruments for steering through solid organs - a review

steerable needle in combination with a robotic system for placing seeds during
brachytherapy. Another example of a straight cannula and pre-curved stylet is presented by
Terayama et al. [34] in combination with ultrasound imaging that provided information
about the position of the needle during the advancement through the tissue.

In one variation of the basic pre-curved stylet/straight cannula design, the shaft has
notches of various shapes and dimensions, which increase the flexibility of the instrument
and hence achieve a greater deflection angle [50]. An increase in the deflection angle can be
also achieved by having a cannula and a stylet that are both pre-curved in such a way that
they enable (i.e., reinforce) deflection toward the same direction [57]. In a more substantial
design variation, the instrument consists of a cannula with a pre-set curvature and a straight
stylet. The instrument is in its straight configuration when the stylet supports the entire
cannula length. Steering can be accomplished by retracting the straight stylet (fully or
partially) to allow the pre-curved tip of the cannula to deflect [42]. Another variation is a
hybrid instrument combining a pre-curved stylet with a bevel tip, both causing deflection in
the same plane [49, 56]. Among the pre-curved needles, the one presented by Liu et al. [53]
is commercially available under the name of “Osseoflex SN,” used for the treatment of

vertebral compression fractures.

(®)

Figure 2.3. Example of a straight cannula and pre-curved stylet. The design shows the deflection of the
stylet once it is pushed out of the cannula: (a) a schematic drawing (adapted from Salcudean et al. [60])
and (b) a photo of the prototype (from Okazawa et al. [12]).

2.5.3. Two-plane pre-curved needles

Two-plane pre-curved needles have at least two segments with a pre-set curvature
perpendicular to each other. The working mechanism of these needles is the same as that of
single pre-curved needles, with the difference that two-plane pre-curved needles can follow
a 3D path through the tissue without having to rotate the entire needle. Two-plane pre-curved
needles consist of multiple pre-curved concentric tubes arranged in a telescopic way. Each of
the tubes can independently be extended and rotated axially with respect to one another. Each
section of the shaft follows the trajectory of the tip, in what is called a “follow-the-leader”
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concept (see Sears and Dupont [31] for a detailed description of the concept). The overall
shape of the needle is determined by the position and orientation of each of the concentric
tubes (Figure 2.4). Webster et al. [39] named this design “active cannula” (for the complete
design description of the system, see also Webster et al. [63]). Recently, the concentric tube
steering mechanism has been combined with the aforementioned flexure bevel-tip needle
[13] to steer through lung tissue and reach peripheral lesions (design and application are
described in Swaney et al. [32]).

(a) (b)

Figure 2.4. Example of a two plane pre-curved needle. The design consists of multiple pre-curved concen-
tric tubes arranged in a telescopic way: (a) a schematic drawing (adapted from Webster et al. [63]) and (b)
a photo of the prototype (from Webster et al. [39]).

2.5.4. Bevel-tip and one-plane pre-curved needles

In this type of needles, the working principles of the bevel-tip needles (solution 1) and the
pre-curved needles (solution 2) are combined. A needle following this principle would have
at least two segments: one segment with a bevel tip that causes the deflection in one plane,
and another segment that is pre-curved and allows for deflection in a perpendicular plane. A
common practice is to use the two segments where the bevel angle and the pre-curvature
allow a deflection in the same plane. This design is used to increase the deflection angle as
described in the category of one-plane pre-curved needles. However, in an embodiment of a
patent by Melsheimer [56], it is mentioned that the segment with the bevel angle can be used
to generate needle deflection in the plane perpendicular to the plane of the pre-curved

segment.

2.5.5. Needles with one on-demand deflection angle

Needles with one on-demand deflection angle have at least one actuated part which causes
deflection of the needle on demand. The deflection angle of the needle can be locally and
actively controlled. Once deflected, the needle can be steered along a curved path. Even
though needles of this type seem very diverse due to the wealth of possible actuation means
(e.g., mechanical, thermal, and magnetic actuation), they all follow the same working
principle of 3D steering.
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Tendon-driven needles are examples of mechanically actuated steerable needles in which
control wires or rods are used to make the needle deflect [20, 28, 41, 44, 45, 48, 50, 53-55, 59,
61]. Two tendons (wires) run along the length of the needle body, whereas a handle at the
needle base is used to pull one of the tendons, increasing the tendon tension. Since the wires
are eccentrically attached to the needle tip, the tension in one of the tendons makes the tip
deflect. The deflection angle of the tip depends on the force applied on the tendon, with a
larger pulling force corresponding to a larger deflection angle. In two examples, Burger et al.
[45] and Liu et al. [53], the shaft of the instrument has segments with lower bending stiffness
than the bulk of the shaft. Because of the lower bending stiffness, these segments deflect upon
actuation more than the rest of the shaft. A series of asymmetric cuts at the needle tip is
presented in York et al. [41], creating a compliant region, which bends in one direction by
pulling a single wire. In another design of a tendon-driven needle, a flexural conical tip
(inspired by the flexure tip in Swaney et al. [13]) is used to create an articulated tip [20]. The
tip is actuated by a nitinol pull wire that runs along the needle shaft, in combination with a
miniaturized cable pulley. Among the needles that are tendon-driven, the one presented by
Mathis et al. [54] is commercially available under the name of “Seeker Steerable Biopsy
Needle™ (PneumRX, Mountain View, CA, USA). The needle has a cannula and a stylet. Its
trajectory is controlled by a joystick which allows the physician to make fine adjustments
intra-operatively. This needle is mainly used for transthoracic lung biopsy [28].

Actuation for 3D steering can be achieved using shape-memory or pseudoelastic
materials, which can change their shape in response to a stimulus (e.g., heat). When
embedded in the shaft of a needle, these so-called smart materials enable active and local
control of the needle deflection without the need of tissue interaction forces. Shape-memory
alloy (SMA) wires, for example, are used to connect several deflectable segments in the shaft
of the needle described by Ayvali et al. [21] and Desai and Ayvali [46]. The SMA wires are
initially deformed with an annealing process to assume an arc shape. They are then
straightened and placed between the segments of the needle. By increasing the temperature
(e.g., induced electrically by Joule heating), the SMA wires return to their original arc shape
(Figure 2.5). Similarly, Ryu et al. [30] presented a needle with a cannula and a stylet locally
actuated by magnetic resonance imaging (MRI)-compatible SMA wires integrated at the end
of the stylet. The MRI compatibility of this needle is achieved using laser heating instead of
electrical current to actuate the SMA wires. Optical fibers run parallel to the body needle axis
and conduce laser light over the tip, transmitting optical heating to the SMA wires.

As mentioned in the section on bevel-tip needles, adding a flexure joint near the tip
increases the deflection angle of the needle as compared to a needle without a flexure joint.
Konh et al. [27] described a needle in which a flexure bevel tip is combined with SMA-wire
actuation to control the needle deflection angle. The needle body is made of two hollow tubes
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connected by a nylon flexure joint and a nitinol wire which lies on the surface of the needle
with one end crimped on the tip and the other end glued along the body of the needle. When
the needle bends upon actuation of the SMA wire, the presence of the joint allows for a larger
deflection angle than in the case of a jointless needle.

Piezoelectric actuators are also used for controlling the needle deflection [40]. Applying
an electric field on a piezoelectric element induces a mechanical effect (e.g., extension or
contraction). The actuators are placed on different sides of the surface of the needle, such that
their longitudinal strain results in needle deflection.

In the category “bevel-tip needles,” we described the design of an articulated bevel tip
presented by Wang et al. [37], where articulations are used to increase the deflection of the
needle as compared to needles without articulations. The same authors proposed a variation
of this needle composed of the same segments and a magnetic head [38]. An external
magnetic field generates magnetic forces, which are used to manipulate the needle trajectory.
By changing the direction and magnitude of the magnetic field, the needle can be steered in
two perpendicular planes.

Another design of a needle with one on-demand deflection angle consists of two body
parts aligned parallel to each other and each movable independently along the needle by
means of two linear actuators [26]. The initial configuration of the needle has a conical shape
with each of the segments having a bevel tip. Pushing the entire needle forward with the body
parts aligned generates a straight path. In order to steer, an offset at the tip needs to be created,
which is done by means of actuators that move the needle parts backward and forward. When
the entire needle is pushed forward into the tissue, the offset creates an asymmetry that results
in deflection in one plane. This design is an example of bevel-tip needle; however, the steering
mechanism depends not only on the bevel tip but also on the actuation sequence. Therefore,
we decided to include this design in the “one on-demand deflection angle” category.

(b)

Figure 2.5. Example of a needle with one on-demand deflection angle. The design consists of several de-
flectable segments connected by SMA wires. The needle deflects upon actuation of the SMA wires: (a) a
schematic drawing (adapted from Desai and Ayvali [46]) and (b) a photo of the prototype (from Ayvali et
al. [21]).
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2.5.6. Needles with two on-demand deflection angles

Needles with two on-demand deflection angles have at least two parts that lead to deflection
in perpendicular planes upon actuation. Many of the mechanisms mentioned in solution 5
can be extended toward needles with two on-demand deflection angles. This is the case for
the patents [44, 46, 50, 59, 61] which present alterations of the designs of one on-demand
deflection needle to allow for deflection in two perpendicular planes.

For a needle with tendon actuation to deflect in two perpendicular planes, at least two
wires placed at 90° radially to each other are needed. Pulling one of the wires will cause the
needle to deflect in one plane, whereas pulling the other wire will lead to deflection of the
needle in a plane perpendicular thereto. Van de Berg et al. [36] presented a tendon-actuated
flexible cannula with a conical tip. This needle can deflect in two orthogonal planes by means
of four actuation cables that run over a ball joint placed near the tip. Losey et al. [29] used
two pairs of Nitinol pull wires to actuate two flexure joints placed in series and rotated 90°
with respect to one another. The so-called flexure-based “wrist” design is inspired from the
flexure-tip needle described by Swaney et al. [13] (see solution 1). Wires were also used by
Hamzavi et al. [25] to actuate three elements, each of them made of three sections and placed
at the end of the needle.

In a similar way to the tendon actuation, the design of needles actuated by means of smart
materials can be modified to allow for two on-demand deflection angles. Ayvali et al. [21]
and Desai and Ayvali [46] proposed a modification of the needle design presented in the
previous group by positioning the SMA elements in a configuration that allows deflection in
two perpendicular planes. Another example of smart materials used as actuators in steerable
instrument is magnetorheological (MR) fluids. In a patent by Eck [47] the body of the needle
is filled with an MR fluid that can switch between a fluid and a solid state by the selective
activation of an external magnetic field. The transition from a fluid to a solid state increases
the stiffness of the needle, thereby generating compression on the surrounding tissue. The
needle is able to follow a desired path by means of solidifying the needle body, pushing it
further, and then reducing the compression again by switching the state of the MR from solid
to fluid.

Another method to introduce deflection in two perpendicular planes is shown in Tang et
al. [33], where the needle consists of a magnetized head and a body made of diamagnetic
material. The two parts are separated by a compliant hinge, which increases the flexibility of
the needle. When an external magnetic field is applied, the head of the needle bends, resulting
in a change of the needle trajectory.

Another design of a needle with two on-demand deflection angles consists of at least three
body sections aligned parallel to each other and each section being movable independently

along the needle [58, 71]. The body of this needle consists of four parts, each part having a
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curved outer surface and two inner surfaces that are interlocked to the surfaces of the adjacent
body sections with a mechanism that enables a sliding motion (Figure 2.6). The frontal end
of each of the body parts has a bevel tip, so that in the aligned configuration, the tip of the
needle has a conical shape. When one body section moves forward, it will bend due to
interaction forces between the tissue and the bevel tip. The rest of the needle will follow the
bent part. The curvature of this multi-part needle can be controlled at any time during the
insertion procedure by changing the offset between the body part which is moved forward
and the rest of the needle. Burrows et al. [22] developed and tested a prototype with a
diameter of 8 mm to demonstrate the 3D steerability of such a needle in an arbitrary 3D path
with eight principal directions. This prototype is an improvement of the previous two-body-
part prototype presented by Ko and Rodriguez y Baena [26] (solution 5). As explained earlier,
because the steering mechanism depends not only on the bevel tip but also on the actuation
sequence, we decided to include this design in the “two on-demand deflection angles”
category.

@ -

Figure 2.6. Example of a needle with two on-demand deflection angles. The design consists of four parts
interlocked with a mechanism that enables a sliding motion: (a) a schematic drawing (adapted from Ro-
driguez y Baena and Frasson [58]) and (b) a photo of the prototype (from Burrows et al. [22]).

2.5.7. Needles with one on-demand angle and one pre-defined deflection angle

Needles in this category would have at least two segments: one segment bearing an on-
demand mechanism of the aforementioned kind (e.g., steering wires, SMA) which causes
deflection in one plane and a second segment with a bevel tip or a pre-set curvature for
deflection in a perpendicular plane. No examples for needles using a combination of one on-

demand deflection angle and one pre-defined deflection angle were found.

2.6. DISCUSSION

In this article, we provided an overview of possible mechanical solutions for 3D steering of a

medical needle. First, we distinguished between needles that deflect due to a pre-defined
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shape (pre-defined deflection angle) and needles that deflect due to a means of actuation that
changes the deflection angle of the needle (on-demand deflection angle). Second, we
differentiated between needles that deflect in one plane (single deflection) and needles that
deflect in two perpendicular planes (double deflection). Finally, we defined seven mechanical
solutions and classified the needle designs retrieved both from the scientific and patent

literature into these solutions.

2.6.1. Comparative study

Our review includes a patent search which was not considered in the two previous reviews
focusing on the mechanical design of steerable needles [15, 16]. The number of included
papers is relatively small (24 design papers) with respect to the total number of papers
published on this subject. The reason is that if a research group published multiple papers on
the same needle design, only the most comprehensive paper, in terms of the description of
the mechanical working principle, was included. Our analysis of the literature indicated that
single-deflection needle designs are more popular than double-deflection ones, with only
eight papers and nine patents describing double-deflection needles, while 16 papers and 19
patents describe single-deflection needle. This may be due to the fact that single deflection is
sufficient for 3D steering and it requires simpler mechanical designs than double deflection.
However, double-deflection mechanisms allow steering in two different planes without the
need of rotation of the needle body, reducing problems with the control of the trajectory of
the needle. The interest in on-demand deflection angle needles seems to be quite recent and
diverse (employing SMA, piezoelectric, magnetic field, cables, etc.). Double deflection is
more prevalent in combination with an on-demand deflection angle (five papers and seven

patents compared to three papers and two patents on pre-defined deflection angle needles).

2.6.2. Tissue interaction

When we advance a needle in the tissue, forces arise on the tip and the body of the needle,
the so-called needle-tissue interaction forces. Depending on the design of the needle, these
forces may influence the trajectory of the needle (for an overview of experimental needle—
tissue interaction forces data, see van Gerwen et al. [72]).

Needles with a bevel tip require tissue interaction forces in order to be steered. The
distribution of these forces on the tip is asymmetric due to the presence of the bevel. As a
result, the needle bends in the direction of the bevel. The deflection of the needle due to the
bevel is a function of several parameters, including needle diameter, bevel angle, insertion
velocity, and gel elasticity [73]. Macroscopic and microscopic observations of needle-gel
insertion [74] showed that increasing the velocity and the needle diameter results in smaller
needle deflections, while increasing the gel elasticity results in larger needle deflections.

31



Chapter 2

Increasing the bevel angle shows a non-monotonic variation in the needle deflection. Needles
with three different bevel angles (30°, 60°, and 75°) were inserted in a gel with known stiffness.
A bevel angle of 30° and 75° resulted in larger needle deflection compared to the bevel angle
of 60°. This behavior is explained by the coupling between the rupture and the compression
of gel at the tip in microscopic observations. Specifically, during the insertion of the needle
with bevel angle of 30°, a long and narrow gel rupture and low compression of the gel were
observed, while using the needle with bevel angle of 75° resulted in a wide and short gel
rupture and high compression of the gel. These two combinations (30° and 75°) generated
higher needle deflection compared to a needle with bevel angle of 60°. In general, increasing
the gel elasticity results in larger needle deflections.

Thanks to their pre-set curvature; pre-curved needles, on the other hand, do not require
tissue interaction forces in order to be steered. However, when the needle is inserted in the
tissue, needle-tissue interaction forces may affect the needle deflection, with a greater degree
of the pre-set curvature leading to a larger needle deflection [70]. Furthermore, increasing
the gel elasticity will result in larger needle deflection as observed for the bevel-tip needle.

The on-demand deflection instruments may or may not rely on tissue interaction for
steering, depending on their working principle. Specifically, the wire- and SMA-actuated
needles [75] can be steered without the need of interaction forces. Designs in which the bevel
tip is used to steer and the actuation means is used to change the bevel tip continuously (e.g.,
the multiple needle part presented by Rodriguez Y Baena and Frasson [58]) can only deflect

when needle-tissue interaction forces are present.

2.6.3. Design choices related to the deflection angle of steerable needles

One of the requirements to take into consideration during the design of a steerable needle is
the maximum curvature to be achieved. The curvature of a steerable needle depends on the
geometrical characteristics of the needle, such as the tip shape and the shaft diameter, and the
material properties of the environment, such as tissue stiffness. For example, in our survey,
we showed that there are different ways to increase the curvature with respect to a standard
bevel-tip needle. Swaney et al. [13] showed how a flexure joint at the needle tip increases the
deflection with respect to the standard bevel tip. In the same way, the use of compliant hinges
at the tip increases the flexibility of the needle, which in turn results in larger deflection angles
[33]. A needle with a pre-curved segment can achieve larger deflection angles than a needle
with a bevel tip [70]. A combination of a pre-curved segment with bevel tip [49] or a
combination of a pre-curved cannula with a pre-curved stylet [57] will reinforce the
deflection in one direction.

The diameter of the shaft is another parameter that can be changed with respect to the tip

of the instrument in order to achieve larger deflection angles. A smaller shaft diameter means
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higher shaft flexibility, leading to a larger deflection angle once the needle is inserted into the
tissue. Kuhle [52] presented a needle in which the diameter of the bevel tip is larger than the
diameter of the shaft. In this way, the contact area at the tip is increased, while the diameter
of the shaft is kept small. The same design choice can be found in Engh et al. [67], where a
stainless steel tip of 16 gauge is attached to a nitinol shaft of 29 gauge. Adding notches of
various shapes and dimensions at the tip increases the flexibility of the instrument and
facilitates the deflection in one direction [50]. The same happens in the design of the “wrist
needle” [41] where asymmetric cuts at the end of the shaft create a compliant region that
facilitates needle deflection.

Tissue properties also influence the deflection angle of the needle. For example, Majewicz
et al. [76] found a significant difference in performance of the same pre-bent needle in ex
vivo experiments versus in vivo experiments (minimum curvature radius achieved: 5.23 and
10.4 cm, respectively). The authors explained this difference as an effect of the increased

stiffness and the inhomogeneity of the tissue due to perfused blood vessel in vivo.

2.6.4. Commercially available instruments

We found four commercially available steerable needles: the Osseoflex SN steerable needle
(Osseon LLC, Santa Rosa, CA, USA [77]), the Seeker Steerable Biopsy Needle (PneumRx
[54]), the Morrison Steerable Needle (AprioMed AB, Uppsala, Sweden [78]), and the Pakter
curved needle set (Cook Medical Inc., Bloomington, IN, USA [79]). The patents
corresponding to the needles by Osseon and PneumRx were retrieved from our systematic
patent search, whereas the AprioMed and Cook needles were not in the list of the 952
retrieved patents. The Osseoflex SN is presented in Liu et al. [53] and categorized as an
example of “one-plane pre-curved needle.” It is used mainly for the treatment of vertebral
compression fracture (Figure 2.7). The Seeker Steerable Biopsy Needle is presented in Mathis
etal. [54] described as an example of a tendon-driven needle in “needles with one on-demand
deflection angle.” It is mainly used for transthoracic lung biopsy (Figure 2.8). The Morrison
Steerable Needle was only found when searching for commercially available instruments in
Google using the query “steerable needle.” The edited title and abstract of the corresponding
patent in the DII database used the word “mandrel” to characterize the instrument, which
was not included in our selected keywords for specifying instrument type. Adding the word
“mandrel” to our patent search query yielded extra 25 patents. Within these works, only the
patent from AprioMed was relevant for our study [80]. The AprioMed instrument fits in the
“on-demand deflection angle—single deflection” solution of our classification and uses the
control wire/rod principle to allow deflection. The needle comprises a tubular stationary
outer part with a semi-circumferential slot-like opening and a movable rod-like inner part

that is attached to the stationary part only at the side of the opening that is close to the tip. As
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the movable part slides in and out of the stationary part, the distal section of the stationary
part deflects. The Morrison Steerable Needle is mainly used for musculoskeletal percutaneous
injection, aspiration procedure, and tissue sampling (Figure 2.9). The edited title and abstract
of the patent of “Pakter curved needle set” do not include any of the words we used for
describing the function of the needle, such as “steer” or “deflect.” This needle has a straight
cannula in stainless steel (cannula) and a pre-curved stylet in nitinol; therefore, it could fall
in the category of the “one-plane pre-curved needles” [81]. Discography is a typical procedure
where the Pakter curved needle set is used to inject contrast medium into the center of the
disks (Figure 2.10).

Figure 2.7. Osseoflex SN steerable needle (Osseon, Santa ~ Figure 2.8. Seeker Steerable Biopsy Needle™
Rosa, CA, USA) [77]. (PneumRx Inc., Mountain View, CA, USA)
[54].

Figure 2.9. Morrison Steerable Needle™ (AprioMed AB, Figure 2.10. Pakter curved needle sets (Cook
Uppsala, Sweden) [78]. Medical Inc., Bloomington, IN, USA) [79].

2.6.5. Limitations

This review focuses on the mechanical principles of steerable needles without taking into
account additional technologies that can be used to help the physician during the
percutaneous intervention (e.g., image guidance). We also did not consider control methods,
computational modeling, and motion planning algorithms used in robotic-assisted needle
steering [64]. Real-time data from image systems (computed tomography (CT) scan, MRI,
fluoroscopy, and ultrasound) give information about the shape and position of the
instrument during minimally invasive procedures [82, 83]. Combining these data with
computational models that predict needle deflection during insertion in the tissue would
result in an accurate planning of the procedure [84, 85]. Several models describing needle

34



Needle-like instruments for steering through solid organs - a review

insertion into soft tissue are presented in the literature. Misra et al. [86] divided these models
in linear elasticity-based models, nonlinear (hyperelastic) elasticity-based finite element (FE)
models, and other models that are not based on FE methods or continuum mechanics (e.g.,
mass-spring-damper models).

Furthermore, buckling of the instrument was not considered in this review. Since
buckling is an important failure mode of long slender instruments [87], an overview of the
instrument types in terms of their tendency to buckle would be a useful complement to this
study.

2.7. CONCLUSION AND FUTURE WORK

We proposed a systematic classification of possible mechanical solutions for 3D steering
through solid organs, which was created with a top-down approach. First, we distinguished
between mechanisms in which deflection is induced (needles with pre-defined deflection
angle versus needles with on-demand deflection angle). Second, we distinguished between
the number of deflection planes (one plane versus two planes). The combination of these two
levels led to eight solutions, of which seven were considered meaningful. Accordingly, we
allocated steerable needle designs retrieved from a systematic scientific and patent literature
search into these seven solutions. This methodological approach allowed us to extend the
solution space to all viable designs beyond these already materialized and present in
literature. Indeed, we identified one solution (“one on-demand angle and one pre-defined
deflection angle”) for which no existing steerable design mechanism was found. This “gap”
may function as a source of inspiration for investigating new steerable needle mechanisms.
The top-down approach used in this review can also be applied to other research questions
and other fields of application. Future scientific and patent studies should also take into
account computational modeling, motion planning algorithm, and control of steerable

needles.
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Chapter 3

ABSTRACT

Flexible steerable needles have the potential to allow surgeons to reach deep targets inside the
human body with higher accuracy than rigid needles do. Furthermore, by maneuvering
around critical anatomical structures, steerable needles could limit the risk of tissue damage.
However, the design of a thin needle (e.g., diameter under 2 mm) with a multi-direction
steering mechanism is challenging. The goal of this paper is to outline the design and
experimental evaluation of a biologically inspired needle with a diameter under 2 mm that
advances through straight and curved trajectories in a soft substrate without being pushed,
without buckling, and without the need of axial rotation. The needle design, inspired by the
ovipositor of parasitoid wasps, consisted of seven nickel titanium wires and had a total
diameter of 1.2 mm. The motion of the needle was tested in gelatine phantoms. Forward
motion of the needle was evaluated based on the lag between the actual and the desired
insertion depth of the needle. Steering was evaluated based on the radius of curvature of a
circle fitted to the needle centerline and on the ratio of the needle deflection from the straight
path to the insertion depth. The needle moved forward inside the gelatine with a lag of 0.21
(single wire actuation) and 0.34 (double wire actuation) and achieved a maximum curvature
of 0.0184 cm™ and a deflection-to-insertion ratio of 0.0778. The proposed biologically
inspired needle design is a relevant step towards the development of thin needles for

percutaneous interventions.
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3.1. INTRODUCTION

Medical needles are commonly used in percutaneous procedures, where accurate and precise
tissue targeting is required to obtain diagnostic samples [1, 2], position radioactive seeds [3,
4], and deliver drugs [5, 6]. Needle placement can be affected by several factors, such as needle
deflection due to needle-tissue interaction, organ movement due to physiological processes
(e.g., breathing), and human error [7]. If the needle is misplaced, intraoperative adjustment
of the needle path or reinsertion of the needle is necessary, which could increase the risk and
extent of tissue damage and the intervention time.

While rigid needles allow for small adjustments around a straight path, flexible steerable
needles can follow curved trajectories, which might improve accuracy and precision in
reaching target tissues [8]. Moreover, flexible steerable needles are likely to limit the risk of
tissue damage by maneuvering around critical anatomical structures (e.g., blood vessels) that

are laid along the needle trajectory towards the target.

3.1.1. Steerable needle mechanism

Several steerable needle designs and mechanisms have been described in the literature (for a
review see [9]). Two main methods for steering can be distinguished: steering due to a pre-
defined needle shape and due to a means of actuation.

Bevel-tip needles [10-13] and pre-curved needles [14, 15] are examples of needles with a
pre-defined shape. When a bevel-tip needle is inserted into the tissue, off-axis reaction forces
at the tip bend the needle in the direction of the bevel [16, 17]. The curvature of the needle is
usually controlled by rotating the needle while it is advanced through the tissue [18]. Several
variations of bevel-tip needles have been proposed in order to increase the maximum
curvature of the needle. For example, Swaney et al. [10] presented a bevel-tip needle with a
flexure joint that is thinner than the needle body, and Wang et al. [12] added articulations
along the body of a bevel-tip needle, with both modifications allowing for a larger deflection
of the needle upon insertion in the tissue than a standard bevel-tip needle. Another way to
increase the steering curvature is by increasing the diameter of the tip with respect to the
diameter of the body which leads to a larger contact area with the tissue compared to a
standard bevel-tip needle [13]. Also in pre-curved needles off-axis reaction forces are
generated at the tip by the surrounded tissue, causing the needle to bend upon insertion into
the tissue. Pre-curved needles commonly consist of a pre-curved stylet (internal tube) and a
straight cannula (external tube) [14]. The needle follows a straight direction when the stylet
is fed through the cannula and curves once the stylet is pushed forward. Notches of different
shapes and dimensions have been added to the pre-curved stylet in order to increase the
flexibility and hence the steering curvature [19]. Needle designs with both the stylet and the
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cannula pre-curved [20] or with a pre-curved stylet bearing a bevel-tip [21] are two other
variations used to achieve a high curvature. Steering in multiple directions is achieved by
rotating the needle shaft around its axis. Multiple pre-curved tubes can be also arranged in a
telescopic way, creating a so-called “active cannula” [22], where the final curvature is a result
of the amount of rotation and extension provided by each of the tubes. A hybrid approach
was presented by Bui et al. [23], where the needle consists of a straight cannula and a straight
stylet with a bevel-tip. In this case, the amount of steering is a function of the offset between
the bevel-tip and the cannula.

An example of needles that steer due to a means of actuation are tendon-driven needles
[24-26]. Tendon-driven needles use a mechanical actuation means (e.g., cables) to deflect the
tip and draw a curved path. Van de Berg et al. [24] presented a tendon-actuated flexible needle
that steers by means of four cables running over a ball joint placed near the tip. Adebar et al.
[26] used Nitinol pull wires and a miniaturized cable pulley to actuate a flexural conical tip.
Shape-memory or pseudoelastic materials have also been used as actuation means for needle
steering [27, 28]. For example, Ayvali et al. [27] described a needle made out of segments
interconnected by shape memory alloy wires that deflect in response to Joule heating. Konh
et al. [28] used an SMA-wire to connect the body of the needle with a bevel-tip. The wire is
used to control the deflection angle of the needle. In the design of Yan et al. [29] the deflection
of the needle is controlled by piezoelectric actuators. These are placed on the external surface
of the needle, and by applying an electrical field a longitudinal strain is induced, resulting in
deflection of the needle.

Despite the potential of flexible steerable needles, some functional limitations can also be
identified. Needles with a predefined shape mostly steer in 2D with a constant radius,
meaning that for steering in 3D with a variable radius, axial rotation of the needle is needed.
Rotating a needle while it is being advanced through the tissue can generate a torsional stress
on the needle body. This may in turn result in angular lag between the orientation of the
needle base and the needle tip, making the control of the needle trajectory difficult [30, 31].
Actuated needles do allow for steering in 3D without axial rotation, but actuating elements
requires space, inhibiting the miniaturization of this type of needles. Moreover, both in
needles with predefined shape and actuated needles, buckling can occur when they are
pushed deep into the tissue, which compromises their structural integrity and the safety of
the medical procedure [32].

3.1.2. Biological inspiration for steerable needles

In nature, several species of parasitoid wasps possess a thin and flexible needle-like structure,
called ovipositor, which is used to deposit eggs in a host (e.g., a larva) hidden into tree trunks

(e.g., the wasp species Megarhyssa atrata [33]) or fruits (e.g., the wasp species Apocrypta
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westwoodi [34]) (Figure 3.1a). The wasp ovipositor holds promise as a biological paradigm
for medical needles, as it avoids buckling despite the fact that it is long and thin (with an
aspect ratio higher than 200 in some species [35]) and is presumably able to steer in 3D
without axial rotation.

The wasp ovipositor consists of three longitudinal segments called valves: two ventral
valves and one dorsal valve. The valves are mechanically interlocked by means of a jigsaw-
puzzle-like mechanism, called olistheter, but can still slide along each other, actuated by
abdominal musculature (Figure 3.1c) [36]. The wasp advances the ovipositor through the
substrate by moving the valves antagonistically: one ventral valve is advanced forward at a
time, while the other ventral valve and the dorsal valve are standing still or pulled backwards.
Directional serrations at the ovipositor tip allow the stationary/pulled backwards valves to
anchor against the substrate [37] (Figure 3.1b). The created pretension in the ovipositor and
friction against the substrate compensates for the dynamic friction force along the advancing

valve and the forces at the tip of the valve, thereby preventing buckling of the ovipositor [35].

(a) (b)

Figure 3.1. (a) Parasitoid wasp (Apocrypta westwoodi) ovipositing in a fig. Adapted with permission from
[34]. (b) Scanning electron micrograph (SEM) showing the morphology of the ovipositor tip, with visible
serrations on the surface. Adapted with permission from [34]. (c) Schematic representation of the
ovipositor, with valves differentially protruding, held together by jigsaw-puzzle-like olistheter. Adapted
with permission from [36].

Next to buckling prevention and advancement of the ovipositor along a straight path, the
wasp is presumably also able to steer the ovipositor along 3D-curved trajectories. Several
hypotheses aiming to explain the steering mechanism of the wasp ovipositor have been

proposed [38-40]. According to one prevailing hypothesis, steering motion is achieved by
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selectively advancing the valves, thereby creating an offset at the tip, which, due to its beveled
shape and off-axis reaction forces applied on it by the surrounding substrate, deflects [40].

The mechanism used by the wasp for advancing and steering inside solid substrates has
inspired the design of a variety of devices, ranging from planetary and earth drills [41] to
medical needles and probes [42]. Over the last decade, Rodriguez y Baena and coworkers
have developed and tested a series of medical needles and probes inspired by the wasp
ovipositor. Specifically, the steerable probe described by Frasson et al. [42] consists of four
segments connected with a jigsaw-puzzle interlocking mechanism similar to the olistheter in
the wasp ovipositor. Each of the segments has a bevel-tip, so that when the segments are
aligned, the needle tip has a conical shape. The segments are actuated independently from
each other. First, one of the segments is moved forward, and due to off-axis reaction forces
at the segment tip from the substrate, the segment deflects in the direction of the bevel. Then,
the other segments are advanced, following the curved trajectory laid out by the first segment.
The curvature of the probe can be controlled by changing the offset between the segment that
is protruded and the rest of the probe, a steering principle called “programmable bevel-tip”
[43, 44]. Frasson et al. [44] experimentally demonstrated that there is a linear relationship
between the offset and the steering curvature, and that for a probe with a larger diameter a
larger offset is needed in order to achieve the same curvature as with a smaller probe.
Extensive work has been also done on the optimization of the probe in terms of the geometry
of the interlocking mechanism [45-47] and the surface topography of the probe [48-51].
Specifically, it was found that a small fin- or tooth-like outer-surface topography make the
needle insertion easier compared to the use of smooth surfaces, while providing large
gripping forces when the needle is retracted [48, 49]. The insertion into tissue by reciprocal
motion of the segments has been tested [52-54], the probe-tissue interaction has been
simulated with finite element methods [55], and control strategies for steering in three
dimensions have been investigated [56]. A series of prototypes have been presented, with
diameters of 12 mm [57], 8 mm [58], and 4 mm [59]. It was found that forward motion
through soft substrates by means of reciprocal motion of the segments of the probe is
possible, albeit limited to certain types of substrate materials, such as muscle and agar gel. In
this case, teeth on the probe surface have been used to enable forward motion [52]. It has
been further shown that reciprocal insertion could result in less tissue disruption and less
target displacement than direct pushing of probe would cause [54, 60].

Sprang et al. [61] presented an ovipositor-inspired needle consisting of four rigid
longitudinal square segments and a total thickness of 2 mm that was advanced through
gelatine with zero external pushing force. Sprang et al.’s prototype did not bear serrations;
instead, the dynamic friction force along the advancing segment and the force at the segment
tip was compensated by the difference in contact area between the stationary and advancing
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segments. Only forward motion was investigated; the prototype was not designed for
steering. Moreover, Sprang’s needle did not contain an interlocking mechanism to hold the
segments together; this design choice was due to difficult miniaturization of the required
jigsaw-puzzle profiles. The lack of interlocking led to bifurcation of the four segments during

propagation of the needle through the gel.

3.1.3. Aim

This work builds upon the existing studies on ovipositor-inspired steerable needles and
probes and proposes a new design approach in order to develop a needle that uses a push-
pull mechanism during both forward motion and steering. The needle steers without the need
for axial rotation and has a diameter suitable for core needle biopsy and brachytherapy
treatments. Specifically, we aimed for a needle diameter under 2 mm, that is, approximately
14 Gauge (G), considering that needles commonly used in core needle biopsy and
brachytherapy have diameters of 14-19 G [62] and 17-18 G [63], respectively. We first
present the design of the needle, followed by an experimental evaluation of the forward
motion and steering performance of the needle. A preliminary version of this work has been
briefly reported in [64].

3.2. NEEDLE DESIGN

3.2.1. Conceptual design

Shape of longitudinal segments

A direct technical analogue of the wasp ovipositor would be a needle consisting of four
wedge-shaped sections arranged in such a way that altogether they form a circle. However,
manufacturing long and well aligned wedge-shaped sections in small dimensions is
technically challenging [46]. One way to bypass this issue is by reasoning that the wedge-
shaped sections can be approximated by a set of cylindrical sections arranged in such a way
that altogether they approximate a circle. Following this line of reasoning, we decided to use
off-the shelf round flexible metal wires as longitudinal segments (Figure 3.2).

Number of longitudinal segments

Choosing the number of wires is an optimization process between the number of steering
directions, slip during forward motion, total diameter of the needle, and bending stiffness.
Steering can be induced by selectively moving one or more of the wires forward, thereby
creating radial asymmetry at the needle tip. The steering direction and angle can be varied by

choosing different combinations of wires to protrude and different offsets. Theoretically,
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omnidirectional steering is possible with a minimum of four wires; however, increasing the
number of wires allows for a larger number of steering directions. With respect to slip during
forward motion, it has been previously shown that the higher the ratio between the number
of stationary and moving longitudinal segments, the lower the slip [61], thereby the smaller
the lag between the actual and desired insertion depth. In other words, a larger number of
wires allows for a larger number of steering directions and for lower slip in forward motion.
On the other hand, for a constant diameter of the wires, the diameter and bending stiffness
of the needle increases with the number of wires. Moreover, a larger diameter implies greater
invasiveness of the medical procedure and more tissue damage.

In our study, we selected the number of wires that would allow us to investigate whether
forward motion and steering of a needle consisting of multiple untreated wires (i.e., no bevel-
tip or microtextured surface) is viable. A total of five wires would have been enough to create
an asymmetry between advancing wires while maintaining a ratio of stationary to advancing
wires greater than one. However, in order to allow steering in two perpendicular planes, we
opted for six wires, concentrically arranged around a seventh central stabilizing wire (Figure
3.2).

Interlocking mechanism

As mentioned in Section 3.1.2, the ovipositor valves are interlocked by the olistheter, a jigsaw-
puzzle like structure, which allows the valves to slide along each other, avoiding their
separation. Frasson et al. [46] and Burrows et al. [59] used a similar structure in their @12
mm and @4 mm prototypes. However, miniaturization of such a complex interlocking
mechanism is challenging from a manufacturing perspective. To develop a needle with a
diameter under 2 mm, we decided to step away from nature and to interlock the wires
externally using an interlocking ring with seven holes through which the wires are fed. We

adjusted the ring shape to a flower-shape to reduce the resistance with the substrate (Figure

3.2).
®) ®)
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Figure 3.2. Conceptual design process. (a) Cross-section of the ovipositor with two ventral valves and one
dorsal valve. Adapted with permission from [65]. (b) Four wedge-shaped sections (gray) that approximate
the ovipositor valves interlocked by means of jigsaw-puzzle profiles (red) mimicking the olistheter. Based
on [46]. (c) Simplified mechanism with seven flexible wires (gray) with a round-shape interlocking ring
(red). (d) Seven flexible wires (gray) with a flower-shaped ring around them (red).
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3.2.2. Needle prototype

The ovipositor-inspired needle prototype consists of seven superelastic nickel titanium
(NiTi) wires with a diameter of 0.25 mm and a length of 160 mm. The diameter of 0.25 mm
was chosen as it was the smallest available for the material characteristics required (i.e.,
straightened NiTi wires). Six wires can slide independently from each other along the length
of the needle and are concentrically arranged around the seventh wire, which is fixed at the
needle base. The wires are straight at room temperature and have a smooth surface.

Two types of rings are used to hold the wires together: the flower-shaped interlocking ring
and five standard rings (Figure 3.3). The flower-shaped interlocking ring (aluminum,
?1.2 mm, 2.0 mm long) aligns the wires and keeps them together. The ring has seven holes
through which the wires are fed: one central hole and six outer holes arranged in a circle with
a radius of 0.38 mm. The central wire is glued to the central hole, whereas the six outer wires
can slide through the outer holes. The diameter of the holes is 0.3 mm, letting the 0.25-mm
wires move freely inside the ring.

In order to avoid buckling of individual wires during the actuation and to keep all the
wires together along the full length of the needle, five stainless steel rings (@in 0.9 mm, Qout
1.0 mm, 2.0 mm long), uniformly spaced between the base of the needle, are used. The total
diameter of the needle is 1.2 mm at the tip, which corresponds to the outer diameter of the
interlocking ring. The body of the needle has a diameter of 0.75 mm.

Each of the six movable wires is connected to a slider that is moved backward and forward
by a bipolar stepper motor AM0820 with step angle 18° (Faulhaber, Germany) in conjunction
with a leadscrew (M2, 28 mm long). The stepper motors and leadscrews are placed in an
aluminium housing. A stepper motor combined with a leadscrew-slider mechanism was
chosen, in order to achieve a linear motion of the wires. Linear motion could have also been
achieved by means of linear actuators, but those are usually bulky. The maximum travel
distance of each slider and thus of the needle wires is 20 mm. The six stepper motors are
actuated using six stepper drivers DRV8834 (Texas Instruments, TX) and an Arduino MEGA
2560 micro-controller.
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Interlocking
ring

(01

Figure 3.3. (a) Ovipositor-needle prototype with the actuation unit, wires, five rings, and a flower-shaped
interlocking ring at the tip. (b) Close-up of the actuation unit. (c) Close-up of the tip of the needle with the
flower-shaped ring and some of the wires moved forward. (d) Close-up of the flower-shaped interlocking
ring (1.2 mm).

3.2.3. Forward motion and steering of the needle

Forward motion

The needle is moved forward through the substrate by first pushing the six wires one-by-one
or two-by-two, followed by pulling on all six wires simultaneously, which advances the
interlocking ring and the central wire into the substrate. This two-phase motion sequence
will henceforth be referred to as a “cycle”.

Figure 3.4 shows the forces acting on the needle prototype during the forward motion.
Assume the general case in which m wires move forward and n wires are stationary. The
motion of a single wire can be expressed as the sum of the external force F; (i.e., pushing),
the friction force along the length of the wire in contact with the substrate Fie fric, the
cutting force acting at the tip Fire cut> and the static friction between the interlocking ring

and the substrate Fyjng stat-
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Figure 3.4. Schematic representation of the forward motion mechanism of a needle with six peripheral
wires and one central wire. (a) First, one wire is pushed forward at the time (green). (b) After all six pe-
ripheral wires have been moved forward one-by-one, they are pulled back simultaneously, resulting in
advancement of the ring and the central wire inside the substrate. The thick arrow represents the motion
of the wires and the ring.

If we consider a total of m + n wires, using the Newton's second law we get:

m+n m+n
E (Fext,i + Fwire,fric,i + Fwire,cut,i) + Fring,stat = E Myyire,Awire, i (3.1)
i=1 i=1

Where m,,i.. is the mass of the wire and @,y is its acceleration. As shown in previous studies
[53, 61] the needle can move forward with a zero net external force (3} Fe, = 0) or (even) a
net pulling force (3 Foyr < 0):

m+n m n
E Fext,i = - E (Fwire,dyn,i + Fwire,cut,i) - E Fwire,stat,i - Fring,stat
i=1 i=1 i=1
m+n (3.2)

+ z mwire,iawire,i <0
i=1

Where Fyire gynis the dynamic friction force acting on the moving wire, and Fyyire star is the
static friction force acting on the static wires; there are no forces acting at the tip of the static
wires. Assuming that the inertia term is negligibly small, and in order for the m wires to move
forward, the sum of the dynamic friction force and the cutting force of the wires moving
forward should be smaller than the static friction force of the n stationary wires and the

interlocking ring, that is:
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m n
- Z(Fwire,dyn,i + Fwire,cut,i) < z Fwire,stat,i + Fring,stat (3'3)
i=1 i=1

In the second phase of the actuation cycle, in which all m +n wires are pulled
simultaneously, the cutting and dynamic friction force of the advancing interlocking ring
should be compensated by the static friction force between the wires and the substrate, that
is:

m+n

Fring,cut + Fring,dyn < Z Fwire,stat,i (3'4)
i

where Fiingcye and Frngapn are the cutting force and the dynamic friction force of the
interlocking ring, respectively. By repeating this actuation cycle, the needle advances inside

the substrate. If any of the two inequalities is not satisfied, the needle slips.

Steering

Each needle wire has a flat (rather than bevel) tip, therefore the first step for steering is to
generate an asymmetry at the needle tip. This is done by inducing an offset (henceforth called
bevel offset, BO) between a pair of adjacent needle wires. We call this configuration “discrete
bevel-tip”, since it is a tip made out of multiple single segments that approximate a bevel-tip
(Figure 3.5¢). With a discrete bevel-tip it is possible to create various bevel angles. For
example, by moving a wire forward over an offset BO; a bevel angle a; is generated (Figure
3.5h), whereas by moving a wire over an offset BO, > BO; a bevel angle a, < a4, is generated
(Figure 3.51). Steering could be achieved with the following actuation scheme. First, a BO is
set between two adjacent wires, and this discrete bevel-tip is advanced to a predefined
distance (henceforth called stroke, S), deflecting and laying a curved path in the substrate.
Next, a BO is set between the two adjacent wires that are consecutive to the first pair of wires,
and this second discrete bevel-tip is advanced for S, reinforcing the curved path laid by the
first pair. Then, the remaining two wires are advanced over S, following the curved path laid
by the other two pairs (Figure 3.5). Finally, all six wires are pulled simultaneously backwards,
so that the seventh (central) wire and the interlocking ring move forward along the curved
trajectory. The steering direction is determined by the pair of wires used to form the discrete
bevel-tips. For example, steering to the left is achieved by creating a discrete bevel-tip between
wires 1 and 6 (with wire 6 protruding by a distance BO with respect to wire 1) and a second
discrete bevel between wires 4 and 5 (with wire 5 protruding by a distance BO with respect to
wire 4) (Figure 3.5). Similarly, steering to the right is achieved by creating a discrete bevel-tip
between wires 1 and 2 and a second bevel-tip between wires 3 and 4.
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(b)

(e) ®

(2)

(h)

Figure 3.5. (a) Initial position of the wires. (b) Cross-section of the needle. (c)-(f) Steps of the actuation
cycle. Steering to the left is achieved by creating a first discrete bevel between wires 1-6 (red), with wire 6
protruding by bevel offset (BO) with respect to wire 1. (c) The two wires are then advanced to the desired
stroke (S). (d) A second discrete bevel is created between wires 5-4 (blue), with wire 5 protruding with the
same BO and moves for S. (e) Wires 3-2 are then pushed forward for S (yellow). (f) Lastly, all six wires are
pulled to let the ring advanced. (g) Schematic representation of the needle tip showing the steering mech-
anism. (h) Discrete bevel-tip with angle a; and BO.. (i) Discrete bevel-tip with angle 4, and BO.. In this
example, BO, >BO:. A large BO corresponds to a small angle, that is, 2, < a1.
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3.3. MATERIALS AND METHODS

The performance of the needle prototype was evaluated in two experiments. In experiment 1
we evaluated the performance of the prototype in forward motion, and in experiment 2 we
evaluated the steering performance. The experimental setup was the same for both

experiments.

3.3.1. Experimental setup

The experimental setup consisted of the actuation unit as described in Section 3.2, a test rig,
and data acquisition systems (Figure 3.6a). The actuation unit was mounted on an aluminum
base plate using four bolts. A lightweight aluminum cart (210 x 50 mm, 28 g) mounted to
four wheels was designed to carry a gelatine phantom (Dr. Oetker).

The gelatine phantoms were prepared by mixing gelatine powder with water heated at
70-80 °C. The liquid gelatine was poured into containers and stored overnight at 5 °C. A new
batch of gelatine was prepared for each day of the experiments. A gelatine block of
50 x 170 x 30 mm (width x length x height) was cut and placed on the cart for each
experimental trial.

An alignment ring (aluminum, @ 3.0 mm, 2.0 mm long) was added to the body of the
needle and fixed to the cart (Figure 3.6b). The alignment ring contained seven holes and had
an asymmetric cross-section to ensure that the needle was radially aligned along its length.
The wires could freely slide through the seven holes of the alignment ring.

In our experiments, instead of moving the needle and its actuation unit toward the
gelatine cart, the actuation unit was fixed; actuating the needle resulted in moving the gelatine
cart toward the actuation unit. The rolling motion of the four wheels was laterally constrained
by a groove in the base plate, and the rolling friction of the wheels was negligible. A millimeter
graph paper was placed at the bottom surface of the cart to give a reference to the needle
deflection during the experiments. A laser proximity sensor (MicroEpsilon optoNCDT1302-
200, range: 200 mm, resolution: 0.1 mm) was used to record the position of the cart. The laser
sensor data were collected using a data acquisition unit (NI USB-6211, 16-bit) in conjunction
with LabVIEW 2013 at a sampling frequency of 5 Hz.
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|Actuation|
unit

Gelatin 7
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Figure 3.6. (a) Experimental setup for the evaluation of the needle prototype performance. The actuation
unit is mounted on an aluminum base plate. The needle moved forward and steered into a gelatine phan-
tom carried by a lightweight aluminum cart. A laser proximity sensor was used to record the position of
the cart. (b) Side view of the cart loaded with gelatine. (c) Close-up of the point of entrance of the needle
in the gelatine phantom, showing the alignment ring fixed to the cart.

Next to the recording of the position of the cart, in experiment 2 the experimental trials
were recorded using a video camera (HC-V250, Panasonic, Osaka, Japan). Moreover, at the
end of each experimental trial of experiment 2 a top-down view photograph of the needle
inside the gelatine phantom was taken with a camera (Nikon D750, Tokyo, Japan) mounted
on a tripod, in order to define the final curvature of the needle. The position of the camera
was calibrated with a spirit level to ensure that it was orthogonal to the table where the needle
and the cart were placed.

For all experimental trials of both experiments, 4% weight of gelatine powder in water
was used. A Young’s modulus of 4.65 kPa was measured for this gelatine phantom by means
of dynamic mechanical analysis (PerkinElmer Instruments, amplitude=40 ym,
frequency = 1 Hz, parallel plate geometry with 20 mm diameter), which corresponds to brain
tissue elasticity (2.7-5 kPa [66]). The combined weight of the cart and gelatine phantom was
kept constant for all trials (mean=214.66g, standard deviation=1.69g). The needle
segments were actuated at a speed of 2 mm s™'. The total number of cycles executed by the

Arduino software was chosen to result in a theoretical needle insertion depth of 120 mm in
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all experimental trials of both experiments. Each trial was conducted with a specific stroke
(see Section 3.3.2 and Section 3.3.3), and during each actuation cycle the wires were moved

forward over that stroke. The number of cycles equaled the ratio of 120 mm over the stroke.

3.3.2. Experiment 1—forward motion

Hypothesis
We expected the slip of the needle during forward motion to be inversely proportional to the
ratio of the number of stationary to moving needle wires. That is, the slip is expected to

increase with the number of simultaneously actuated wires, in line with Sprang et al. [61].

Dependent and independent variables

The dependent variable in experiment 1 was the slip between the needle and the gelatine. We
define slip as the ratio of the measured insertion depth to the theoretical insertion depth of
the needle. The independent variable was the number of wires that were actuated
simultaneously, either one (single actuation) or two (paired actuation). Stroke S was set to

4.0 mm for both single and paired actuation trials.

Experimental procedure

A gelatine block was placed on the cart, and the needle was manually inserted about 25 mm
into the gelatine (starting position) to reduce the effects of cutting and friction forces acting
on the tip during punching of the substrate. The desired actuation setting (single or paired
actuation) was entered in the Arduino software, the laser sensor was switched on, and the
needle wires were actuated. The needle wires were actuated counterclockwise, starting with
wire 1 in single actuation and with wires 1-2 in paired actuation. At the end of each trial the
needle was removed from the phantom and cleaned with warm water. A new gelatine
phantom was used for each trial. Six trials were conducted for each actuation condition
(single versus paired), in a randomized order. All measurements were conducted over the

course of one day.

Data analysis
The raw data of the cart position collected by the laser sensor were imported and processed
in MATLAB (version 2014b). The slip ratio slip was calculated as:

d
slip=1- —_meas (3.5)

theor

where dieor is the theoretical insertion depth for each cycle and dpe,s is the measured
insertion depth for each cycle, calculated by the difference between the position of the cart at

the starting point of two consequential actuation cycles:
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Ameas = Pas1 — Pa (3.6)

Where a is the number of an actuation cycle, and p is the position of the cart. For estimating

slip, we assumed that the advancing needle did not deviate from the straight path.

3.3.3. [Experiment 2—steering

Hypothesis

We hypothesized that the steering curvature of the needle is proportional to the bevel offset
BO, consistent with experimental and analytical studies on bevel-tip needles showing that
smaller bevel angles lead to larger steering curvatures [67, 68]. For a given BO we further
expected a proportional relationship between steering curvature and stroke S, as S can be

compared to the length of a cantilever beam subjected to a load at its tip.

Dependent and independent variables

The dependent variable was the steering curvature of the needle. The independent variables
were BO, §, and the steering direction. BO was varied between 0.9, 1.8, and 3.6 mm, resulting
in bevel angles of about 20, 10, and 5 degrees respectively. S was varied between 2.0, 4.0, and

6.0 mm. The steering direction was varied either left or right.

Experimental procedure

From the 18 possible combinations (3 BO x 3 S x 2 steering directions), a set of 10 conditions
was chosen, so that BO was varied for a constant S = 4.0 mm, and S was varied for a constant
BO = 3.6 mm, for both steering directions. The stroke value of 4.0 mm was chosen because it
was expected that it would result in higher steering curvatures than a stroke of 2.0 mm, while
keeping the needle wires closer to each other than a stroke of 6 mm. The bevel offset value of
3.6 mm, which corresponds to the smallest bevel angle, was chosen because it was expected
that the curvature increases with small bevel angles [69]. For steering to the left, the wire pairs
were actuated clockwise, starting with the wire pair 6-5. For steering to the right, the wire
pairs were actuated counterclockwise, starting with the wire pair 1-2. The same experimental
procedure was followed as in experiment 1. Each condition was repeated five times, resulting
in a total of 50 trials. All trials were conducted in a randomized order over the course of eight

days.

Data analysis
The photographs of the final position of the needle inside the gelatine were cropped to
exclude the 25 mm of the initial manual insertion. Then the MATLAB image processing

toolbox was used to convert the photographs into binary images, after which the needle shape
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and centerline were extracted. Next, a circle was fitted to the needle centerline based on the

circle equation in one plane
xT-x+b"-x+c=0 (3.7)

where x, b € R?. Using the extracted needle data points (x), the fitted circle radius 75, was

obtained for each experimental trial, and the curvature k was calculated as
k= (@m0~ (3.8)

where k was obtained assuming that the needle moved only in one plane. For the trials in
which steering was not achieved, we set k to 0.

In addition, the deflection-to-insertion ratio d/i was estimated by extracting the initial
and end distance from the centerline to calculate the deflection d of the needle from the

straight path and by dividing d with the insertion depth i.

3.4. RESULTS

3.4.1. Experiment 1—forward motion

One dataset of the single actuation trials was removed because the laser sensor data were
erroneous. The mean value of slip was 0.21 for single actuation (n = 5) and 0.34 for paired
actuation (n = 6) (Figure 3.7). In Figure 3.7 it can be seen that the variability in slip across
trials was greater in the paired actuation than in the single actuation. In both single and paired
actuation, slip was highest in the first cycles and stabilized after about nine cycles. The mean
total insertion depth of the needle in the single actuation trials was 94.6 mm (n = 5) and

79.4 mm in paired actuation (n = 6).

3.4.2. Experiment 2—steering

Steering to the left was unsuccessful (i.e., steering in the opposite direction or not steering at
all) in 10 out of the 25 trials. Eight of the ten failed tests occurred while steering with a high
BO and S. Specifically, in both Conditions 7 (BO = 3.6 mm, S = 4.0 mm) and 9 (BO = 3.6 mm,
§=6.0 mm), four out of the five trials showed steering in the opposite direction; these two
conditions were excluded from further analysis. In each of Conditions 3 (BO =1.8 mm,
§=4.0mm) and 5 (BO=0.9 mm, S =4.0 mm), one trial showed no steering; the curvature
for these two trials was set to 0. Steering to the right was successful (i.e., steering to the right
direction) in all trials.

Steering curvatures were larger for steering to the right than for steering to the left (Figure

3.8). The standard deviation across trials of the same condition increased with increasing BO
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and S when steering to the right. The largest mean curvature (k = 0.0184 cm™) was achieved
for Condition 2 (BO = 3.6 mm, S = 2.0 mm, steering direction = right). Figure 3.9 shows the
deflection-to-insertion ratio for each condition. Ratios were higher for steering to the right
than for steering to the left. The highest deflection-to-insertion ratio (0.0778; mean across 5
trials) was achieved for Condition 10 (BO =3.6 mm, S=6 mm, steering direction right).
Table 3.1 shows the mean curvature values and corresponding standard deviations for each
condition (for a video of the needle steering inside the gelatine phantom see supplementary

material).
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Figure 3.7. Results of experiment 1, showing the slip ratio of the needle in single (solid line) and paired
(dashed line) actuation. Thick lines depict the mean values, and thin lines depict the individual trials.
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Figure 3.8. Curvature (cm™) for different conditions. (a) Results of the conditions with constant bevel
offset (3.6 mm). Condition 9 (BO = 3.6 mm, S = 6.0 mm, left) and Condition 7 (BO = 3.6 mm, S = 4.0 mm,
left) have been excluded. (b) Results of the conditions with constant stroke (4.0 mm). Condition 7
(BO=3.6 mm, S =4.0 mm, left) has been excluded. The dots indicate single trials, the asterisks the mean
value, and the error bars the standard deviation (+1 SD). L =left, R = right; the vertical line separates the
conditions for left direction from the conditions for right direction. (c) Example of the needle steering on
the left (BO=0.9, $=4.0mm) inside the gelatine. (d) Example of the needle steering on the right
(BO=1.8 mm, S =4.0 mm) inside the gelatine.
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Figure 3.9. Deflection-to-insertion ratio for different conditions. The dots indicate single trials, the
asterisks the mean value, and the error bars the standard deviation (+1 SD). The vertical line separates the
conditions for left direction from the conditions for right direction.
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Table 3.1. Experimental conditions and curvature mean values for experiment 2.

Condition  BO (mm) S (mm) Steering k (cm™) d/i (no unit)
direction (meanzstd) (meanzstd)
1 3.6 2.0 Left 0.0143+0.0060 0.0198+0.0163
2 3.6 2.0 Right 0.0184+0.0017 0.0686%0.0209
3 1.8 4.0 Left 0.0025£0.0014 0.0108+0.0099
4 1.8 4.0 Right 0.0132+0.0039 0.0769+0.0185
5 0.9 4.0 Left 0.0036+0.0024 0.0161£0.0136
6 0.9 4.0 Right 0.0137£0.0025 0.0751£0.0155
7 3.6 4.0 Left N/A N/A
8 3.6 4.0 Right 0.0116£0.0047 0.0592+0.0308
9 3.6 6.0 Left N/A N/A
10 3.6 6.0 Right 0.0130£0.0067 0.0778+0.0310

Note. BO = bevel offset; S = stroke; k = curvature; d/i = deflection-to-insertion ratio; N/A = condition excluded from
the analysis because four out of five trials showed steering in the opposite direction.

3.5. DISCUSSION

In this study, we presented a novel design of a steerable needle inspired by the ovipositor of
parasitoid wasps. Preventing buckling through zero external pushing force and steering by
means of a reconfigurable tip are two features of the wasp ovipositor that have already been
incorporated in earlier steerable needle designs showing promising results [53, 61]. While
previous work has mainly been directed toward probes for neurosurgery with a minimum
diameter of 4 mm [59], the goal of our study was to develop a needle that utilizes the
ovipositor mechanism while having a diameter under 2 mm, so that it can be used in

percutaneous procedures, such as brachytherapy and core needle biopsy.

3.5.1. Needle design

With a diameter of 1.2 mm, the prototype presented here is thinner than other ovipositor-
inspired needles and probes in the literature, which range between 4 and 12 mm [57-59].
This small diameter was achieved by using flexible wires as needle segments instead of wedge-
shaped sections. The use of wires allows for a circular needle without the manufacturability
challenges of creating cylindrical sections. We used an external interlocking mechanism
placed at the tip, instead of internal interlocking of the segments [45], as the latter is difficult
to manufacture in small dimensions. We showed that a push-pull mechanism, previously
only tested in forward motion [61], can also be exploited during steering, preventing buckling

while moving in a curved trajectory and thus improving the controllability of the needle
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motion. Moreover, instead of a bevel-tip, we proposed a steering mechanism that relies on
the creation of a “discrete” bevel between adjacent segments; such a configuration-based
asymmetry allows to overcome manufacturability challenges in creating a bevel in small
dimensions. Moreover, a discrete bevel-tip is dynamically variable, which might allow for
more accurate control of the steering direction of the needle as compared to a needle with a
fixed bevel. Changing the direction of steering without the need of axial rotation prevents the
generation of torsional stress on the needle body and therefore prevent angular lag between
the orientation of the needle base and the needle tip [70]. This way of steering can facilitate
the control of the needle tip and decrease the risk of tissue damage [23].

In summary, in this prototype, a series of novel aspects has been introduced and tested:
(1) the use of flexible Nitinol wires, which allows for developing a needle with a small
diameter without the need of manufacturing cylindrical sectors; (2) the use of external
interlocking, which is arguably simpler to fabricate than an internal interlocking mechanism;
(3) a new method of steering, in which beveled components are not needed; instead, a type
of “discrete” bevel is created by the configuration of the wires; (4) push-pull advancement

during steering, which prevents buckling while in a curved trajectory.

3.5.2. Experiment 1—forward motion

Experiment 1 showed that needle slip was lower in single than paired actuation (0.21 versus
0.33), consistent with our hypothesis and previous work [61]. The slip values in our work are
considerably lower than the mean slip of 0.7 reported in Sprang et al. [61]. The difference in
slip between the two studies might be attributed to the fact that Sprang et al. used a stiffer gel
(8 versus 4wt%) and needle segments with larger diameter (0.5 versus 0.25 mm) than we did.
A stiffer gel and a thicker needle both increase the forces at the tip of the needle, resulting to
higher slip. Previous work has indeed shown that peak axial needle insertion force increases
with needle size [71].

The slip ratio was higher at the beginning of the trial and stabilized after about nine cycles,
which indicates that a certain initial insertion depth (of about 25 mm) is needed for the needle
to move forward with constant slip. We conducted an additional experiment with five trials
in which the initial needle insertion was 50 mm and found that for this initial insertion depth,
the slip ratio was constant throughout the measurement. This result is consistent with
previous studies having shown that during needle insertion, the friction force on the needle
increases with insertion depth while the approximate cutting force stays constant [72]. We
can expect that an equilibrium is reached at a certain depth between the static friction of the
stationary wires and interlocking ring and the dynamic friction and cutting forces of the

advancing wires, see also Equation (3.3).
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The greater variability in slip between trials observed in the paired actuation as compared
to the single actuation can be due to the random deflection of the wires once they are
advanced inside the gelatine. In paired actuation, the two wires that are moved forward
simultaneously can either stay close to each other or separate from each other (i.e., bifurcate)
as they move out of the flower shaped interlocking ring. Bifurcating wires are likely to result
in higher friction as compared to trials in which the two wires stay together. Bifurcation was
also observed in Sprang et al. [61], in which the needle parts were not interlocked.

3.5.3. [Experiment 2—steering

Needle steering is achieved by creating an offset between a pair of adjacent needle wires,
which we call a “discrete bevel-tip”. This concept is similar to the “programmable bevel”
concept shown in Ko et al. [57], where steering was achieved by creating an offset between
the needle part and pushing the needle inside a gelatine phantom. A difference between the
concepts of a discrete bevel-tip and a programmable bevel is that in the former, the needle is
not directly pushed inside the gelatine; instead the insertion is achieved by a push and pull
actuation sequence that, combined with the tip asymmetry, results in a curved path. A second
difference is that the programmable bevel needle design presented by Ko et al. [57] consists
of needle parts with a fixed bevel-tip, whereas in our design the needle parts have a flat tip
and the bevel is created by making an offset between them, which means that the bevel angle
can be altered.

From the results of experiment 2 we did not find a systematic effect of BO on curvature.
It is known that needle deflection increases when the bevel angle decreases [69]. However,
when the bevel angle is lower than 30°, as in our case, the changes in needle deflection as a
function of the bevel angle are barely noticeable. Similarly, Jiang et al. [73] found no
significant differences in curvature values for needles with a bevel angle of 30° and 10°. In
Figures 3.8b and 3.9 we saw that the needle curvature in the right direction was lower for a
larger bevel offset BO. This is opposite to our hypothesis. A similar result was also reported
in Frasson et al. [44], who suggested that this unexpected result could have been due to the
diameter of the probe, which was larger than regular needles (ie., 9 mm). A possible
explanation of our results could be that the wires tend to bifurcate more for larger BO and S.
If the first pair of advancing wires bifurcates (i.e., first discrete bevel), the second pair of
advancing wires may not follow the path laid by the first discrete bevel but lay a new path
instead. As a result, the needle would lose the discrete bevel configuration and not deflect
towards the desired direction. 3D microscopic observations of bevel-tip needles conducted
by Van Veen et al. [74] showed indeed that the gel rupture at the needle tip is wider and
shorter for large bevel angles. A wider and shorter rupture profile provides a larger clearance

for the tip to move out of plane. Therefore, it is possible that in the case of a smaller BO (i.e.,
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larger bevel angle) the wires had more tendency to move towards the steering direction. The
irregular deflection of the wires can also explain the greater variability observed in the results
for conditions with large BO and S.

The value of curvature achieved with this needle design is smaller than the values
presented in the state-of-the-art [57, 75]. In future prototypes the resulting steering curvature
can be increased in different ways [75]. Designing a needle with a smaller diameter will
decrease the bending resistance and therefore increase the curvature [74]; the same result can
be obtained by using a material with lower stiffness than Nitinol. It has been also shown that
pre-bending a needle can have positive effects on the resulting curvature [26]. It should be
noted here that the amount of needle steering needed depends on the medical application.
For example, in some cases the steering is used to compensate for tissue or target motion [76-
78], and only a small deflection of the needle from the straight path is required (range
between 2 mm and 6 mm [77]). The needle presented in this paper can reach deflections up
to 7.8 mm (maximum mean value), making it suitable for these types of procedures.

To test whether the needle can change direction of steering without the need of axial
rotation, we performed three extra trials, in which the wires were actuated clockwise for the
first half of the actuation cycles (to steer to the left) and anticlockwise for the second half of
the actuation cycles (to steer to the right). These three trials were conducted for BO = 0.9 mm
and S = 2.0 mm, which was the combination of BO and S that resulted in the least incidences
of bifurcation in experiment 2. Besides the limited steering of the needle to the left (see results
of experiment 2), a change in direction in the middle of the laid trajectory was noticeable
(Figure 3.10).

Figure 3.10. Final position of the needle inside the gelatine during the trial in which the steering direction
was changed from left to right (BO = 0.9 mm, S =2.0 mm). Arrows showing the direction of steering and
the middle-dashed line point when direction changed.

3.5.4. Limitations

In experiment 2, higher curvatures were achieved when steering to the right than when

steering to the left. This directional preference might have been caused by a tendency of the
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needle wires to pre-curve. Indeed, after having assembled the needle we observed that the
wires at their relaxed state curved slightly to the right.

In our data analysis we assumed that the needle deflection occurs only in the steering
plane. However, visual observations showed that the needle also tended to deflect upwards.
This upward deflection was not quantified but was present in all our trials and is likely to
have been caused by pre-curve in the wires and/or vertical misalignment of the gelatine cart
and the actuation unit. Jahya et al. [79] also reported such “out of plane” deflection and
further observed that this deflection increases with the bevel angle of the needle tip. For this
reason, the absolute values of slip and steering curvature results of experiments 1 and 2
should be interpreted with caution.

In both experiments, the inertia of the gelatine cart and bearing friction might have
influenced the slip results. A large mass of gelatine tends to reduce slip in the pushing phase,
while the contrary holds during the pulling phase. The friction between the cart which is
moving and the base has to be minimal. Parittotokkaporn et al. [53] used a linear air bearing
(aerostatic) with a friction coefficient around 0.0001. This value is lower than a typical friction
coefficient of a lubricated ball bearing. In our design we opted for ball bearings, because these
have a low friction coefficient (0.001-0.005 [80]) as well as lower costs and maintenance than
the air bearings.

3.5.5. Future work

In future prototypes, we plan to eliminate the pre-curvature in the steering direction by
selecting straight annealed Nitinol wires. Different tip designs will be investigated to limit the
bifurcation of the wires once they are moved away from the interlocking ring.

A Dbetter understanding of the interaction between wires and gelatine could help in
explaining the behavior of the needle as a function of BO and S. Measurements of friction
forces along the needle and forces at the needle tip can be done and used as reference for
future design choices, in term of number of wires and actuation method. Furthermore, a
stress—strain analyses in the gelatine at the needle tip could give us information on tissue
damage during the reciprocal actuation of the wires. Moreover, ex vivo experiments are
needed for a better understanding of the phenomena in real tissue.

The needle design presented in this paper represents only one of the many possible
designs that can originate from our steerable needle concept. The number as well as the
diameter of the wires can be changed so that the needle has suitable dimensions for specific
applications. A possible application is brachytherapy, where multiple seeds have to be
implanted in the prostate; this is usually done with 20-30 needle insertions [81]. Using a

needle with enhanced steerability, it would be possible to use only one needle and change the
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direction of the needle “on-the-spot” without the need of multiple punctures, reducing pain

and tissue damage.

3.6. CONCLUSION

This paper presents the design and experimental evaluation of a wasp ovipositor-inspired
needle with a diameter of 1.2 mm. We showed that the needle can penetrate a gelatine
phantom of 4wt% with zero external push force, and that it steers by means of a “discrete”
bevel-tip. The proposed biologically inspired needle design is an important step towards the
development of ultra-thin steerable needles for percutaneous interventions.

SUPPLEMENTARY MATERIAL

Supplementary information is available at: stacks.iop.org/BB/13/016006/mmedia.
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ABSTRACT

Flexible steerable needles can follow complex curved paths inside the human body. In a
previous work, we developed a multiple-part steerable needle prototype with a diameter of
1.2 mm, inspired by the ovipositor of parasitoid wasps. The needle consisted of seven nickel-
titanium longitudinally aligned wires held together at the tip by a cylindrical ring with seven
holes. The steerability of the needle was evaluated in a gelatine phantom and was found to be
lower than that of other steerable needles in the literature. One possible cause of this limited
steerability is that during motion the wires tend to separate from each other (i.e., bifurcate).
Our aim here was to reduce bifurcation in order to increase the steering curvature of the
needle, while keeping the diameter around 1.5 mm, and thus compatible with needles used
in medical practice. To achieve that, we changed the shape of the ring from cylindrical to
conical. We evaluated the steering performance in gelatine, using the conical ring in two
configurations: (1) with the apex of the cone towards the needle tip, so that the wires
converge, thus expected to reduce bifurcation, (2) with the apex of the cone placed towards
the needle base, so that the wires diverge, thus expected to magnify bifurcation. Results
showed that the diverging ring generated larger steering curvatures. We can conclude that
reducing the bifurcation of the wires is not enough for increasing the steering curvature and

that inducing this same phenomenon instead could actually lead to higher curvatures.
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4.1. INTRODUCTION

In percutaneous interventions, when a target area inside the human body can be reached via
a straight line, rigid needles are typically used. However, when the target is difficult to reach
and avoiding organs or vessels along the path becomes essential, the physician might decide
to proceed with open surgery or to not perform the procedure, with obvious consequences
for the patient’s health. Over the last decades, researchers have been developing flexible
steerable needles (see [1] for a review), which allow to follow complex curved paths. The
steering curvature required to reach a target depends on the specific medical procedure. In
some cases, such as in brachytherapy, the needle has only to compensate for the movement
of tissues and organs in the environment, and so the maximum deviation from a straight path
(i.e., deflection) required is relatively small (e.g., between 2 mm and 6 mm) [2]. In cases in
which the target is blocked by sensitive structures (e.g., vessels), much higher needle
deflections are required (e.g., 30 mm) over a relatively short distance from the insertion point
(e.g., 80 mm) [3].

4.1.1. Needle steering curvature

Curvature is a quantitative measure of the amount by which a curve deviates from a straight
line. In the case of a circle, the curvature equals the reciprocal of the circle radius at every
point. In the case of a general curve, the curvature equals the curvature of the osculating
circle, which is the tangent circle that approximates the curve the best. The steerability of a
needle is often expressed as the minimum achievable radius of curvature, that is, the
reciprocal of the curvature. Alternatively, steerability can be expressed as the ratio of the
maximum deviation of the needle from a straight path to the distance between the position
from which the needle starts to deflect and the position of maximum deviation [4], called
henceforth “deflection-to-insertion ratio”. The steering curvature is high when the radius of
curvature is low and/or the deflection-to-insertion ratio is high. The steering curvature
depends on the needle design characteristics, namely the needle diameter, the type and degree
of asymmetry of the needle tip, and the needle material. Decreasing the needle diameter
lowers the second moment of inertia, resulting in lower bending resistance, thereby
increasing the steering curvature [5]. Asymmetry at the needle tip can be induced with a
bevel-tip, a pre-bent segment, or a combination of both [6]. The smaller the bevel angle, the
higher the curvature. Simulations by Konh et al. [7] indicated that a decrease of the bevel
angle from 60° to 20° corresponds to an increase in needle deflection from 7.3 mm to 25.5
mm for an insertion depth of 150 mm and a needle diameter of 0.64 mm. It has further been
shown that the effect of the bevel angle on the steering curvature decreases for small bevel
angles, with differences in deflection being barely noticeable between needles (?1.27 mm)
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with a bevel angle of 30° and 10° [8]. Asymmetry at the needle tip can be also induced by
bending the tip. The bend can be permanent and activated by tissue interaction, or temporary
and activated by cables [9] or other means [10]. Increasing the tip angle of a pre-bent needle
also increases the steering curvature [11]. Moreover, adding a bend to a conical [3] or bevel-
tip needle [12] increases the steering curvature compared to a needle without a bend. Pre-
bending bevel-tip needles can considerably improve the steering curvature, with minimum
radii of curvature of 16.45 cm versus 5.62 cm reported for bevel-tip versus pre-bent bevel-tip
needles, respectively [6]. Another way of lowering the bending resistance of the needle is by
carving one or more sets of notches on the needle shaft. In Khadem et al. [13], adding four
sets of notches to an 18G standard needle increased deflection from 25 mm to 33 mm. The
steering curvature further depends on the needle material. With stiffness approximately 1/3
of that of standard stainless steel, Nitinol, for example, has been used in needles to increase
the steering curvature [14]. Table 4.1 presents an overview of the minimum radius of
curvature and/or maximum needle tip deflection-to-insertion ratio for various needle

designs reported in the literature.

4.1.2. Aim

In previous work [15], we developed a multiple-part needle prototype inspired by the
ovipositor of parasitoid wasps and evaluated its steerability in a gelatine phantom. The needle
consists of seven Nitinol wires, each with a diameter of 0.25 mm and a length of 160 mm. Six
of the wires are arranged circularly around the seventh wire. An interlocking ring (aluminum,
?1.2 mm, 2.0 mm long) with seven holes (0.3 mm) keeps the wires together at the tip of the
needle. The total diameter of the needle is 1.2 mm at the tip (i.e., equal to the diameter of the
ring) and 0.75 mm along the body. The needle is able to advance through a gelatine phantom
with zero external push force and to follow a curved path. Specifically, by actuating one or
two wires simultaneously, the needle can advance forward within the substrate, as the
remaining four or five stationary wires generate sufficient friction force to compensate for
the friction and cutting force of the advancing wires. Steering is achieved by creating an offset
between adjacent wires, a configuration which we call a “discrete bevel-tip”, and by moving
each pair of offset adjacent wires over a pre-defined distance (stroke). Depending on the
actuation sequence of the wires, the needle steers to the left or to the right.

We tested several combinations of offset (i.e., 3.6 mm, 1.8 mm, and 0.9 mm) and stroke
(i.e,2 mm, 4 mm, and 6 mm) and found a maximum steering curvature of 0.018 cm™ (average
across 5 trials), achieved with an offset of 3.6 mm and a stroke of 2 mm, and a maximum
deflection-to-insertion ratio of 0.078 (average across 5 trials), achieved with an offset of 3.6
mm and a stroke of 6 mm. These values are lower than values reported for other needle

designs (see Table 4.1). One possible cause of this limited steerability is that during motion
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the wires tend to separate from each other (i.e., bifurcate), because of which the discrete bevel
loses its definition and the steering motion becomes compromised.

The aim of the present work was to reduce the bifurcation of the wires in order to increase
the steering curvature of the needle, while keeping the final diameter smaller than 2 mm, and
thus compatible with the diameter of the needles used, for example, in core needle biopsy
(14-19G) [16] and brachytherapy (17-18G) [17]. We first present the conceptual design of
the needle prototype and the steering method used, followed by an experimental evaluation

of the steering performance of the needle.

4.2. NEEDLE DESIGN

4.2.1. Conceptual design for reducing wire bifurcation

One possible origin of the bifurcation of the wires observed in the previous prototype is the
tolerance between the holes of the interlocking ring and the wires (0.025 mm). This space
could cause the wires to exhibit play while they move through the holes and to bend towards
a direction different from the steering direction. A possible solution could be to increase the
length of the interlocking ring, which would limit the bending angle of the wires inside the
holes. Accordingly, we increased the length of the interlocking ring of the prototype from 2
mm to 5 mm.

Bifurcation could be further reduced by guiding the wires towards the central wire. To
achieve that, we changed the shape of the interlocking ring from cylindrical to conical. By
creating an angle with respect to the longitudinal axis of the needle, the wires would mimic a
pre-bent needle, converging towards the central wire. This ring will be henceforth referred to
as “converging ring” (Figure 4.1). The angle f of the conical ring with respect to the
longitudinal axis of the ring can be defined as a function of the minimum and maximum

diameter d, and d; of the ring and its length [:

d, = 2ltan B + d, (4.1)
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[
of

Figure 4.1. (a) Schematic representation of the converging ring with the wires guided towards the center.

(®)

The vertical curved line on the left indicates the continuation of the needle body towards the needle base.
The needle tip is depicted at the rightmost side of the drawing. (b) Design parameters of the conical ring.
di and d: are the minimum and maximum diameters, respectively,  is the length of the ring, and f3 is the
angle with respect to the longitudinal axis of the ring.

Assuming [ = 5 mm, d, = 1.2 mm, and § = 2°, it can be derived from Equation 4.1 that
d>=1.55 mm. The total diameter of the prototype coincides with the ring diameter, which is
1.55 mm (i.e., lower than 2 mm).

To test our hypothesis that the bifurcation of the wires was the main cause of limited
steering in our previous prototype, we also created a ring that intentionally induces
bifurcation of the wires and observed the effect of such a ring on the steering curvature. This
ring is identical to the converging ring described above, but with its apex placed towards the
base of the needle, so that the wires are moved away from the central wire, therefore
magnifying the bifurcation (Figure 4.2). This ring will be henceforth referred to as “diverging

.
ring”.

Figure 4.2. Schematic representation of the diverging ring. The vertical curved line on the left indicates
the continuation of the needle body towards the needle base. The needle tip is depicted at the rightmost
side of the drawing.
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Chapter 4

4.2.2. Needle prototype

The needle prototype consists of a needle body and an actuation unit. The needle body
consists of seven longitudinally aligned wires of Nitinol (straight annealed, activation
temperature 20°C), each wire with a diameter of 0.25 mm and a length of 250 mm. The wires
are held together at the needle tip by the converging/diverging ring described in Section 4.2.1.
The ring has one central 0.3-mm hole and six 0.3-mm circumferential holes through which
the wires are fed. The central wire is glued to the central hole, while the other six wires can
slide back and forth through the circumferential holes. Six stainless steel rings (@in: 0.9 mm,
Qout: 1.0 mm, 2.0 mm long) are located along the length of the needle, to keep the Nitinol
wires together (Figure 4.3).

The actuation unit consists of six stepper motors AM0820 with step angle 18° (Faulhaber,
Germany), each motor actuating one of the six wires. The transmission consists of a
leadscrew (M2, 28 mm long) and a slider to convert rotational motion of the stepper motors
into a linear motion of the wires. Seven stainless steel tubes are attached to the housing to
guide the seven wires outside of the actuation unit. The six stepper motors are actuated using
six stepper drivers DRV8834 (Texas Instruments, TX) and an Arduino MEGA 2560 micro-

controller.

(a) (b)

Figure 4.3. (a) Needle prototype with the actuation unit at the leftmost side of the photo. (b) Close-up of
the needle tip with the converging ring.

4.2.3. Steering motion

We expect that the steering curvature is higher when using the converging ring as compared
to the diverging ring, because in the former case the wires have the tendency to move towards
the center, thereby averting bifurcation, whereas in the latter case the wires are forced to
bifurcate and the definition of the discrete bevel-tip is lost. Additionally, in the case of the
converging ring, the wires mimic the behavior of pre-bent wires, which increases the lateral

forces acting at the end side and is thus expected to result in higher steering curvature.
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In order to lay a curved path, first an offset (O) is created by moving two pairs of adjacent
wire forward, one at the time, while the third pair remains stationary. Then, each of the three
pairs is moved forward, one at the time, over a pre-defined distance called stroke (S). Because
of the asymmetry created at the tip by the offset and stroke, the needle deflects. Finally, all six
wires are moved backwards, causing the interlocking mechanism that is glued to the central
wire to advance within the substrate. By repeating these steps, the needle follows a curved
path inside the substrate. Depending on the desired steering direction (left or right) different
pairs of wires are actuated. Steering to the left is achieved by moving over a pre-defined O the
wire pairs 1-2 and 3-4 for the converging ring and 1-6 and 5-4 for the diverging ring. For
steering to the right, wire pairs 1-6 and 5-4 are moved for the converging ring and 1-2 and 3-
4 for the diverging ring (Figure 4.4).

4.3. MATERIALS AND METHODS

The steerability of the two variations of the prototype (i.e., with the converging and the

diverging ring) was experimentally evaluated in a gelatine phantom.

4.3.1. Experimental setup

The experimental setup consisted of an actuation unit mounted on an aluminum platform
and data acquisition systems. The base plate of the platform (ca. 405 x 101 mm) had a duct
to guide a lightweight aluminum cross-shaped cart (dimensions: 210 x 100 mm, mass = 39 g)
mounted to four wheels in order to move along a straight path with low friction. The cart was
used to carry a gelatine phantom, in which the needle was inserted (Figure 4.5). To align the
needle along its length, we added two rings with an asymmetric cross-section (aluminum, @
3.0 mm, 2.0 mm long) to the body of the needle and fixed them to the cart. The alignment
rings had seven holes through which the wires could freely slide. A camera (Nikon D610 with
AF-S NIKKOR 24-70 mm) was positioned above the cart to take a photo of the initial

insertion and final position of the needle during the trials.
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(b)

(e)

Figure 4.4. The steps of the actuation of the wires used for steering the needle through a substrate with
the converging tip (left) and the diverging tip (right). (a) Cross-section of the rings, (b) Initial position of
the wires, (c) An offset (O) is created by moving two pairs of wires forward over a pre-defined distance
called offset (O), d) The first pair of wires is moved over a second pre-defined distance, called stroke (S),
(e) The other pairs are moved over the same distance S.
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The gelatine phantoms were prepared by mixing hot tap water (ca. 70°C) and gelatine
powder (Dr. Oetker Professional, the Netherlands). The solution was poured into containers
(ca. 230 x 150 x 60 mm) and stored overnight at 5°C. Before each trial, a gelatine block of 48
x 165 x 30 mm (width x length x height, 200.0 + 0.2 g) was cut and placed on the cart. The
gelatine phantoms had a concentration of 5% weight (wt) powder in water, corresponding to
a stiffness of 4.6 kPa, which was measured using a universal testing machine (Zwick/Roell
7005, Germany). This value roughly corresponds to the stiffness of brain tissue (0.5-6.0 kPa)
[29]. For all experimental trials, we selected a constant forward speed of 1 mm/s and a

theoretical travel distance equal to 120 mm.

(a)

]

Figure 4.5. (a) Experimental setup showing the actuation unit mounted on an aluminum platform and
the gelatine phantom on the cart. (b) Close-up of the needle entering the gelatine.

4.3.2. Experimental design

Hypotheses
Three hypotheses were formulated: a) The higher the offset of the wires, the higher the

curvature achieved (i.e., lower radius of curvature), as the asymmetry at the tip increases,
causing the needle to bend more. b) The higher the stroke, the higher the curvature achieved
(i.e., lower radius of curvature), as the asymmetry at the tip increases, causing the needle to
bend more. ¢) The converging ring reduces the bifurcation of the wires, resulting in higher
curvatures than the diverging ring.

83



Chapter 4

Dependent and independent variables
The dependent variable was the deflection-to-insertion ratio of the needle. The independent

variables were the initial offset (O) of the wires, the stroke (S), the steering direction, and the
type of ring. The offset was varied between 2.0, 4.0, and 6.0 mm. The stroke was varied
between 4.0 and 6.0 mm. Two steering directions, left and right, were tested, and two
interlocking rings, converging and diverging. Table 4.2 shows the eight experimental

conditions tested for each interlocking ring.

Table 4.2. Experimental conditions for each of the interlocking rings.

Condition Offset [mm] Stroke [mm] Direction
1 4.0 4.0 Left
2 6.0 4.0 Left
3 2.0 6.0 Left
4 6.0 6.0 Left
5 4.0 4.0 Right
6 6.0 4.0 Right
7 2.0 6.0 Right
8 6.0 6.0 Right

Experimental procedure

All eight conditions were repeated eight times in a randomized order, first with the
converging ring and then with diverging ring. With the help of the actuation unit, the needle
was inserted inside the gelatine to a starting position of approximately 35 mm when using
the converging ring, and of 45 mm when using the diverging ring; the initial insertion depth
was smaller for the converging ring because this ring had a lower drag than the diverging
ring. Once the needle was in place, the chosen settings for steering (i.e., O, S, and direction)
were uploaded in Arduino and used for the actuation of the wires. At the end of each trial a
photo of the final position was taken, the gelatine was removed from the cart, and the wires
were cleaned with oil and water. Measurements that were not successful due to, for example,

a failure of the motors, were repeated following a randomized order.

Data analysis
The photographs of the final position of the needle inside the gelatine were cropped to

exclude the initial insertion of 35 mm and 45 mm for the converging and the diverging ring,
respectively. Then, the MATLAB image processing toolbox was used to convert the
photographs into binary images, after which the needle shape and centerline were extracted.

Next, the initial and end points were extracted and used to calculate the deflection d of the
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needle from a straight path and the insertion depth i (Figure 4.6). The deflection-to-insertion

ratio d/i was then calculated as a measure of needle curvature.

(b)

Figure 4.6. Image processing of experimental data. (a) Original image of the final position of the needle.
(b) Binary image. (c) Skeleton with end points. This image corresponds to a measurement for Condition 2
(offset 6 mm, stroke 4 mm, left) with the converging ring.

4.4. RESULTS

4.4.1. Converging ring

The measurements for the converging interlocking ring were initially completed successfully
61 out of 64 times. The three failed measurements were caused by motors not actuating the
wires correctly and were repeated. The needle steered to a direction opposite to the one
expected two times in Condition 6 and two times in Condition 8; these four measurements
were excluded from the analysis. Another three measurements (one measurement for each
of Conditions 4, 5, and 6) were excluded, because the needle touched the bottom of the cart.
The results are summarized in Table 4.3 and Figure 4.7. The highest mean deflection-to-
insertion depth ratio was 0.069, achieved for Condition 4 (i.e., offset 6 mm, stroke 6 mm, and
direction left), with a standard deviation of 0.027. Among the conditions with high
deflection-to-insertion ratio (i.e., > 0.050), Condition 1 showed the lowest variability (i.e.,
standard deviation of 0.019).
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4.4.2. Diverging ring

The measurements for the diverging ring were initially completed successfully 55 out of 64
times. The nine failed measurements were caused by motors not actuating the wires correctly
and were repeated. The needle steered in a direction opposite to the one expected in one
measurement for Condition 2 and in one measurement for Condition 4; these measurements
were excluded from the analysis. The results are summarized in Table 4.3 and Figure 4.7.
Condition 7 exhibited the highest mean deflection-to-insertion ratio: 0.097, with standard
deviation of 0.033. Steering to the right led to higher deflection-to-insertion ratios than
steering to the left.

For the same steering direction (left or right), no significant differences in the deflection-
to-insertion ratio were found between any of the offset or stroke conditions for either
interlocking mechanism. For the converging ring, steering to the left resulted in a
significantly higher deflection-to-insertion ratio than steering to the right for Conditions 3
(Mann-Whitney U=7, p=0.007, r=0.65) and 4 (U= 7, p =0.026, r = 0.60). For the diverging
ring, steering to the right resulted in a significantly higher deflection-to-insertion ratio than
steering to the left for Conditions 6 (U =9, p =0.029, r=0.57) and 7 (U= 9, p = 0.015, r =
0.60). The diverging ring led to significantly larger curvatures than the converging ring in
Conditions 5 (U = 1, p = 0.001, r = 0.80), 6 (U= 3, p = 0.011, r = 0.69),and 7 (U =0, p =
0.00016, r = 0.84).

Table 4.3. Results for steering with the converging ring and the diverging ring.

Converging ring Diverging ring
Condition
Sample  Deflection-to-insertion ratio Sample  Deflection-to-insertion ratio
size (mean + standard deviation) size (mean + standard deviation)
1 (04-54-1) 8 0.065 £ 0.019 8 0.054 + 0.034
2 (06-S4-L) 8 0.063 £ 0.033 7 0.060 = 0.022
3 (02-S6-L) 8 0.047 £ 0.022 8 0.054 = 0.029
4 (06-S6-L) 7 0.069 = 0.027 7 0.080 = 0.042
5(04-S4-R) 7 0.033 £0.019 8 0.093 = 0.022
6 (06-S4-R) 5 0.048 = 0.024 8 0.096 = 0.025
7 (02-S6-R) 8 0.019 £0.013 8 0.097 £ 0.033
8 (06-S6-R) 6 0.049 £ 0.033 8 0.094 = 0.059
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Converging Ring Diverging Ring

0.14 0.14

0.12 0.12

0.1
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Deflection-to-insertion
Deflection-to-insertion

0.04 0.04

0.02 % 0.02

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Conditions Conditions

Figure 4.7. Deflection-to-insertion ratio when using the converging ring and diverging ring. The asterisk
represents the mean value and the error bars represent the standard deviation.

4.5. DISCUSSION

In this study we have presented a prototype of an ovipositor-inspired needle composed of
seven Nitinol wires kept together at the needle tip with a conical interlocking ring. Our goal
was to prevent the bifurcation of the wires, a phenomenon observed in a previous version of
the prototype [15], and consequently to increase the steering curvature. The conical ring was
used in two different configurations: (1) as a “converging ring”, where the wires tend to move
toward the center, (2) as a “diverging ring”, where the wires tend to move away from the
center. The performance of the needle with both rings has been investigated in a 5%wt
gelatine phantom.

In a previous version of the prototype [15] we were creating first an asymmetry between
two wires and then reinforcing it by advancing two other wires with the same offset. In the
current prototype the offset is created between four wires (i.e., two pairs) and the other two
wires (i.e., one pair). The goal of the asymmetry in the first prototype was to create a “discrete
bevel tip” which would then make the needle curve in the direction of the bevel. In the current
prototype, we use the offset and the stroke to create an asymmetry that mimics a pre-bent tip.
Using a pre-bent tip allows for higher curvatures than a normal bevel-tip needle (see Section
4.1.1).

The results showed that for three out of the eight tested conditions (Conditions 5, 6, and
7), the diverging ring led to statistically higher steering curvatures than the converging ring,
which is against our hypothesis. A possible reason why the converging ring led to lower
steering curvatures than the diverging ring is the interaction between the wires, which is

present when using the converging ring and not with the diverging ring. Specifically, during
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the actuation sequence, some of the wires are protruding because of the offset created
between them (see Figure 4.4c). When the wires are moved over a distance equal to the stroke,
the pair of wires that lies behind pushes the protruded wires towards the opposite direction,
reducing the final curvature. Another possible explanation for the unexpected steering
performance of the diverging ring is the following: with the converging ring, the wires are
directed first outwards when entering the holes, and then inwards when exiting the holes, as
the diameter of the ring decreases over the ring length (Figure 4.1a). With the diverging ring,
on the other hand, the wires are directed only outwards. In other words, in the converging
ring the wires are bent twice, whereas in the diverging ring, they are bent only once. This
might have affected their local stiffness, which could explain why the steering curvatures
obtained with the converging ring were smaller than the curvatures obtained with the
diverging ring.

In the previous prototype, the steering direction was opposite to the expected one (i.e.,
needle steering to the left while it was expected to steer to the right and vice versa) in 8 out of
50 trials (16%), whereas in the current prototype, this phenomenon was observed in 6 out of
128 trials (4.69%; 2 of which with the diverging ring). The reduced incidences of “wrong”
steering could be explained by the fact that, whereas the tolerance of the interlocking ring in
the previous prototype made the wires occasionally follow random directions, in the current
prototype the motion of the wires was better controllable and therefore the final direction
was more predictable.

The highest mean value (0.097, Condition 7) of deflection-to-insertion ratio obtained
with the diverging ring is comparable to those reported by Ryu et al. [25], that is, 0.12 for a
needle diameter of 1.67 mm. The ratio corresponds to deflections of around 10 mm over a
distance of 90 mm. Such a needle can be used to compensate for motion of tissues and organs
in the environment and/or the targets in brachytherapy [2].

The total length of the offset and stroke created between the wires can be seen as the length
of a pre-bent segment. Adebar et al. [3] showed that an increase in the length of the bent-tip
leads to higher curvatures. In our case the values of this length (i.e., offset + stroke) are 8, 10,
and 12 mm (see Table 4.2). With the converging ring, the deflection-to-insertion ratio is
indeed higher when the sum of the offset and stroke is higher (i.e., 6 + 6 = 12 mm); this
difference is less visible for the diverging ring. The reason of this might be that with the
diverging ring the wires need just a small offset to bend, and the effect of the additional stroke
does not change the amount of steering; moreover, the wires in the case of the diverging ring
are already pre-directed towards a certain direction (i.e., controllably bifurcated), and since
there is no interaction between the wires, the offset might not be contributing to steering.

One limitation of this work was that the transmissions of individual wires occasionally
jammed and the motors got stuck. A different design of the housing of the motors could solve
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this problem. For example, a larger actuation unit could be used, where the motors with their
relative spindles are not constrained, so that they do not get stuck against the wall of the case.
Second, we observed that the deflection-to-insertion ratio differed between the two steering
direction, left and right. Specifically, the needle steered more to the right than to the left in
the case of the diverging ring, and vice versa in the case of the converging ring. This could
have been caused by a bias in the wires or by an axial rotation of the ring, making the wires
twist, thereby affecting their movement and bending curvature. Third, during our tests we
have assumed that the needle deflection occurs only in the steering plane. However, during
the experiments we observed that the needle also tended to deflect downwards. This
phenomenon is likely to have been caused by the weight of the interlocking ring. Jahya et al.
[30] also reported such an “out of plane” deflection and showed that this phenomenon
increases with the degree of bevel angle. Fourth, real-time control of the motors actuation
was not possible, since the settings were chosen and loaded every time before the start of each
test. A continuous instead of stepwise motion would be preferred, in order to limit any effects
of the inertia of the gelatine cart on the motion of the needle.

In future work, the steering curvature of the ovipositor-inspired needle can be increased
by decreasing the diameter of the needle [5]. This can be done by using fewer wires and/or
wires with a smaller diameter. The wires can also be treated, in order to create a fixed
asymmetry at the tip; for example, heat treatment can be used to curve the distal end [31]. A
flexible or compliant structure to keep the wires together instead of a rigid interlocking ring
could also assist in increasing steerability. Finally, the needle should be tested in substrates

with different degrees of stiffness and heterogeneity.

4.6. CONCLUSION

This paper presents a design solution to increase the steering curvature of a wasp ovipositor-
inspired needle with a diameter of 1.55 mm. We showed that the needle can steer through a
5%wt gelatine phantom by generating an asymmetry at the tip and two configurations of a
conical interlocking mechanism (converging and diverging) that mimics a pre-bent needle.
The highest mean deflection-to-insertion ratio achieved was 0.097 (standard deviation of
0.033), which is higher than the corresponding ratio of 0.078 achieved by a previous version
of the prototype with a straight interlocking ring. This higher ratio was achieved, however,
when using the diverging rather than the converging conical ring, which runs opposite to our
hypothesis. We can conclude that reducing the bifurcation of the wires is not enough for
increasing the steering curvature and that inducing this same phenomenon instead could lead

to higher curvatures.
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Chapter 5

ABSTRACT

In percutaneous interventions, reaching targets located deep inside the body with minimal
tissue damage and patient pain requires the use of long and thin needles. However, when
pushed through a solid substrate, a structure with a high aspect ratio is prone to buckle. We
developed a series of multi-element needles with a diameter smaller than 1 mm and a length
larger than 200 mm, and we experimentally evaluated the performance of a bio-inspired
insertion mechanism that prevents needle buckling of such slender structures. The needles
consisted of Nitinol wires and advance into a substrate by pushing the wires forward one after
the other, followed by pulling all the wires simultaneously backward. The resulting net push
force is low, allowing the needles to self-propel through the substrate. We investigated the
effect of the needle design parameters (number of wires and their diameter) and substrate
characteristics (stiffness and number of layers) on the needle motion. Three needle
prototypes (consisting of six 0.25-mm wires, six 0.125-mm wires, and three 0.25-mm wires,
respectively) were inserted into single- and multi-layered tissue-mimicking phantoms. The
prototypes were able to move forward in all phantoms without buckling. The amount of
needle slip with respect to the phantom was used to assess the performance of the prototypes.
The six-wire 0.25-mm prototype exhibited the least slip among the three prototypes.
Summarizing, we showed that a bio-inspired motion mechanism prevents buckling in very
thin (diameter <1 mm), long (length >200 mm) needles, allowing deep insertion into tissue-

mimicking phantoms.
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5.1. INTRODUCTION

Percutaneous procedures, such as biopsy sampling [1, 2], anaesthesia [3, 4], and
brachytherapy [5, 6], are minimally invasive interventions where a needle is advanced
through soft tissue in order to collect samples, inject drugs, or place radioactive seeds. When
a needle is advanced through tissue, forces arise at the needle tip and along the needle body.
The force acting on the needle by the surrounding tissue has been described by Okamura et
al. [7] as the sum of three components: surface stiffness force (Fyr), cutting force (F.y;), and
friction force (Fgic). In order for the needle to move forward into the tissue, the insertion

force (Fi,) applied by the operator has to overcome the sum of these components, that is:

Fin = _Fstiff - Fcut - Ffric (5-1)
_ (~Fair x=0
Fi B {_Fcut - Ffricr 0<x< dl (5'2)

where x is the depth of the needle into the tissue, and d, is the end of the tissue layer (Figure
5.1a).

a b Tissue layer 1 Tissue layer 2
fiic
En & En
4 ~ Ustiff >
—
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—
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x (depth) .. X (depth) : :
0 d 0 d d,

Figure 5.1. Needle insertion into a body tissue. (a) Insertion through a single tissue layer F;,= insertion
force, Fgy¢r = surface stiffness force, Fyyc = friction force and F,; = cutting force. (b) Insertion through two
tissue layers. Fgi, is the friction force of the tissue layer 1, Fyfr,, Frric,and Feye,are the surface stiffness
force, the friction force, and the cutting force of the tissue layer 2, respectively. The axis (x) represents the
depth of the needle inside the tissue. x = 0 is the start of the (first) tissue layer, x = di is the end of the (first)
tissue layer and the start of the second tissue layer, and x = d, is the end of the second tissue layer.

The surface stiffness force is due to the elasticity of the tissue and occurs when puncturing
the skin or membrane surrounding an organ. The cutting force is generated at the tip of the
needle when slicing through the tissue and includes the tissue stiffness force [8]. Assuming

that the inner structure of the tissue is homogeneous, the cutting force is independent from
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the insertion depth. The friction force acts along the length of the needle and is a combination
of Coulomb friction, adhesive friction, and viscous friction (i.e., damping) [7]. The Coulomb
friction force is linearly dependent on the normal force acting on the needle body as a reaction
to the compression applied to the tissue by the needle (also called clamping force [9]). The
adhesive friction force is caused by the tendency of the tissue to stick on the needle surface
during insertion [10]. The viscous friction force depends on the needle-tissue interaction
damping coefficient and the velocity of the needle insertion. In literature, several friction
force models for needle-tissue interaction study exist [11], some of which are simplified,
considering only the Coulomb friction force (e.g., Winkler’s foundation model [12]), and
others being more complex, also including the adhesive and viscous friction elements (e.g.,
Karnopp model [7], Dahl model [13]). Carra et al. [13] presented a model that takes into
account the needle passing through different tissue layers, such as skin, fat, muscle, and
connective tissue. Each of these layers contributes with its own cutting, stiffness, and friction
forces [13, 14]. To illustrate, for a substrate consisting of two layers, the insertion force has to
overcome the resistance of both layers, that is:

_ _Ffricl - Fstiffzﬁ X = dl
Fi,

= (5.3)
_Ffricl - Fcutz - Ffriczﬁ dl <x< dZ

Where F;, is the insertion force, Fy;c, is the friction force within tissue layer 1, Fg;c, is the
friction force within tissue layer 2, Fy;f, is the surface stiffness force of tissue layer 2, Fey, is
the cutting force of tissue layer 2, and d, and d, are the positions of the needle when it reaches
the end of tissue layer 1 (i.e., the start of tissue layer 2) and the end of tissue layer 2,
respectively (Figure 5.1b).

When the surface stiffness of the tissue to be penetrated and/or the friction force is high,
the F;,, needs to increase to compensate for these forces. If F;,, reaches the critical load of the
needle, buckling occurs [15]. Buckling is expressed as a lateral bending of the needle body
along its length. Sudden bending of the needle as a result of buckling can damage the
surrounding tissue and reduce the accuracy of needle positioning during the procedure [16].

During puncturing, the critical load (or Euler load) of a slender structure, such as a needle,
2
can be calculated as Fj,q = % , where E is the Young’s modulus of the needle, I is the

second moment of area of the cross section of the needle, K the effective factor which takes
into account the end-condition of the needle (e.g., if both ends are fixed, K= 0.5, if both ends
are pinned, K = 1), and L is the unsupported length of the needle. The critical load for a needle
being pushed through the tissue is defined by an extended Euler’s load equation

_ m2El | pl? . . . .
Fload = KL? +t where p is the spring stiffness of the tissue [17].
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From Euler’s equation, it can be seen that increasing the aspect ratio of the needle
decreases the critical buckling load. Long and thin (<1 mm) needles are necessary to be able
to reach deep targets in a minimally invasive way. Long and thin needles are, however, by
default too flexible to be pushed deeply inside solid structures without buckling, and
strategies need to be employed in order to increase the critical buckling load of such needles.

In general, buckling of a slender structure can be prevented by increasing the critical
buckling load of the structure or by reducing the axial load applied to the structure [18]. In
nature, some species of parasitic wasps are able to insert their slender needle-like structure
(aspect ratio up to 260 [19]), called ovipositor, without buckling into solid substrates and
deposit eggs inside host larvae [19, 20]. The ovipositor consists of multiple slender elements,
called valves that are interconnected along their length with a tongue-and-groove mechanism
and are able to slide along each other. The wasp supports the part of the ovipositor that is
outside the substrate with a sheath. The sheath prevents buckling by increasing the cross-
section area and by decreasing the unsupported length (see Euler’s equation). For the part of
the ovipositor that advances through the solid substrate, the wasp prevents buckling by
employing a so-called push-pull mechanism, according to which one valve at the time is
pushed forward, while the other valves are pulled backwards. The advantage of this push-pull
mechanism compared to pushing of the entire structure at once is that, in the former
mechanism, the unsupported length of the valve that is pushed forward (i.e., L in Euler’s
equation) is decreased, which means that the critical buckling load increases. Additionally,
the pushing force of the moving valve is counterbalanced by the pulling force on the other
ones, which limits the total axial load applied to the structure (i.e., pushing force), keeping it
under the value of the critical buckling load. The presence of directional serrations at the tip
allows the valves that are pulled to anchor to the tissue and remain stationary, thereby
providing support to the valve that is being pushed [21, 22]. As long as the force acting on
the stationary valves is higher than the force acting on the pushed valves, the wasp can insert
the ovipositor into the substrate while preventing buckling [22].

Over the past decade, the ovipositor mechanism has inspired researchers to develop novel
needle prototypes to overcome buckling during needle insertion [23, 24]. Rodriguez y Baena
and co-workers presented a series of ovipositor-inspired prototypes with diameters ranging
between 12 mm [25] and 2.5 mm [26]. The probes were made out of four elements, each of
them with a bevel-tip and interlocked along their length similar to the wasp ovipositor. One
segment at the time was pushed forward while the other three elements were kept stationary.
The authors showed that inserting a probe into a substrate using this push-pull motion
resulted in less tissue damage than a single-element probe pushed through the tissue [27].

In previous work [24], we developed an ovipositor-inspired self-propelling needle with a
diameter of 1.2mm and a length of 160 mm, consisting of seven Nitinol wires

97



Chapter 5

(diameter = 0.25 mm) that were connected at the tip and actuated independently. The wires
were pushed forward one after the other, while the other wires remained stationary. At the
end, by pulling all the wires simultaneously, the needle was able to advance without buckling
on a straight path as well as curved paths inside a gelatine phantom.

Currently, thin needles used in clinical practice are short to prevent buckling during
insertion, therefore they can only reach superficial targets [28]. Examples of thin, short
needles commonly used are needles for vaccinations (22-25 G), which are 16-38 mm long
[29], and for insulin delivery (29-31 G), which are 6-13 mm long [30]. To our knowledge,
needles with diameter smaller than 1 mm and length larger than 200 mm (length-to-diameter
ratio >200) have not been developed yet. One reason of this might be that increasing the
length-to-diameter ratio of the needle increases the risk of buckling (cf. Euler’s load equation:
if the diameter decreases, then I decreases and so does the critical load F,,4q), making the
insertion of such needle into the tissue very challenging. It is thus relevant to investigate
whether the ovipositor-inspired buckling prevention mechanism is functional for ultra-thin
long needles.

As mentioned previously, the unsupported length (L) has a large impact on the value of
the critical buckling load. If the length is decreased by a scale factor 2, the Fj,,q will increase
by a scale factor 4. When using a multiple-element needle with a push-pull mechanism, the
diameter of the moving element is smaller than the total needle diameter (e.g., 0.25 mm vs.
1.2 mm), but at the same time the unsupported length is kept very small, by moving the wires
forward only for a short distance. The result of this is an increase of the Fj,,q compared to
when the entire needle is pushed forward at once.

Additionally, there is no study that shows how an ovipositor-inspired needle behaves in
multi-layered tissue-mimicking phantoms. This type of experiment is useful to understand
the needle behaviour in environments that are well-controlled, yet closer than homogeneous
phantoms to biological organs, where the needle has to move through several tissue layers
with different degrees of stiffness.

In this study, we present three ovipositor-inspired self-propelling needle prototypes with
diameters of 0.8, 0.6, and 0.4 mm, and a length of 300 mm. The three prototypes consisted of
six Nitinol wires with diameter 0.25 mm, three Nitinol wires with diameter 0.25 mm, and six
Nitinol wires with diameter 0.125 mm, respectively. Our aim was to investigate the effect of
the substrate properties (i.e., stiffness and number of layers) and the needle design parameters
(i.e., number of wires and diameters) on the self-propelling motion. To assess that, the
performance of the three needle prototypes was evaluated in single- and multi-layered tissue-
mimicking phantoms.

Compared to previous studies, this work presents the following new components: (1)
decreasing the diameter of the needle prototype to less than 1 mm and increasing the length
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to more than 200 mm (i.e., increasing the length-to-diameter ratio to a value >200), (2)
testing a continuous motion, where the elements are pushed and pulled simultaneously to
achieve the self-propelling motion, (3) providing a systematic evaluation of various diameters
and numbers of wires on substrates of various stiffness degrees in order to gain insight into
the functional principles and working envelope of ovipositor-inspired needle systems, and
(4) investigating the behaviour of the needle in multi-layer tissue-mimicking phantoms.

5.2. MATERIALS AND METHODS

5.2.1. Needle tip design and prototype

Our previous ovipositor-inspired prototypes [24, 31] consisted of seven Nitinol wires
connected at the tip with an interlocking ring with seven individual holes through which the
wires were fed. One wire was glued to the central hole, whereas the other six wires could slide
freely through the six holes arranged in a circle around the central hole. The use of an
interlocking ring had two limitations: (1) the use of individual holes left gaps in between the
wires, permitting gelatine residues to enter the gaps and push the wires apart, making the
trajectory into the substrate less predictable. (2) The presence of the ring at the tip increased
the diameter of the needle locally from 0.8 mm (body) to 1.2 mm (tip). In order to solve these
two problems, in the prototypes presented here, the interlocking ring was replaced with a
thin-walled shrinking tube placed around the wires at the tip and fixated to one of the wires,
leaving the rest of the wires free to move back and forth.

Three needle prototypes with diameters of 0.8, 0.6, and 0.4 mm were developed. The first
prototype consisted of six Nitinol wires (W) with a diameter (D) of 0.25-mm (called
henceforth W6-D0.25), kept together at the tip by a 10-mm long shrinking tube (Vention
Medical) with an expanded inner diameter (EID)=0.813mm and a wall thickness
(W) =0.013 mm. The second prototype consisted of three Nitinol wires with a diameter of
0.25 mm (W3-D0.25), connected with a 10-mm long shrinking tube with a EID = 0.58 mm
and W = 0.006 mm. Finally, the third prototype consisted of six Nitinol wires with a diameter
0f0.125 mm (W6-D0.125), connected by a 10-mm long shrinking tube with EID = 0.406 mm
and W =0.006 mm. The wires had a total length of 390 mm, of which 90 mm were placed
inside an actuation unit and 300 mm outside.

The shrinking tube was attached to one of the Nitinol wires in three steps. First, two cuts
were made close to each other in the shrinking tube. Second, the wire was passed from the
inside of the tube to the outside via the first cut and then re-entered into the tube via the

second cut (Figure 5.2). Third, the wire was glued (Pattex instant glue, Gold original) to the
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outside of the shrinking tube in between the two cuts. The other wires were fed through the

tube one by one and were able to move freely back and forth relative to the tube.

a
shrinking tube  Nitinol wire
 —— 3 ‘67x
’ glue . . — — —
. e N E— 0.25 mm 0.125 mm

Figure 5.2. Needle tip design and prototypes. (a) Photo of a Nitinol wire connected to a shrinking tube
(Vention Medical). (b) Stepwise process to fix a Nitinol wire to the tube (c) Photos of the tip of the six-
wire 0.25-mm prototype (@ = 0.8mm), three-wire 0.25-mm prototype (@ = 0.6 mm), and six-wire 0.125-
mm prototype (@ = 0.4 mm).

5.2.2. Actuation unit

The actuation unit (Figure 5.3a-b) consisted of six linear stepper motors (RobotDigg Equip
Makers) which were able to move each individual wire back and forth. Each wire was clamped
to a slider and fed through a telescopic tube system in order to prevent buckling. Bent
capillary tubes guided the wires towards the central axis of the system. Universal joints
transmitted the motion from the leadscrew of the stepper motors to the sliders. A printed
circuit board (PCB) for the control of the stepper motors was developed in-house. The
control unit contained an Arduino board (MEGA 2560), stepper motor driver (A4988,
Pololu), and LEDs that lit up when the connected motor was running. A set of six optical
sensors, placed on a plate behind each of the linear stepper motor, automatically reset the

motors to their initial position.

5.2.3. Experimental setup

The experimental setup (Figure 5.3d) consisted of the needle connected to the actuation unit,
an aluminium base, an aluminium cart, a gelatine phantom in a customized box, and a data

acquisition system. The actuation unit was fixed to the table and aligned to the aluminium
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base (550 x 100 mm). The aluminium cart (220 x 90 mm) with the box (200 x 50 x 25 mm)
was mounted to four ball bearings from which the oil was removed to minimize rolling
friction while carrying the gelatine phantom along the aluminium base. A millimetre paper
was attached at the bottom of the box and used as reference during needle insertion. Between
the actuation unit and the gelatine phantom, the needle was fed through three capillary tubes
(Ty, T2, and Ts) arranged in a telescopic manner to avoid buckling during the experiment
(Figure 5.3c). Two sets of tubes were used. For the 0.8- and 0.6-mm prototypes, the tube
diameters were T;=2.5mm, T, = 1.9 mm, and T3 = 1.3 mm, and for the 0.4-mm prototype
the tube diameters were T; = 1.9 mm, T, = 1.3 mm, and T; = 0.9 mm. The lengths of the tubes
were Ty =10mm, T, =10mm, and Ts=11 mm. A laser proximity sensor (MicroEpsilon
optoNCDT ILD1420-200, range: 200 mm) was used to record the position of the cart during
the experiments. A data acquisition unit (NI USB-6211, 16-bit) in conjunction with
LabVIEW 2013 was used to collect the laser sensor data at a sampling frequency of 5 Hz.

5.2.4. Actuation mode

The wires were actuated following two actuation modes. In the first actuation mode, called
step-by step motion, the wires were moved forward one by one over a pre-defined distance,
called stroke. Once all the wires reached that distance, they were simultaneously pulled
backwards over the same stroke. We will call henceforth each sequence of a forward and
backward motion a cycle. In the second phase of each cycle, when the wires had all been pulled
backwards, the needle pulled itself forward inside the substrate at a distance equal to the

stroke.

5.2.5. Gelatine phantoms

Gelatine powder (Dr. Oetker Professional, the Netherlands) was mixed with heated tap water
(ca. 100 °C) to create gelatine phantoms. For the experiments, 5% and 10% weight of gelatine
powder in water (wt) was used. These concentrations correspond to Young’s moduli of,
respectively, 5.3 kPa and 17 kPa, measured using a AR-G2 rheometer with parallel plates of
25 mm in diameter as in Scali et al. [32] (see Supplementary Material for more details). Soft
tissues in the human body exhibit a wide range of stiffness degrees, from 0.1 kPa for the brain
to 100 kPa for soft cartilage [33]. Indicatively, the 5%wt gelatine approximates healthy liver
tissue (<6 kPa), and the 10%wt gelatine approximates cirrhotic liver (>12 kPa) [34].
Customized containers with 190 x 47 x 30 mm boxes were used for the liquid mixture of

gelatine and water. The layers of the gelatine phantoms were created in two steps. First, 5%
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Universal joints, . Optical sensors
Sliders Linear stepper motors

Figure 5.3. Experimental setup. (a) Actuation unit with, from left to right, capillary tubes through which
the Nitinol wires are fed, telescopic sliders connected to universal joints, linear stepper motors, and optical
sensors (drawing in SolidWorks 2018 by Menno Lageweg/ CC by 4.0). (b) Section view of the frontal part
of the actuation unit showing the clamping point of the wire and the telescopic system serving as a buckling
prevention mechanism for the wire (drawing in SolidWorks 2018 by Menno Lageweg/ CC by 4.0). (c)
Telescopic tube system consisted of three capillary tubes (T, T2, and Ts). (d) Photo of the experimental
setup used during the needle insertion experiments.
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and 10%wt gelatine phantoms were prepared separately and stored overnight at 4 °C. Then,
they were cut in half and the 5%wt layer was placed next to the 10%wt layer. To ensure that
the layers are attached, the cut surface of each part was covered with a layer of liquid mixture
of 5%wt before putting the layers back into the box. Finally, extra liquid mixture of 5%wt was
poured to fill any gap on the contact surface between the two layers. After this process, the
boxes were stored for 2 hours at 4 °C in order to solidify the connective part between the
gelatine layers.

In total, three gelatine phantom types were used: (1) single-layered phantom consisting
of 5%wt gelatine (called henceforth G5) with a total length of 190 mm; (2) multi-layered
phantom consisting of one layer 5%wt and a second layer 10%wt gelatine (G5-10), each layer
being 95 mm long; and (3) multi-layered phantom consisting of two layers 5%wt separated
by a 10-mm layer of 10%wt gelatine (G5-10-5), the first layer 5%wt being 95 mm long and

the second 85 mm.

5.2.6. Self-propelling motion

In the case of a needle made out of multiple wires, Equation (5.2) becomes:

N
i=1

N P np
Fin,i = - Z(Ffric,i + Fcut,i) = - Z(Ffric,j + Fcut,j) - Z Ffric,k (5'4)
i=1 j=1 k=1

where N is the total number of wires, p is the number of protruding wires, and np is the
number of non-protruding wires, assuming that no cutting force acts on the non-protruding

wires (X732, Feyej = 0) (Figure 5.4).

Fin,i “ani
e —
e
B s

Figure 5.4. Bio-inspired needle insertion into a substrate. F;, ;= total insertion force acting on the needle.
Fgic, j= friction force on the protruding wires. Fy j= cutting force acting at the tip of the protruding wires.
Fpi = friction force on the non-protruding wires.

As shown in previous works [24, 35], the needle is able to propel forward through the
substrate with a zero net insertion force (XL, F,; =0) or even net pulling force
(Z{\lzl Fin,i < 0) if:
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14 np
- Z(Ffric,j + Fcut,j) - Z Ffric,k <0 (5-5)
j=1 k=1

To achieve this, the sum of the friction force and the cutting force of the protruding wires

should be smaller than the friction force acting on the non-protruding wires.

14 np
- Z(Ffric,j + Fcut,j) < Z Ffric,k (5'6)
j=1 k=1

Once the tissue has been cut (i.e., rupture event), the value of cutting force decreases while
the friction force increases with the insertion depth [36, 37]. Equation (5.6) can be satisfied
by keeping the number of protruding wires smaller than the number of non-protruding wires
(p < np), so that the difference between the forces acting on the two groups of wires
increases. In the same way, if the contact area between the protruding wires and the substrate
is smaller than that of the stationary wires, the friction force on the body of the protruding
wires will be lower than the force on the stationary wires. At a certain depth, an equilibrium
between the forces acting on the stationary and protruding wires is reached,

p np
Z(Ffric,j + Fcut,j) = Z Ffric,k (5.7)
j=1 k=1

After that, needle advancement with low net push force is possible, that is, the needle can self-

propel through the substrate.

5.2.7. Hypotheses

The slip of the needle per cycle with respect to the gelatine and the number of cycles needed
for the needle to travel until a predefined depth were used to assess the effectiveness of the
self-propelling of the needle. Assuming that all wires have the same tribological
characteristics, that the tips of all wires are identical, that there is perfect contact between the
wire and the gelatine, and that the cutting force is negligible, the following hypotheses with
respect to the slip of the needle during forward motion through the gelatine were investigated:
1. For a constant number of wires, slip is independent from the wire diameter, because
the self-propelling motion relies on the relative friction between the protruding and
non-protruding wires.
2. For a constant wire diameter, slip decreases with an increasing number of wires,
because the difference between non-protruding and protruding wires is larger in the
former case than in the latter.

3. Slip is constant throughout a substrate with constant stiffness.
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4. Slip increases when the needle transits from a softer to a stiffer substrate, because

the needle encounters more resistance to cut through the stiffer substrate.

5.2.8. Experimental procedure

The procedure for each measurement was as follows:

1. A gelatine phantom (mean * standard deviation = 170 + 0.6 g) was placed inside the
box on the cart.

2. The smallest tube of the telescopic system was inserted manually through a hole at
the front side of the box for 40 mm inside the gelatine, to ensure that the prototype
was inserted in a straight direction. After that, the tube was retracted by 30 mm and
fixed at this position so that it does not move during the experiments.

3. Thelaser sensor was turned on and the needle actuation started. Every measurement
was performed with a speed of 2 mm/s and a stroke of 4 mm.

4. The actuation of the needle was let run for 30 cycles or stopped manually once the

needle reached an insertion depth of 85 mm.

The needle was cleaned with water after each measurement. A new gelatine phantom was
used for each measurement, except when the measurement had to be repeated because of
mispositioning of the needle or of the cart. To avoid systematic errors due to the assembly
and disassembly of the needles in the actuation unit, the three prototypes were tested one
after the other. First the W6-D0.25 was tested in G5, G5-10, and G5-10-5, then the W6-
DO0.125 was tested in the same three gelatine phantoms, and finally the W3-D0.25 was tested
in G5-10. Each prototype-gelatine phantom combination was tested ten times in a
randomized order.

During the experiments with the six-wire 0.125-mm prototype, we noticed that, after a
certain depth, one or more wires started to buckle in about 50% of the measurements, in
particular when the needle was puncturing the 10% layer or was inside the 10% layer. When

this happened, the test was stopped and the measurement was repeated.

5.2.9. Data analysis

The raw data recorded by the laser sensor during the tests were imported in MATLAB 2016b.
The data included the time and the position of the cart during the test. A Savitzky-Golay filter
was used for smoothing the data. The local maxima peaks in the plot represent the position
of the cart after pulling backwards the six wires, and the local minima valleys depict the
position of the cart after the six wires have been pushed forward one by one. The distance
between two peaks defines a cycle. The peaks and the valleys were detected by applying the
function findpeaks to the data. We calculated the slip ratio (S,,,) per each cycle as
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d
Seatio = 1 — —dme‘“ (5.8)
theor

where d e, is the measured distance (i.e., difference between two peaks) and dye,, is the
theoretical distance travelled (i.e., 4 mm per cycle).

We evaluated the number of cycles at three depths, 55 mm (d,), 65 mm (d;), and 85 mm
(ds), where d, is the depth at which the needle reaches the 10%wt layer in the phantoms G5-
10 and G5-10-5, d; is the depth at which the needle transits from the 10%wt layer to the 5%wt
layer in G5-10-5, and d3 is the final depth chosen for all measurements. The number of cycles
needed to reach each of the three depths was calculated per phantom. Theoretically, with no
slip, the needle should reach d; in 14 cycles, d, in 16 cycles, and dsin 21 cycles. Quantitative

data were expressed as mean + standard deviation (SD).

5.2.10. Statistical analysis

We investigated the performance of the three prototypes during three ranges of cycles, each
consisting of 5 cycles: the first 5 cycles (Range 1), from the depth of 55 mm up to the
55 mm + 5 cycles (Range 2), and the 5 cycles preceding the final depth of 85 mm (Range 3).
These ranges represent the start, middle, and end of the needle motion inside the gelatine
phantom. Independent two-tailed t-tests were used to compare the two prototypes with
different wire diameter (W6-D0.25 vs. W6-D0.125) and the two prototypes with different
number of wires (W6-0.25 vs. W3-0.25) at each of the three ranges. One-way ANOVA and
Tukey’s post-hoc tests were used to compare the slip ratio between the three gelatine
phantoms for the W6-D0.25 prototype and the W6-D0.125 prototype. We conducted one
ANOVA test per range (Range 1, Range 2, and Range 3), which led to a total of six statistical
comparisons. The significance level was set at p < 0.001. The analysis was done in MATLAB
2016b.

5.3. RESULTS

5.3.1. Six-wire 0.25-mm prototype, step-by-step motion, three gelatine
phantoms (5%, 5-10%, 5-10-5%)

Figure 5.5a shows the slip ratio over the number of cycles for each gelatine phantom. The
mean slip ratio when the needle moved through 5%wt gelatine was about 0.2 and increased
to 0.3 once the needle entered the 10%wt layer (in G5-10 and G5-10-5). In G5-10-5, the slip
ratio returned to the value of 0.2 once the needle transited from the 10% to the 5%wt layer.

The variability of the slip ratio was lower in 5%wt than in 10%wt.
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Between cycles 1 and 5, the slip ratio was higher in G5 and G5-10-5 than G5-10. For
cycle 6 and higher, the slip ratio remained relatively constant. The depth of 55 mm was
reached after 17 cycles in 60% of the measurements in G5 and in 50% of the measurements
in G5-10 and G5-10-5. After 20 cycles, the second depth (65 mm) was reached in 50% of the
measurements in G5 and in 40% of the measurements in G5-10 and G5-10-5. The final depth
(85 mm) was reached after 25 cycles in 40% of the measurements in G5 and G5-10-5, and in
20% of the measurements in G5-10 (see Supplementary Material Fig. S1).

5.3.2. Six-wire 0.125-mm prototype, step-by-step motion, three gelatine
phantoms (5%, 5-10%, 5-10-5%)

We excluded two measurements in each of G5 and G5-10-5 and one measurement in G5-10,
because of sensor data failure or failure in reaching the final reference distance of 85 mm. The
final number of measurements included in the analysis is eight for G5, nine for G5-10, and
eight for G5-10-5.

The mean slip ratio when the needle moved through 5%wt gelatine was about 0.3 and
increased to 0.5 once the needle entered the 10%wt layer (in G5-10 and G5-10-5). The
variability of the slip ratio was lower in 5%wt than in 10%wt. In G5-10-5, the slip ratio
decreased again once the 10%wt layer was passed (Figure 5.5b).

The depth of 55 mm was reached after 17 cycles by one measurement in G5-10 and G5-
10-5, while the majority (90%) of the measurements needed between 19 and 21 cycles. After
24 cycles, the second depth (65 mm) was reached in 75% of the measurements in G5, in 65%
of the measurements in G5-10, and in 50% of the measurements in G5-10-5. The final depth
(85 mm) was reached after 30 cycles in 89% of the measurements in G5-10 (see

Supplementary Material Fig. S2).

5.3.3. Three-wire 0.25-mm prototype, step-by-step motion, one gelatine
phantom (5-10%)

One out of the ten measurements was excluded, because of incorrect data registered by the
sensor. The mean slip ratio was approximately 0.3 during the motion of the needle inside
5%wt layer (Figure 5.5¢). At the entrance of 10%wt, the median slip ratio increased up to 0.8.
Between cycles 1 and 5, the value of the mean slip ratio was higher than in between cycles 5-
15 (0.4 vs 0.2). The variability of the slip ratio was lower in 5%wt than in 10%wt.

The depth 55 mm was reached within 20 cycles in 44% of the measurements, the rest of
measurements needed between 20 and 25 cycles. Within 30 cycles, the second depth (65 mm)
was reached in 55% of the measurements. The final depth (85 mm) was reached in more than

50 cycles in 66% of the measurements (see Supplementary Material Fig. S3).
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Figure 5.5. Slip ratio per number of cycles during the experiments into phantoms 5%wt (G5), 5%-10%wt
(G5-10), and 5%-10%-5% (G5-10-5). (a) Six-wire 0.25-mm prototype (W6-D0.25) actuated with step-by-
step motion. (b) Six-wire 0.125-mm (W6-D0.125) prototype actuated with step-by-step motion. (c) Three-
wire 0.125-mm (W3-D0.25) prototype actuated with step-by-step motion. The dashed thin lines represent
the single measurements, the thick line is the mean value. The area around the mean value represents the
standard deviation. Dashed lines indicate the mean number of cycles for the prototypes to reach the dif-

ferent gelatine layers.
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5.3.4. Statistical analysis

The slip ratio was significantly lower for the prototypes with the larger wire diameter in
Ranges 2 and 3 for each gelatine phantom. The slip ratio was also significantly lower for the
prototypes with the larger number of wires (i.e., six wires) in Ranges 2 and 3 (see Table 5.1
and Figure 5.6 for the complete analysis). A significant difference was found between the slip
ratio values in the three gelatine phantoms in Range 3 for the six-wire 0.25-mm prototypes,
F(2,27)=9.77, p<0.001, and the six-wire 0.125-mm prototype, F(2,22) = 14.14, p <0.001.
The Tukey’s post-hoc test revealed that the slip ratio in 5%wt was significantly lower than the
slip ratio in 5-10%wt (p < 0.001) for both prototypes.

Table 5.1. Results of the independent two-tailed t-tests. t- and p-values, and the corresponding degrees of
freedom (df), are reported for each range of distance within each gelatine phantom.

Prototypes Gelatine phantom Range t-value df p-value
1 -0.857 16 0.404
G5 2 -9.911 16 <0.001
3 -9.518 16 <0.001
1 -3.010 17 0.008
W6-D0.25 vs. W6-D0.125 G5-10 2 -5.057 17 <0.001
3 -4.795 17 <0.001
1 -0.393 16 0.6993
G5-10-5 2 -5.483 16 <0.001
3 -5.680 16 <0.001
1 -3.605 17 0.002
W6-D0.25 vs. W3-D0.25 G5-10 2 -8.520 17 <0.001
3 -9.411 17 <0.001

Note. A negative t-value indicates that the mean value of the first prototype is smaller than the second. p < 0.001 is

annotated in bold.
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Figure 5.6. Slip ratio in Range 1, Range 2, and Range 3 for G5 (5%), G5-10 (5%-10%), and G5-10-5 (5%-
10%-5%). W6-D0.25 (no hatches), W6-D0.125 (diagonal hatches), and W3-D0.25 (horizontal hatches)
prototypes. *** p < 0.001, ** p < 0.01, * p < 0.05.

5.3.5. Additional experiments

We performed a series of additional experiments to investigate the needle behaviour inside
tissue-mimicking phantoms:

1. We used a second actuation mode, called continuous motion, where all wires were

actuated simultaneously and were always in motion: one wire moved forward while
at the same time the other wires moved backward. When a wire reached the stroke
value, it started to move backward while the second wire started to move forward
and so on, thus creating a continuous needle motion. We performed ten
measurements with the W6-D0.25 prototype inside a G5-10 multi-layered phantom
(see Supplementary Material Fig. S4). The needle reached the reference depth of
55 mm in on average 266 s (SD =26s), 65 mm in 322's (SD =27 s), and 85 mm in
437 s (SD = 40 s). Considering that the motion is continuous, that is, there are no

cycles as in the step-by-step motion, the slip ratio was calculated for the total motion
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(i.e., from the initial point to the final depth). The slip ratio was 0.28 at 55 mm depth,
0.29 at 65 mm depth, and 0.32 at 85 mm depth.

We used 15%wt gelatine phantoms (corresponding to 31 kPa) to assess the
performance of the needle inside stiff tissues. We performed two tests with the six-
wire 0.25-mm prototype actuated with step-by-step motion (speed =2 mm/s,
stroke = 4 mm). The results (see Supplementary Material Fig. S5) showed that the
slip ratio increased from 0.2 to 0.8 when the needle moved from the 5% to the 15%
layer. When the needle moved further inside the 15% layer (ca. 10 cycles), the slip
ratio decreased, reaching a constant stable value.

We investigated the behaviour of the needle inside a 5%wt gelatine phantom with a
thin layer of plastic foil at the depth of 95 mm. The foil was used to mimic a serous
membrane. The needle was able to penetrate the plastic foil in about 5 cycles (Figure
5.7a-b). After puncturing the plastic foil, the needle was able to move through the
gelatine with a constant slip ratio of about 0.2 (see Supplementary Material Video
S1).

We performed a qualitative test to show the application potential and
functionalization of the needle prototype. We replaced one Nitinol wire with a
Nitinol tube (@ =0.2 mm) and we connected it to a syringe. Then, we manually
inserted the needle into a gelatine phantom and push liquid through the Nitinol tube
using the syringe. We could inject water inside the gelatine in the area around the
needle tip, which indicates that the needle could be used as injection tool (Figure
5.7c). Additionally, we replaced one Nitinol wire (@ =0.25 mm) with an acrylate
recoated optical fibre (@ = 0.2 mm). Then, we actuated the needle using the step-by-
step sequence. The measurement showed that the needle was still able to propel itself
forward and the optical fibre could move through the gelatine phantom as well. The
used fibre had a smaller diameter than the Nitinol wire, which means that there was
a slightly smaller surface in contact with the substrate. The optical fibre could be also
placed in the centre of the needle with the six Nitinol wires around it forming a circle
(Figure 5.7d).
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Figure 5.7. Six-wire 0.25-mm needle prototype moving through a plastic foil placed between two layers of
5% gelatine. (a) The needle is pushing the plastic foil without cutting it. (b) The needle cuts the plastic foil
and moves forward. Photos made with a Digitale PC-Microscoop Dino-Lite (AM73915MZTL 5
Megapixel, 10-140x). (c) Injection of water into a 5%wt phantom with the W6-D0.25 prototype where a
Nitinol wires is replaced by a Nitinol tube. (d) Tip of the W6-D0.25 prototype with two Nitinol wires
replaced by a Nitinol tube and an optical fibre.

5.4. DISCUSSION

In this work, we investigated the influence of the substrate properties (stiffness) and the
needle design parameters (number of wires, outer needle diameter) on the self-propelling
motion of a bio-inspired needle through tissue-mimicking phantoms. The results of the
experiments showed that the slip ratio is significantly lower for a larger diameter (0.25 vs.
0.125 mm) and for a greater number of wires (six vs. three). Hypothesis 1 is not confirmed,
as W6-D0.25 exhibited lower slip than W6-D0.125, which means that the difference between
the forces acting on the protruding and non-protruding wires in W6-D0.25 was higher than
in W6-D0.125. This might have happened because, during the incremental motion, the wires
crack the gelatine in such a way that the contact between gelatine and the wire surface is
partially lost for the thinner wires. Additionally, the friction of the ball bearing system used
for the cart, albeit low, might play a larger role against the forward motion of the needle into
the gelatine when using 0.125 mm compared to 0.25 mm. Moreover, at a length of 300 mm,
the 0.125 mm wires are more flexible than 0.25 mm; (limited) buckling along the length (e.g.,
outside the gelatine) might occur more easily for the thinner wires. Summarizing, the self-

propelling mechanism is theoretically size-independent because it relies to relative friction
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differences, but in reality, side-effects related to the experimental setup have been likely at
place, for which reason the results were not supportive to the first hypothesis. The results
provided support to Hypothesis 2. The slip ratio was constant through a gelatine layer with
the same stiffness, providing support to Hypothesis 3, with a visible increase of the value at
the passage from 5% to 10% layer, consistent with Hypothesis 4. This is due to the fact that
the needle had to puncture the new layer (10%) which is stiffer than the previous one (5%).
When the needle passed from the 10% layer to the 5% layer, the slip ratio decreased. In this
case, the needle does not encounter a high stiffness force and can easily penetrate the new
layer. The peaks of the value of the slip ratio in Figure 5.6 are also a representation of what
happens during the insertion of the needle into multi-layered tissue. Prior the puncture, the
tissue deforms and the insertion force reaches a peak equal to the stiffness of the tissue. When
the tissue layer is punctured, the insertion force value drops and the needle can penetrate the
tissue [12, 13]. So, the change of slip during the needle insertion is an indication of the needle
being in between two layers.

In previous work [24], the needle prototype was made of six-wires 0.25 mm in diameter,
using the same material and dimensions as the wires used for the W6-0.25, placed around a
seventh-fixed wire and kept together at the tip with a ring. The needle was let self-propel
through a gelatine phantom (4%wt) using a step-by-step motion. The experiments showed
that, when actuating one wire at the time, the mean slip ratio was 0.21. In this work, we
replaced the ring with a shrinking tube, to reduce the diameter at the tip, and we used
different gelatine concentrations (5%wt and 10%wt). The mean slip ratio for W6-0.25 in all
three gelatine phantoms was 0.2, if we do not consider the increase of the value at the start of
the experiment and at the interface between the different gelatine stiffness degrees.

One of the most common consequences of needle insertion into soft tissue is tissue
displacement [38, 39]. The wasp-inspired motion mechanism presented in this work can
reduce the tissue motion and deformation, as Leibinger et al. demonstrated in their work
[27]. The wires are continuously pushing and pulling the material around them, applying a
constant strain to the material. Any viscoelastic material, such as the gelatine phantom or the
tissue, shows stress relaxation, meaning that the stress decreases over time when a constant
strain is applied. In our additional experiments, the plastic foil deformed before needle
puncturing. This effect reflects what would happen when a needle has to penetrate an organ.
The tissue boundary of the organ will be deformed under the load of the needle before
puncturing occurs [36].

The experiments have been done using tissue-mimicking phantoms made with porcine
gelatine powder. In literature, various material for phantoms have been presented, among
which agarose-, gelatine- or PVA-based phantoms are the most commonly used [40, 41]. The
type of material used to create the phantom for the study is not relevant as long as the stiffness
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of the phantom is comparable with that of soft tissues. In our study, we chose to use the
gelatine-based phantoms, which are easy to fabricate and allowed us to create phantoms of
different stiffness degrees in a fast manner.

In general, a phantom provides a controlled environment, allowing for performing
repeatable experiments. However, in order to get a better understanding of the functionality
of the needle in medical applications, experiments with real tissues are needed. For this
reason, we also performed a brief ex vivo performance evaluation in porcine liver, kidney,
and brain using the W6DO0.25 needle prototype. The needle was able to self-propel through
the different tissue types, although the slip was higher than in the gelatine phantom. We
believe that the high slip values were caused by the presence of various hard structures into
the real tissue, such as muscle fibres, and cavities of vessels or connective tissue, which
interfered with the needle motion.

During the experiments, we noticed that the wires were sometimes getting entangled. The
reason might be related to our connection mechanism: the wires were only connected at the
tip with a 10 mm long shrinking tube, and there was no system that kept them in place along
the body length. Therefore, the wires could change position during the experiment. In future
prototypes, wire entanglement might be avoided by adding several shrinking tubes along the
body of the needle, each connected to a different wire.

During percutaneous procedures, needles are visualized using X-ray or ultrasound.
Despite the use of radiation, X-ray imaging is preferred over ultrasound, because of the ease
of visualization of the needle in the image. To avoid insertion of multiple medical instruments
and reduce the operation time, there is a need for needles that include visualization in real
time and functionalities such as being able to take a sample or inject a drug. Our prototypes
contain multiple wires, each of which can be easily replaced with an optical fibre to allow real-
time visualization of the needle inside the body, and tubes to administer drugs or to perform
biopsies.

Summarizing, in this study, we showed the advantage of using an ovipositor-inspired
motion mechanism to prevent buckling of needles with high length-to-diameter ratio (>200)
during deep insertion into tissue-mimicking phantoms. Additionally, we demonstrated that
a thicker needle with more wires performs better than a thinner needle with fewer wires.
Finally, we showed that the wires can be replaced with functional elements, such as optical
fibres and tubes, to create a multifunctional needle without increasing the complexity of the
design. The use of such a needle design and motion mechanism could improve the accuracy

and safety during delicate medical procedures.
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SUPPLEMENTARY MATERIAL

Supplementary information is available at https://doi.org/10.1038/s41598-019-56403-0.
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ABSTRACT

In this paper, we report on a preliminary ex vivo evaluation of an ovipositor-inspired needle
prototype. The prototype was tested in porcine kidney, liver, and brain. The prototype
consisted of six 0.25-mm diameter Nitinol wires kept together at the tip by a 10-mm long
shrinking tube. Each of the six wires was connected to a linear stepper motor which enabled
the motion of the wire forward and backward. The needle advanced through the tissue by
reciprocally moving the wires using two different modes. The performance of the needle was
evaluated in terms of the amount of slip of the needle with respect to the tissue. In 10 out of
18 measurements, the needle was able to advance through the tissue. The slip was
considerably higher compared to a previous experimental evaluation we performed in
gelatine phantoms. The main reason is likely that gelatine phantoms are homogenous and
isotropic, whereas the biological tissue is heterogeneous and anisotropic. In future needle
prototypes, a directional-friction pattern could be added on the surface of the wires to
increase the gripping force and overcome the cutting force needed to move through

biological tissue.
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6.1. INTRODUCTION

In previous studies, we investigated the behaviour of an ovipositor-inspired needle prototype
in gelatine phantoms of different concentrations: 4%wt (see Chapter 3), 5%wt (see Chapter 4
and Chapter 5), and 10%wt (see Chapter 5). We also evaluated the needle in multi-layer
gelatine phantoms in Chapter 5. In this chapter, an ex vivo evaluation of the needle prototype

is presented.

6.2. MATERIALS AND METHODS

6.2.1. Needle prototype and actuation unit

The needle prototype consisted of six 0.25-mm diameter Nitinol wires (Flexmet, Belgium)
kept together at the tip by a 10-mm long shrinking tube (Vention Medical) with an inner
diameter (ID) = 0.813 mm and a wall thickness (W) = 0.013 mm (see Chapter 5 for details
about the needle design). Each of the six wires was connected to a linear stepper motor
(RobotDigg Equip Makers) which enabled the motion of the wire forward and backward
(Figure 6.1). The wires were guided with capillary tubes outside the actuation unit. The
motors were controlled with an Arduino board (MEGA 2560).

Figure 6.1. Needle and actuation unit. (a) Needle prototype with six 0.25-mm diameter Nitinol wires. (b)
Actuation unit with the six linear stepper motors and a printed circuit board (PCB) on top of an Arduino
board (MEGA 2560).

6.2.2. Actuation mode

The needle moved forward by reciprocally moving the wire using two different modes. In the
first mode, called step-by-step, each wire moved forward one-by-one until a pre-defined
stroke. After that, all wires were pulled backward simultaneously over the same stroke. We
call each sequence of forward and backward motion a cycle. In the other mode, called
continuous, one wire was moving forward until a pre-defined stroke, while at the same time
the other wires were moving backward. When the stroke value was reached, the advancing

wire started to move backward and one of the other wires started to move forward.
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In order for the needle to advance through tissue, the static friction force of the stationary
or pulling wires should be larger than the sum of the dynamic friction force and the cutting

force of the wires moving forward.

6.2.3. Experimental setup

The experimental setup consisted of the needle connected to the actuation unit, an
aluminium base, an aluminium cart with a customized box for the tissue sample, and a data
acquisition system (Figure 6.2). An ultrasound (US) probe (Philips iE33 machine) was fixed
to the cart by means of a frame and a holder, so that the probe was moving together with the
cart once the latter was pulled by the needle during the actuation. A laser proximity sensor
(MicroEpsilon optoNCDT ILD1420-200, range: 200 mm) was used to record the position of
the cart during the measurements. The setup was designed in collaboration with LifeTec
Group (Eindhoven, the Netherlands).

————

prd

Laser sensor

Actuation unit

Figure 6.2. Experimental setup for the ex vivo evaluation. Experimental setup with the actuation unit, the

aluminium cart on with a box containing the tissue sample, the ultrasound probe (US), and the laser
distance sensor.

6.2.4. Biological tissue samples

The biological tissue samples were collected 4 hours before the start of the experiments from
a local slaughterhouse and used during the course of the same day. The samples included
porcine kidney, liver, and brain. These three tissues were chosen because of their differences
in stiffness and internal structure. They represent a stiff (above 20 kPa), middle stiff (between
10 and 20 kPa), and soft tissue (below 10 kPa), respectively. The three stiffnesses were also
comparable to the stiffnesses of gelatine phantoms we used in a previous evaluation of our
prototype in Chapter 5.

Figure 6.3a shows the gross anatomy of porcine kidney with the renal cortex, renal

medulla, and renal pelvis. The renal cortex has a granular structure, whereas the medulla
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contains tubules that end up into the space or the renal pelvis [1]. The stiffness of kidney
ranges between 15 and 40 kPa [2, 3]. The pieces of kidney used in our measurements were
taken from the renal cortex, which has a uniform texture [4], and part of the renal medulla.

Liver is composed of structural and functional units called liver lobules. Liver cells
composing each lobule radiate outwards from a central vein [1]. In porcine liver, the lobules
are defined by a network of fibrous connective tissue, which is less visible in the human liver
(Figure 6.3b) [5]. Porcine liver has a Young’s modulus ranging between 15 and 20 kPa [6].
For the experiment, we cut two pieces from the part of the liver with the least number of
vessels to limit the risk of having to puncture the stiff vessel wall with the needle.

Brain consists of white and grey matter. The white matter, bundles of axons, connects the
grey matter areas (i.e., location of the nerve cell bodies) to each other as shown in Figure 6.3¢
[1]. Porcine brain is characterized by a stiffness between 1 and 5 kPa [7]. Porcine brain is

quite small, therefore the entire organ was used in our measurements.

,medulla

entral vein

' connective tissue
Sl e DY,

(b)

gray matter_
R ‘1

i

white matter

(c)

Figure 6.3. Porcine tissue and histology. (a) Porcine kidney photo [8], a schematic image and a histological
image (adapted from [9]) showing the renal cortex and the medulla. (b) Porcine liver photo [10], a
schematic image and a histologic image (adapted from [11]) of the lobules showing the central veins and
the connective tissue between the lobules. (c) Porcine brain photo, histology of brain section (adapted
from [12]) and micrograph showing white and grey matter (adapted from [13]).
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6.2.5. Procedure

A piece of organ was placed in a box with liquid agar (4%) and stored it in the refrigerator for
30 minutes to solidify so that the tissue is fixed in place. The tissue-agar sample was then
placed into the box on the cart (195 x 78 x 26 mm) (Figure 6.4). Tissue samples without agar

were also used.

Figure 6.4. Tissue-agar sample. (a) Piece of porcine kidney inside solidified 4% agar. (b) Close-up of the
tissue-agar sample on the cart with the US probe connected to a frame.

The needle was inserted manually in the tissue for about 30 mm. Next, the US probe was fixed
at a position that ensured the visualization of the needle. Then, the laser sensor that recorded
the distance travelled by the cart and the motors that actuated the needle were turned on. The
needle was tested inside all three tissue types (i.e., kidney, liver, and brain) using a step-by-
step motion at a speed of 2 mm/s with a stroke of 4 mm. Additionally, we tested the needle
with continuous motion and speeds of 2 mm/s and 4 mm/s inside the liver. The motion of
the needle was monitored by looking at the signal from the laser sensor and terminated when
the cart stopped moving forward or kept moving back and forth around the same position,
indicating that the needle stopped advancing through the tissue. In total, 18 measurements
were performed: 5 in kidney tissue, of which 3 with agar and 2 without agar around the
sample, 7 in liver tissue, of which 2 with agar and 5 without agar around the sample, and 6 in
brain tissue, of which 1 with agar and 5 without agar around the sample.

6.2.6. Data analysis

The performance of the needle was evaluated in terms of the amount of slip of the needle
with respect to the tissue (see Chapter 3). The data from the optical sensor were imported
and processed in MATLAB 2016b. The travelled distance measured (d,5) by the sensor was
compared to the theoretical distance (dyeor) that corresponds to the travelled distance if there

were no slip (i.e., the number of cycles multiplied by the stroke). The slip ratio was calculated
. . d . . .
over an entire measurement as slip ., = 1 — == Figure 6.5 shows a typical graph retrieved
theor
by the sensor data. The local minima show the position of the cart when all wires are pushed
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forward, and the local maxima represent the position of the cart when the wires are pulled
backward during the step-by-step motion.

—
o

S

Distance [mm]

i

0 50 100 150
Time [s]

Figure 6.5. Travelled distance measured by the laser sensor.

6.3. RESULTS

Table 6.1 shows the measurements performed during the experiment. Information about the
distance travelled by the cart with the corresponding number of cycles needed and the
theoretical distance that the cart should have travelled if no slip had occurred are also
reported. With the step-by-step motion, the needle was able to pull itself through the kidney
in 3 out of 5 measurements, through the liver in 5 out of 7 measurements and through the
brain in 2 out of 6 measurements. All 3 measurements performed into the liver using

continuous motion were successful. Figure 6.6 shows the needle as visualized with the US
probe during one of the measurements in the kidney.

Figure 6.6. Ultrasound images of the needle inside kidney. (a) The initial frame and (b) the final frame of
the video taken during the motion of the needle inside the kidney.
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6.4. DISCUSSION

This study reported on a preliminary ex vivo evaluation of an ovipositor-inspired needle into
porcine kidney, liver, and brain. In 10 out of 18 measurements, the needle was able to advance
through the tissue. All 3 measurements performed into the liver using continuous motion
were successful.

Table 6.1 shows that slip during the motion cycles was relatively low in measurements n.2
(Kidney, step-by-step) and n.13 (Brain, step-by-step), while it was quite high in
measurements n.11 (Liver, continuous) and n.18 (Kidney, step-by-step). Compared to our
previous evaluation of the same needle in gelatine phantoms in Chapter 3 and Chapter 5, the
needle moved with considerably higher slip into the real tissue. The main reason is likely that
gelatine phantoms are homogenous and isotropic, whereas the biological tissue is
heterogeneous and anisotropic. The tissue contains fibres oriented in different directions
(Figure 6.3). If the needle is penetrating the tissue in a direction perpendicular to the fibres,
the needle will encounter more difficulty to cut the tissue than if the direction of insertion is
parallel to the fibres.

In 8 out of 18 measurements, the needle was not able to penetrate the tissue. This means
that the friction force on the stationary or pulling wires was not enough to overcome the sum
of cutting force and dynamic friction force acting on the pushing wires. There are various
reasons that could explain this result. The kidney sample contained a small part of renal pelvis
(white part of the tissue in Figure 6.7). When the needle reached the depth where the renal
pelvis was located, it stopped moving because it was not able to puncture that structure. In
the liver sample, there are two elements that might have stopped the forward motion of the
needle: (1) the network of connective tissue and (2) vessel walls. The first element might not
be an issue in human liver where the connective tissue is less prominent (Figure 6.8). Brain
is the softest between the three organs. The needle did not have to cut through fibres to move
through the brain tissue. For this reason, the motion through the brain was smoother than
the motion through the kidney and the liver. In some experiments, however, there was a gap
between parts of the brain, in which cases there was insufficient contact areas for the
stationary (or pulling) wires to generate grip and initiate the self-propelling motion.

The needle prototype had a blunt tip, which is an inefficient geometry for cutting [14]. In
future prototypes, a conic shape of the needle tip can be considered, to facilitate tissue cutting.
Additionally, to increase the gripping force of the stationary (or pulling) wires and overcome
the cutting force needed to move through biological tissue, a directional-friction pattern
could be added on the surface of the wires, similar to [15]. Finally, different actuation modes
where wires are moved at higher speed can be tested, as cutting through the tissue might

become easier with increasing the needle insertion speed [16].
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Figure 6.7. Piece of kidney used during the measurements. The red structure is the renal cortex and the
medulla. The white structure is the renal pelvis.

(a) by e 500 pim.
2005m

Figure 6.8. Histology of (a) rat liver, similar to human liver, and (b) pig liver (adapted from [11]).
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APPENDIX 6.A. MEASUREMENTS PLOTS
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Figure 6.A1. Thumbnail of the plot of distance travelled by the cart [mm] vs. time of the experiment [s] for each
of the 10 measurements where the needle pulled itself through the tissue.
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Chapter 7

ABSTRACT

Needles with diameter under 1 mm are used in various medical applications to limit the risk
of complication and patient discomfort during the procedure. Next to a small diameter,
needle steerability is an important property for reaching targets located deep inside the body
accurately and precisely. In this paper, we present a 0.5-mm prototype probe which is able to
steer in three dimensions (3D) without the need of axial rotation. The prototype consists of
three Nitinol wires (each with a diameter of 0.125 mm) with a pre-curved tip. The wires are
kept together by a stainless steel tube. Each wire is clamped to a block which translates along
a leadscrew, the rotation of the latter being controlled by a wheel connected at the distal end
of the leadscrew. The tip bends upon retraction of one or two wires. When pushed through a
soft solid structure (e.g., a soft tissue or soft tissue phantom), the probe deflects due to off-
axis forces acting on its tip by the surrounding structure. We tested the performance of the
prototype into a 10%wt gelatine phantom, in terms of the predictability of the steering
direction and the controllability of the final position after steering inside the substrate. The
results showed that the probe steered in the direction of the retracted wire and that the final
position varied from small deflections from the straight path when the wires were slightly
retracted, to sharp curvatures for large wire retraction. The probe could be used in various
applications, from cases where only a small correction of the path in one direction is needed

to cases where the path to be followed includes obstacles and curves in multiple directions.
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7.1. INTRODUCTION

Medical needles are used in a variety of percutaneous procedures, including biopsy [1], drug
delivery [2], and ablation [3]. Accurate and precise needle placement is required for the
success of these procedures. During insertion, the needle can be misplaced due to tissue
deformation and respiratory motion [4]. Often, in order to correct their trajectory, needles
have to be withdrawn and re-inserted, which increases the procedure time and patient
discomfort [5]. Additionally, poor control of the position and trajectory of a needle entails a
risk of puncturing sensitive structures, such as blood vessels [6, 7].

7.2 STATE-OF-THE-ART STEERABLE NEEDLES AND PROBES

Over the last years, steerable needles and probes have been investigated in scientific works to
enhance manoeuvrability through soft tissue [8-10]. Steerability helps the physician to
correct misalignments and to reach the desired target while avoiding sensitive structures
without the need of multiple insertions [11, 12].

A number of designs of steerable needles and probes have been proposed (see [9] for a
review). A common steering method is by means of a needle tip with a pre-defined shape.
Needles of this type typically consist of a cylindrical tube (body) and a tip with a bevel angle
(i.e., bevel-tip needles) or a curve (i.e., pre-curved needles). Needles with multiple pre-curved
cylindrical tubes combined in a telescopic way [13, 14] and needles with a tip that is both pre-
curved and bevelled [15] have also been reported, and it has been shown that the latter
achieves sharper steering curvatures than solely pre-curved or bevel-tip needles [16, 17].
Thanks to their simple design, it is possible to manufacture pre-defined shape needles with
diameters smaller than 1 mm (see Table 1 in Scali et al. [18]). Konh et al. [19] tested bevel-tip
needles with diameters of 0.38 mm, 0.51 mm, and 0.64 mm in gelatine phantoms and
reported a maximum deflection of 36 mm achieved with the 0.38-mm needle at an insertion
depth of 150 mm. Majewicz et al. [16] showed that a 0.58-mm pre-bent bevel-tip needle could
bend inside goat liver with a small radius of curvature (34 mm), whereas a bevel-tip needle
with the same diameter achieved a radius of curvature of around 667 mm, that is, a much
flatter curve than the pre-bent bevel-tip needle.

A drawback of needles with a pre-defined shape is that the user does not have direct
control over the needle curvature. Needles with a bevel tip rely on tissue interaction forces to
steer. Steering in 3D is achieved with rotation of the needle body around its own axis to re-
orient the bevel-tip towards the desired direction. In order to move straight, the needle has
to be continuously rotated while being pushed forward. However, rotating a flexible long
needle inside a soft organ generates torsional friction on the needle body, which might result
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in discrepancy between the orientation of the needle tip and the needle body [20]. This
discrepancy can cause a loss of control over the needle path [21]. Additionally, it has been
shown that when a bevel-tip needle is continuously rotated, it opens a spiral track in the soft
organ, which increases the risk of tissue damage [22]. Pre-curved needles are usually
consisting of a pre-curved stylet that is fed through a straight cannula. When the stylet is
inside the cannula it is forced to assume a straight shape, once the stylet is pushed out of the
cannula, it regains its pre-set curve. When the pre-curved stylet is inside the tissue, the user
cannot directly correct its position; the only way to do this is to retract the stylet inside the
cannula, rotate it, and reinsert it into the tissue. This method not only increases the time of
the procedure, but could also damage the surrounding tissue due to the creation of multiple
paths [20].

There are also needles that can steer by means of cable actuation. This mechanism allows
on-demand steering at the tip in one plane [23, 24] or in two perpendicular planes [25, 26]
and therefore changing the direction of the needle trajectory “on the spot”. Cable-actuated
needles have a central backbone (i.e., the needle body), which is bent by pulling flexible
elements connected to it (i.e., cables). The cables are generally placed at the maximum
possible distance from the neutral bending line in the needle centre to create a large moment
arm so that the needle can bend with a relatively small actuation force [27]. The smaller the
diameter of the needle, the smaller the generated moment arms and thus the higher the
actuation force needed to generate sharp curvatures, resulting in high internal forces in the
needle.

Rutigliano et al. [28] showed that a 21 G (0.82 mm) 17-cm long cable-driven steerable
needle (Morrison, AprioMed AB, Uppsala, Sweden) performed better than a 20 G (0.91 mm)
15-cm long straight needle with a bevel-tip (Chiba; Cook Medical, Bloomington, Ind) in
terms of both procedure time and needle placement during fine needle aspiration. The
steerable needle was composed of a rigid straight cannula and a steerable stylet that was
actuated by a friction-based lever lock. The maximum tip deflection was 10 mm. The same
needle was tested during a neural plexus blockade procedure to avoid traversing the kidney
[12]. The idea was that the needle tip curves when the lever is turned and stays in position
when the lever is released. However, the needle distal end did not remain curved after the
stylet was removed, which is unwanted during accurate positioning of the needle. Adebar et
al. [23] developed a flexural conical tip needle (tip @ = 1.0 mm, body @ = 0.8 mm) with a
one-degree-of-freedom joint (@ = 2.0 mm) actuated via a Nitinol pull wire. Ryu et al. [29]
designed an active needle (@ = 1.67 mm) where a superelastic Nitinol tube with laser
machined slits could bend in one direction upon actuation of a shape memory alloy wire.
Similarly, Gerboni et al. [24] presented an articulated needle (tip @ = 1.35 mm, body @ = 0.68
mm) with multiple flexural elements that allow the tip to bend in one direction when a tendon
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is pulled. These types of needles can change from a straight to a bent configuration once
inside the tissue, but rotation of the needle body is needed to steer in 3D. The 2-mm diameter
needle reported in Van de Berg et al. [25] used four actuation cables that run over a ball joint
placed near the tip to deflect in two orthogonal planes, creating different steering trajectories
once the needle is inserted into a substrate without the need of axial rotation. Summarizing,
pre-defined shape needles can achieve small diameters due to their simple design which can
be easily miniaturized (e.g., down to 0.4 mm [30]). However, pre-defined shape needles have
limited steerability and usually require extra rotation of the needle body to steer in 3D. On
the other hand, cable-actuated steerable needles allow for a high level of manoeuvrability, but
they tend to have a more complex design than needles with a pre-defined shape. For this

reason, the diameter of cable-actuated needles is usually larger than 1 mm.

7.3. AIM

Reaching targets located deep inside the body while limiting tissue damage requires steerable
needles that (1) have a small diameter (preferably under 1 mm) and (2) are able to 3D steering
without the use of axial rotation. In this work, we aimed to combine the manoeuvrability of
the cable-actuated needles with the easy-to-downscale design of the pre-defined shape
needles and accordingly design a miniaturized probe with a diameter of 0.5 mm (25 G)
suitable for omnidirectional steering in 3D without the use of axial rotation. First, the design
process of the steerable probe is described, from the design requirements to the
manufacturing of the probe prototype. Next, an experimental evaluation of the prototype in
homogeneous tissue-mimicking phantoms is presented. A preliminary version of this work

has been briefly reported in a conference abstract [31].

7.4. DESIGN PROCESS

7.4.1. Design requirements

The probe should fulfil the following requirements:

1. The diameter should be under 1 mm. Typical diameters of a pre-defined needle
found in literature are between 0.4 mm [30] and 0.9 mm [32] (see Table 1 in Scali et
al. [18] for more examples).

2. The probe should be able to steer in 3D, with steering curvatures comparable to
values presented in literature [18], where 34 mm is the smallest reported radius of
curvature for a pre-curved needle with a diameter of 0.58 mm [16].
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3. Current steerable needles with a diameter equal to or smaller than 1 mm are only
able to steer in one direction, that is, one-degree of freedom (1-DOF), and axial
rotation is thus needed to steer in different directions. The designed probe should
be capable of omnidirectional steering in 3D without axial rotation of the probe, to
avoid discrepancy between the orientation of the probe tip and the orientation of
the probe body [20].

7.4.2. Probe design

To allow for sharp steering curvatures, we used a set of straight elastic elements connected at
the tip. If one element is being pulled at, while the rest of the elements are kept in place, the
system bends around a bending plane that runs through the central axis of the stationary
elements. In this way, the moment arm is enlarged compared to that in a standard cable-
actuated needle, because the neutral line is shifted to the outer periphery of the needle.

To enlarge the moment arm even more, we pre-bent the elements outward at the tip. By
doing this, the bending plane is shifted further sideways, so that the moment arm increases
compared to straight elements, resulting in smaller internal forces and larger bending angles.

Adding an outward pre-bent at the tip, however, can locally increase the diameter of the
needle. To keep the diameter equal throughout the length of the needle, we ensured that the
bent did not exceed the wall thickness of the shaft cover nor the thickness of the part that
connects the elements at the tip.

The required number of pre-curved elements is a trade-off between the desired steering
accuracy, the bending radius of the steering curvature, and the total diameter of the probe. In
order to steer in 3D without axial rotation, a minimum of three elements is required. To fulfil
our requirements of a diameter smaller than 1 mm and a small bending radius, we therefore
opted for three elements.

Our final probe tip design consists of three flexible pre-curved elements connected
together at the tip and covered with a sheath along their body (Figure 7.1a-b). Pulling one
element straightens that element and gives freedom to the non-retracted elements to bend
(Figure 7.1¢). Additionally, the pulling element acts as a pulling cable, generating a force at
the tip that helps the other two elements to bend. The bent elements make the probe steer
upon insertion into a substrate. The more an element is pulled, the more the other two

elements bend and the sharper the generated curve is.

7.4.3. Probe prototype

Our steerable probe (Figure 7.2) consists of three longitudinally aligned Nitinol wires (@ =
0.125 mm). The wires are straight along their length and pre-curved at the tip. The curves at
the tip are created by heating the wires up to 480°C with a rework station (Tenma SMD
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(a) (b) ()

Figure 7.1. Schematic of the design of the probe tip. (a) Three elements with a pre-curve close to the tip.
(b) The elements are connected at the tip and kept together along the body with a tubular sheath. (c) The
element pulled is straightened and helps the other two pre-curved elements to bent, bringing the tip in a

@\
a (@\ (b)

Figure 7.2. Probe tip. (a) 3D drawing of the probe tip showing the stainless steel tube (1), the Nitinol wires
with the pre-curve (2), the Nitinol tubes (3), and the polyester shrinking tube (4). (b) A close-up of the
probe tip in the straight configuration.

bent position.

rework station 220V), while being manually curved around a 0.3-mm diameter rod (for
details on the choice of the needle tip design see Supplementary Material: S1 Appendix). A
3-mm long stainless steel tube (inner diameter (ID) = 0.3 mm, outer diameter (OD) = 0.5
mm) is glued at the tip, to keep the three wires together at their end points. The curved section
of the wires below the tube has a length of 2 mm and a width of 0.5 mm. The other part of
each individual wire is fed through an individual superelastic Nitinol tube (Johnson Matthey,
ID = 0.15 mm, OD = 0.24 mm) up to the location of the pre-curve. The three Nitinol tubes
(1) increase the bending stiffness of the probe shaft to facilitate insertion of the probe into a

solid structure (e.g., soft tissue or soft tissue phantom), (2) guide the Nitinol wires without
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buckling from the probe base to the probe tip where the actual bending action takes place,
similar to a Bowden cable, and (3) keep the wires in place over almost the entire needle length,
preventing them from getting entangled. The tubes are fixed to the main body of the system,
while the wires can slide freely through them. An ultrathin-walled polyester shrinking tube
(Vention Medical, ID = 1.1 mm, wall thickness = 0.0076 mm) is put around the three Nitinol
tubes, to keep them together without limiting their flexibility while only minimally increasing
the diameter. The total diameter of the probe is 0.5 mm, the overall length of the steerable tip
is 5 mm (i.e., the length of the stainless steel tube plus the length of the curves), and the total
length of the probe is 180 mm.

The retraction of each wire is controlled by a manual leadscrew mechanism (Figure 7.3).
Each wire is clamped to a block which can translate along a leadscrew, the rotation of which
is controlled by a steering wheel connected at the distal end of the leadscrew. An M2x20 screw
with a pitch of 0.4 mm is used, meaning that one full rotation of the wheel leads to a 0.4 mm
translation of the block and the connected wire. There are large and small grooves on the
wheels, serving as a visual indication corresponding to a 1/4 rotation (0.1 mm translation of
the block) and a 1/24 rotation (0.017 mm translation of the block), respectively. When the
block translates, a part of the wire is exposed and become prone to buckling. A rigid tube
glued to the block through which the Nitinol wire with its surrounding Nitinol tube is fed
prevents buckling.

The main body of the actuation unit has a cylindrical shape with rectangular slots to
accommodate the blocks and prevent them from rotating (Figure 7.4). A star-shape plate is
positioned between the blocks and the internal wall of the slot to guide the leadscrew. A
guidance cap with inner grooves is used to guide the Nitinol tubes from the back to the front
of the actuation unit, from where they are kept together by the shrinking tube for the whole
length of the probe body. The Nitinol tubes are glued to a flat ring-shaped object positioned
at the top of the main body and at the top of a guidance cap to prevent their motion. The
actuation unit is covered with a protection cap with rounded edges to avoid damaging the
probe at the point of entry into the actuation unit.

The body of the actuation unit is 3D printed in stainless steel (type 316L) using laser metal
fusion (Sisma, type Mysint100). The wheels and the cap are 3D printed from polymeric
material (acrylate, RO5 red). The actuation unit is designed to accommodate up to six Nitinol

wires.
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(a)

(b) (©

Figure 7.3. Actuation mechanism of the probe prototype. (a) 3D drawing of the actuation unit (left) and
the leadscrew mechanisms with the wires surrounded by the tubes visible inside the main body (right). (b)
Close-up of one leadscrew mechanism at the initial position. (c) Close-up of the wire clamped inside the
block surrounded by the Nitinol tube (orange) and the rigid tube (green), which is glued inside the block.
(d) Close-up of one leadscrew mechanism after the wheel has been turned and the block with the wires
clamped inside translated. (e) Close-up showing the position of the wire, Nitinol tube, and rigid tube after
the block translation. When the block translates, the wire is retracted leaving behind the Nitinol tube that
is glued to the ring-shaped object (green). The rigid tube protects the length of the wire d that is not sup-
ported by the Nitinol tube. (f) Photograph of the tip bent after retraction of one wire. Dashed rectangular
windows highlight the areas of interest. Arrows show the directions of motion of the parts.
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Figure 7.4. Prototype of the ultra-thin probe. (a) 3D drawing of the actuation unit showing the back plate
(5), wheels (6), block (8), main body of the unit (11), and protection cap (14). (b) Exploded view of the
actuation unit showing the back plate (5), wheel (6), lead screw M2x20 (7), block (8), rigid tube (9), star-
shape plate (10), main body (11), Nitinol wire (2), Nitinol tube (3), ring-shaped object (12), conical guid-
ance cap (13) and protection cap (14). (c) Photograph of the probe prototype.

7.5. EXPERIMENTAL EVALUATION

We performed two experiments to evaluate the performance of the probe, assessing the
predictability of the steering direction and the controllability of the final position after

steering, respectively. The experimental setup was the same for both experiments.
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7.5.1. Gelatine phantom

The probe was tested in 10%wt gelatine phantoms. These phantoms were prepared by mixing
hot water and gelatine powder (Dr. Oetker Professional, the Netherlands) and casting the
mixture into transparent boxes (12 cm x 8 cm x 12 cm). The liquid gelatine was left at 4°C
overnight to solidify.

The stiffness of 10%wt gelatine phantom was characterized using a rheometer (AR-G2
Rheometer, TA Instruments Ltd) with a parallel-disc geometry (diameter of 25 mm). First,
the response of the gelatine to a strain change (range 0.01-10%) at a constant velocity of 10
rad/s was measured, to find the linear viscoelastic region of the material. After that, the
response of the gelatine to a frequency change between 100Hz and 0.1 Hz at 0.5% strain (value
within the linear viscoelastic region) was measured.

From these tests, we obtained values for the storage modulus (G') and the loss modulus
(G"). The moduli were averaged across frequencies to calculate the dynamic shear modulus
G* = G + G". The absolute value of G* was calculated as G = VG2 + G"2. The Young’s
modulus E was estimated by the shear modulus G using the equation E=2G(1+v), where v
is the Poisson’s ratio (E = 3G, for v = 0.5). Based on these data, we estimated a Young’s
modulus of 17 kPa for 10%wt gelatine phantom. Usually, the Young’s modulus of the soft
tissues is characterized by a range of values [33, 34], which might vary depending on the
measurement method [35, 36]. The Young’s modulus of the gelatine in our study
approximates skeletal muscle tissue (12-32 kPa) [37], healthy liver (10-20 kPa) [38], or breast
glandular tissue (7.5-66 kPa) [39].

7.5.2. Experimental setup

Alinear stage (Aerotech ACT115, model MTC300) was used to insert the probe inside a block
of gelatine with a constant speed of 2 mm/s. The probe was mounted on the linear stage by
means of an aluminium block. To avoid buckling of the probe outside the gelatine during
insertion, two concentric tubes were placed over the probe. The outer tube (OD =2 mm,
ID = 1.1 mm, length = 50 mm) and the inner tube (OD = 1 mm, ID = 0.6 mm, length=65 mm)
were both made of stainless steel. When the probe is pushed inside the gelatine, the tubes
slide into one another, restricting the lateral motion of the probe. Two video cameras
(Panasonic HC-V250) were used to acquire a front and a side view image during insertion
(Figure 7.5).
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(a) 1 (b) 1

Figure 7.5. Experimental setup. (a) Schematic illustration of the setup in side view, with the linear stage
(1), the gelatine box (2), the concentric tubes for the insertion of the probe (3), the probe itself (4), and the
front view camera (5). (b) Schematic illustration of the setup in top view, with two cameras, the front view
camera (5) and the side view camera (6). (c) Photograph of the experimental setup.

7.5.3. Actuation modes

The tip can be bent by pulling at one or more wires. In order to bend the tip, the operator
rotates one or more of the wheels described in the previous section, which leads to the
translation of the block in which the wire is clamped, and via that translation to the bending
of the tip. The amount of pulling depends on the translation of the block, which is controlled
by the number of turns of the wheel. In our experiments we distinguished three levels of

pulling (Figure 7.6):
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e Level 1 (L1): one turn of the wheel, which corresponds to a 0.4-mm block translation
and 10° bending of the tip.

o Level 2 (L2): two turns of the wheel, which corresponds to a 0.8-mm block
translation and 20° bending of the tip.

o Level 3 (L3): three turns of the wheel, which corresponds to a 1.2-mm block
translation and 50° bending of the tip.

Note that these levels of pulling have been measured in free space. Once the needle is inserted
into a substrate, the degree of tip bending might be smaller than these values, due to resistance
forces by the tissue [29].

~20°

(@) (b)
Figure 7.6. Positions of the tip after the three level of retraction. (a) L1, (b) L2, and (c) L3 retraction (see
text for the definitions of L1, L2, and L3).

7.5.4. Experiment 1: Steering direction

Experimental design and procedure description

In Experiment 1, the predictability of the steering direction was assessed as a function of
which wire was retracted (W1, W2, or W3) and the number of wires that were retracted
simultaneously (one or two). In order to measure the steering direction, we used a polar
coordinate system, in which each point on a plane is determined by the distance from a
reference point and the angle from a reference direction. The wires are positioned 120° from
each other, therefore when one or two wires are retracted, the theoretical difference between
the two resulting steering directions of the probe is 120°. The difference between the two
resulting steering directions when one wire is retracted and when two wires are retracted is
therefore 60°.

The level of retraction was set at 0.8 mm (L2) for all conditions, because the steering
direction is not expected to depend on the level of retraction. A total of six conditions were
tested (Figure 7.7). Each condition was tested five times.

Before each test, the probe was inserted for about 10 mm inside the gelatine phantom

using the linear stage and photographed with the front and side cameras. The initial insertion
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was done to reduce the effects of cutting and friction forces acting on the tip when punching
the substrate. Next, the wheels of the actuation unit were turned to obtain the tip
configuration corresponding to the desired condition. Once the tip was set, the linear stage
pushed the probe inside the gelatine for 65 mm. At the end of each measurement, a
photograph from both sides was taken. After that, the probe was retracted using the linear

stage. All measurements were performed over the course of one day.

Condition Wi w2 W3 Figure 7.7. Conditions for Experiment 1.
I % 5 5 W1, W2, and W3 indicate which wire was
@ retracted, and L2 is the chosen level of
2 L2 L2 0 ). wi retraction in the experiment (0.8 mm).
w2
3 0 L2 0 L)
w2
4 0 L2 L2 Wi
5 0 0 L2 v (D)
©)
6 L2 0 L2 BOA
)

Data analysis
The photographs of the initial and final position of both front and side view were imported
to MATLAB (R2016b). After cropping the photographs around the area of interest, we
increased the contrast and converted them to binary images. Next, we extracted the skeleton
of the binary images, from which we took the coordinates (x, y) of the last point of the probe
(i.e., the probe tip) (Figure 7.8). After that, we calculated the difference between the x- and y-
coordinates of the last point in the final image and in the initial image, for both front and side
view as:
AXfront = Xfront — XINfront AXside = Xside — XINside
AYfront = Yront — YiNfront AYside = Yside — YINside

Where (Xfront Yeront) and (Xside, Vside) are the coordinates of the last point of the probe in
the final image of the front view and side view, respectively, and (Xinfront YinNfront) @0d
(Xinsides YiNside) are the coordinates of the last point of the probe in the initial image of the
front view and side view, respectively (Figure 7.9). The differences along the y-axis (A¥font
and Ayg;qe) represent the projection of the final point reached by the probe along the axis of
insertion in front and side view, and the differences along the x-axis (AXgont and AXgige)

represent the deflection in front and side view.
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(a)

B e R

(b)

e

Figure 7.8. Image processing of the photographs. (a) Initial front view photograph. (b) Final front view
photograph. In this example, we used the images for Condition 1, Measurement 3. First, the original pho-
tograph was read in MATLAB and cropped around the area of interest. After that, the photograph was
converted to a binary image, and the skeleton of the image and the coordinates (x, y) of the last point of

the probe were retrieved.

y image
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Figure 7.9. Schematic representation of the probe on the 3D plane. In red, the y-coordinate of the final
point of the probe (Axg;qe). In green, the x-coordinate of the final point of the probe (AXont). The angle

8 is equal to arctan( Axg;ge [mm], AXgon [mm]), and the distance rho is \/ (Axgronc[mm]? + Axgige[mm]?).
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To calculate the actual difference in mm we used a scaling factor (SF). The scaling factor for
the front view (SFgont) Was estimated by using the length dimension of the gelatine box
(Ixwxh,120x80x 120 mm), knowing that the SF is equal to the box length in [mm] divided
by the box length in pixels. The scaling factor of the side view (SF;4e) was estimated knowing
that the depth of the box in front and side view should be the same.

(AYfront : SFfront)
SFgige = AVeia
side

(7.1)

From the coordinates of the probe tip we can calculate the angle 8, which indicates the
direction of steering of the probe, and the distance rho, which indicates the radius of
curvature of the circular path described by the probe (Figure 7.9). The value of rho can be
used as a measure of the deviation of the probe from the straight path. We calculated the two

parameters, 0 and rho, as:

0 = arctan( AXgjge[mm], AXgpone [mm]) (7.2)

rho = \/(Axfront[nml]2 + AXside [mm]Z) (7'3)

7.5.5. [Experiment 2: Final position after steering

Experimental design and procedure description

In Experiment 2, the final position after steering was assessed as a function of the number of
retracted wires (one or two), and the level of retraction (L1 =0.4 mm, L2=0.8 mm, or L3=1.2
mm, corresponding to one, two, or three turns of the wheel, respectively). For one-wire
retraction, W1 was retracted, and for two-wire retraction, W1 and W2 were retracted. The
combinations used for the experiments are shown in Figure 7.10. The experiment was

performed following the same procedure of Experiment 1.
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Condition W1 W2 W3 Figure 7.10. Conditions for Experiment 2. W1, W2,
— and W3 indicate which wire was retracted, and L1,
! 2 0 0 “' L2, and L3 indicate the level of retraction (0.4 mm,
2 L2 0 0 @8 0.8 mm, and 1.2 mm). The three circles represent
/ the three wires. Light grey, medium grey, and black
3 L3 0 0 - ;..zj indicate retraction by 0.4 (L1), 0.8 (L2), and 1.2 mm
4 L1 L1 0 @) (L3), respectively.
&)
5 L2 L2 0 | o@
6 L3 L3 0 | 6@
7 L2 L1 0 o
8 L3 L1 0 wi
@
9 L3 L2 0 @?

Data analysis

The photographs were processed in MATLAB (R2016b) following the same procedure as
described for Experiment 1. From the coordinates of the end point of the probe tip, we
calculated the difference between the position of the end point in the initial image and in the
final image. These values were used to calculate the angle 8 and the distance rho. The angle 6
indicates the direction of steering of the probe, and rho indicates the deflection of the probe
from the straight path as described earlier. The final position after steering was assessed as a
function of the amount of deflection from the straight path and the projection of the final
point reached by the probe along the axis of insertion, called henceforth insertion depth. We
used the ratio between deflection and insertion depth to evaluate the steerability of the

prototype:

) deflection
ratio = ———— (7.4)
insertion_depth

A small curvature was defined by a ratio < 1, meaning that the probe deflection was
smaller than the insertion depth. A sharp curvature was defined by a ratio > 1, meaning that
the probe deflection was larger than the insertion depth.
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7.6. RESULTS

7.6.1. Experiment 1

Figure 7.11 shows the angles achieved for all (6x5) measurements. In Table 7.1, the median
and interquartile range of the steering direction angles for each condition are presented.
Table 7.2 shows the differences between the median values of the steering direction among
the conditions. It can be seen that Conditions 1 and 4 had the lowest and the highest
variability, respectively. The conditions in which two wires were retracted exhibited a larger

variability than the conditions in which only one wire was retracted.

Figure 7.11. Polar plot showing the
angle of the steering direction of the

probe measurements.

o Condition 1
o Condition 2
¢ Condition 3
v Condition 4
* Condition 5
« Condition 6

Table 7.1. Median and interquartile range of the steering direction angle for each condition.

Condition Median Interquartile range
1 46.2° 10.2°
2 321.6° 23.2°
3 280.5° 13.8°
4 243.0° 33.3°
5 150.3° 19.5°
6 87.6° 27.7°

Table 7.2. Differences between the medians of the steering direction angle among conditions.

Conditions 1 2 3 4 5
2 84.7°
3 125.7° 41.0°
4 163.2° 78.6° 37.5°
5 104.0° 171.3° 130.2° 92.7°
6 41.4° 126.0° 167.1° 155.4° 62.7°
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7.6.2. Experiment 2

In Condition 6, one out of the five measurements was excluded because the probe moved
upwards during bending, meaning that the start and the final position could not be properly
compared.

The ratio between deflection and insertion depth was below 1 for Conditions 1 and 4, and
above 1 for the remainder of the conditions (Table 7.3 and Figure 7.12). For one-wire
retraction with L1 (Condition 1), the ratio was under 1 (0.60) and increased with an
increasing level of retraction. The same holds for two-wire retraction with the same level of
retraction (L1, L2, or L3). The ratio was 0.79 for W1-L1 and W2-L1 (Condition 4), 1.24 for
W1-L2 and W2-L2 (Condition 5), and 7.49 for WI1-L3 and W2-L2 (Condition 6).
Condition 6 had the highest ratio value (7.49), followed by Condition 8 (5.03), and
Condition 3 (4.10). Conditions 3 and 8 had the highest variance.

Table 7.3. Median and interquartile range (IQR) of the deflection, insertion depth and ratio deflection to
insertion depth for each condition.

Condition Deﬂec‘tion [mm] Insertior‘l depth [mm] l‘latio
Median (IQR) Median (IQR) Median (IQR)
1 33.25(14.71) 51.95 (29.54) 0.60 (2.69)
2 47.36 (5.35) 36.21 (9.87) 1.26 (0.48)
3 49.45 (8.17) 13.52(21.03) 4.10 (8.27)
4 39.41 (6.54) 48.70 (11.58) 0.79 (0.41)
5 43.70 (4.41) 35.14 (6.23) 1.24 (0.20)
6 56.43 (16.10)* 8.04 (10.89)* 7.49 (3.60)*
7 45.49 (6.41) 35.10 (7.31) 1.30 (0.39)
8 50.27 (29.99) 9.77 (4.96) 5.03 (6.05)
9 53.20 (6.70) 15.66 (8.35) 3.45 (3.08)

*number of measurements n = 4
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7.7. DISCUSSION

In this study, we presented a new design of a steerable probe that is able to steer in 3D without
the need of axial rotation. With a diameter of 0.5 mm (25 G), this is the smallest reported
probe that steers in 3D without the need of axial rotation [18]. Combining the simple design
of a pre-curved needle [40] with the steering capability of a cable-actuated steerable needle
[25] allowed us to miniaturize the needle without losing the omnidirectionality of the
steering. Our probe does not have any additional means of actuation; the Nitinol wires, which
the probe consists of, act both as pre-curved elements and as pulling cables.

Once the probe with the bent tip is inserted into the gelatine phantom, the probe follows
a curved trajectory due to off-axis reaction forces generated at the tip. The probe is able to
steer omnidirectionally following the direction of the retracted wire(s), and the sharpness of

the curvature increases with the level of wire retraction.

7.7.1. Probe performance

Our aim was to evaluate the performance of the prototype in terms of predictability and
controllability of steering. In order to know the path followed by the probe, direct vision of
the probe inside the phantom was needed. Options to do this include (electromagnetic)
tracking and direct visualization from outside the phantom. Since the probe was not designed
to contain sensors at the tip or in the body, direct visualisation was chosen, for which a
transparent substrate (i.e., gelatine) with mechanical properties similar to soft tissue was
used. In literature, gelatine, polyvinyl alcohol, and agar are commonly used to mimic tissue
[41, 42], because of their versatility in terms of shape and stiffness modification. Doing the
tests in such controlled environment allowed us to get data on the performance of the
prototype and set the requirements for future improvements of the prototype.

In Experiment 1, we assessed the predictability of the steering direction as a function of
which wire was retracted. The probe performed more accurately (i.e., exhibited less variation)
for one- than for two-wire retraction. One possible explanation is that, in order to achieve
the direction wanted with two-wire retraction, the wires should be retracted by the same
amount. The actuation was done manually and there was no locking of the system in position
once the wires were pulled. This might have caused mismatch between the input (wheel
rotation) and the output (tip bending). If one element is retracted more than the other one,
the steering direction is not exactly in the middle of the two retracted wires but rather shifted
towards the direction of the wire that is more retracted. Additionally, when one wire is
retracted, the bending force generated is in line with the direction of the desired bending
motion, whereas when two wires are retracted, the bending forces are not in line with the

direction of motion making the system unstable.
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In Experiment 2, we assessed the final position after steering as a function of the deflection
and the insertion depth. The deflection-to-insertion depth ratio increases with the level of
retraction of the wire. This behaviour can be seen in both one-wire retraction and two-wire
retraction. The more a wire is retracted, the sharper the bend and the higher the deflection-
to-insertion depth ratio. This result is in line with observations in the literature. Specifically,
Wedlick et al. [43] analysed the curvature of a series of pre-curved needle with various arc
lengths. These authors showed that a needle with a large arc length follows curves with a
smaller radius of curvature than a needle with a small arc length. Sitzman et al. [44] compared
the deflection of needles with diameters of 0.64 mm (22G), 0.47 mm (25G), 0.36 mm (27G),
and 0.28 mm (29 G) and with a 5° versus a 10° bend. At 60 mm depth, the deflection with the
10° bend was greater than the deflection of the needle with 5° bend, and this deflection
increased for smaller needle diameters. Increasing the tip angle is not always related to an
increase of the needle curvature. Adebar et al. [23] analysed the influence of the tip angle on
curvature of a bent-tip needle. They used three needles (diameter = 0.8 mm) with a tip angle
of 30°, 45°, and 60° and tip length of 12 mm. The curvature of the needle increased when
increasing the tip angle from 30° to 45°, whereas there was no change in the curvature when
increasing the tip angle further, from 45° and 60°. Additionally, our results showed that the
variability of the ratio between deflection and insertion depth among conditions is relatively
high compared to state-of-the-art needle designs. However, in literature, 4-mm pre-bent tip
length also showed a large variability in deflection [16]. A way to reduce this variability could
be to increase the pre-bent tip length [23].

Condition 6 exhibited the highest deflection-to-insertion depth ratio (7.49), followed by
Condition 8 (5.03) and Condition 3 (4.10). These are the conditions in which wire 1 was
retracted with the highest level of retraction (L3 = 1.2 mm), which means that the tip was
highly bent (~50°), resulting in high curvature once the probe was pushed through the
gelatine.

During the experiments the probe was inserted in the gelatine using a constant wire
retraction. For this reason, the probe followed only one curve in one direction. By changing
the configuration of the wires during the insertion, the probe was able to follow a multi-
curved path as shown in Figure 7.13 (Supplementary Material: S1 Video).
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Figure 7.13. Probe following a multi-curve path.

7.7.2. Limitations and future work

In order to prevent buckling during the insertion of the probe in the gelatine phantom, two
concentric tubes were used to support the shaft of the probe that was outside the gelatine. To
avoid friction between the probe and these tubes, we chose 0.6 mm as inner diameter of the
smallest tube. This left room for some small lateral displacement of the probe, which might
have led to inaccuracy in the needle insertion.

We investigated the performance of the probe in homogeneous 10%wt gelatine phantoms
(17 kPa, which might correspond to skeletal muscle tissue [37]). However, biological tissue is
rather non-homogeneous, with common stiffness degrees ranging between 1 kPa
(corresponding to brain tissue [33, 34]) and 50 kPa (corresponding to tendons [33, 34]).
Multi-layered phantoms using different gelatine concentrations might mimic better the
human anatomy. Additionally, after further development of the prototype, ex vivo and in
vivo experiments are needed to test the performance in a more realistic situation.

In some of the photographs we had difficulties in retrieving the probe because of low
contrast or incorrect image focus. We performed a manual analysis of all the photographs,
which limits the reproducibility of the study. When the probe was inserted into the gelatine
with a high level of retraction (e.g., L3), we could notice that the probe was slicing through
the substrate laterally along the path (Figure 7.14). This effect mostly occurred when the
probe was following sharp curvatures and needs to be avoided during medical procedures
[21].
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(a) (b)

Figure 7.14. Probe cutting the gelatine during insertion (Experiment 2). (a) Condition 6 (W1=L3, W2=L3,
and W3=0). (b) Condition 8 (W1=L3, W2=L1, and W3=0).

The angle of the tip was set at the beginning of each test based on the turn of the wheel at
the handle. However, during the insertion of the probe inside the gelatine, the tip angle might
change because of the resistance forces acting from the gelatine on the tip. In future
developments, a real-time measurement of the position of the probe tip could be used to
investigate this aspect.

The tip of the probe consists of three wires bent and connected together. This design
choice might not be ideal for a clinical setting. The empty space between the wires could
entrap tissue during the insertion of the probe and in case of biopsy, healthy tissue could be
contaminated. In future versions of the probe prototype, tissue trapping can be avoided by
adding a cover around the tip (e.g., plastic sheath).

The tip of the prototype did not show any plastic deformation during all the
measurements. It might be possible that because of the continuous retraction and bending,
the wires will encounter plastic deformation over time. However, considering that the probe
is meant for single use only, this possible effect is deemed not critical. Another risk for plastic
deformation might occur when the probe encounters a stiff substrate (the yield load of the
used Nitinol wires is 0.721 Kg as reported by the manufacturer). Future versions of the
prototype would need to include a locking mechanism that protects the tip once a very stiff
tissue is encountered.

In both experiments, a constant speed of 2 mm/s was used. In literature, there is not much
information about the needle insertion speed used in clinical practice. Van Gerwen et al. [45]
reported recorded speeds between 0.4 mm/s and 10 mm/s for epidural procedures [46] and
much higher speeds of about 500 mm/s measured during brachytherapy interventions [47].
It is known that the friction force between the substrate and the needle increases with the

insertion speed. Kaboyashi et al. [48] showed that when inserting a 17 G needle into porcine
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liver at different speeds, the friction force increased with speeds up to 2 mm/s, reaching a
constant value for higher speeds. Mahvash et al. [49] observed that high needle insertion
speeds are related to low tissue deformation and damage. However, safely insertion of a
needle manually at high speeds might entail a risk of imprecise movement.

In this work, we assessed the performance of the probe by looking at the final position
reached at the end of each measurement. In future work a fine-grained analysis of the entire
path followed by the prototype could be also conducted, to gain a better understanding of the
behaviour of the probe inside the substrate.

In our prototype, steering is achieved by rotating a wheel. In future prototypes, an
ergonomic handle can be added, with which the end user intuitively steers the probe, similar
to the handle that Van de Berg et al. [25] used in their cable-actuated needle design.
Additionally, there should be a rigid telescopic tube system connected to the handle to guide
the probe when the probe is outside the substrate and to prevent buckling during the

insertion phase.

7.7.3. Possible applications of the steerable probe

Needles with diameters between 22 G (0.71 mm) and 27 G (0.41 mm) are used in a number
of procedures, such as fine needle aspiration (FNA) [50] and regional or peripheral
anaesthesia [51]. In FNA, 25-G or 22-G needles have exhibited higher diagnostic accuracy
than the 19-G needles that are typically used in core biopsy [52]. Thin needles are generally
less traumatic than thick needles, and complications, due to the accidental puncture of a
vessel for example, are also reduced in the former case [50]. In spinal anaesthesia, needles
ranging between 22 G (0.72 mm) and 27 G (0.41 mm) are commonly used [51]. It has been
shown that the smaller puncture created by smaller spinal needles is associated with a
decrease in incidences of postdural puncture headache caused by cerebral spinal fluid leakage
[53]. Steinfeldt et al. [54] showed a correlation between larger needle diameter and increased
nerve damage during nerve block procedures. In biopsy procedures, the size of the needle
influences the size of the sample that can be retrieved. Small diameter (under 1 mm) needle
are commonly used for fine needle aspiration cytology, where a very small sample for
cytological exams is needed [55].

The probe design demonstrated in this paper can be combined with a guiding outer
needle, as it is currently done in the coaxial technique for FNA [56]. In this case, a standard
18-19 G rigid needle can be used to penetrate the first layers of tissues, after which the
proposed probe, surrounded by a flexible tube, could be fed through the needle, pushed out
of the tube and steered towards the target. In order to continuously track the position of the

probe, CT imaging or ultrasound could be used, as with standard needles. Once the needle
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reaches the target, the flexible tube could be advanced and the probe could be withdrawn.
The empty tube left in place could be used to extract tissue sample and inject drugs.

Next to a small diameter, needle steerability is an important property for improving
accuracy and precision in reaching the desired target inside the body. The ability of changing
the needle tip direction on-demand once the needle has been inserted into the tissue, without
the need of axial rotation, could be beneficial for controllability. Steering can also be used to
correct for unwanted needle deflection upon insertion into the tissue, or to adjust the
trajectory if the target is moving due to tissue motion (e.g., breathing or heart biting).

Having an ultra-thin probe (diameter below 1 mm) that is able to steer, such as the probe
presented in this work, can open new possibilities for the physician during complex
procedures. One example is the celiac plexus blockage or neurolysis [57]. This is a procedure
where medication is injected to relieve abdominal pain caused, for example, by pancreas
cancer. The needle is inserted either from the back or the abdomen of the patient to reach the
area behind the vertebra, avoiding to puncture organs and major vessels [58]. In the future, a
needle as the one presented in our work could be used in combination with a thin-walled
cannula, to access the fat space around the celiac plexus block, while avoiding to puncture

organs or major blood vessels.

7.8. CONCLUSION

This paper presents the design and evaluation of a 0.5-mm steering probe. The novel
prototype combines the simple design of pre-curved needles with the steering method of
cable-actuated needles. We showed that the probe was able to penetrate a gelatine phantom
(10%wt) and steer omnidirectionally without the need of axial rotation. The probe was able
to steer in the direction of the retracted wire, and the final position reached varied between
small deflections from the straight path when the wires were slightly retracted and sharp
curvatures when the wires were retracted more. The probe could be used in percutaneous
procedures, such as spinal anaesthesia and fine needle aspiration, where a diameter smaller
than 1 mm is desired. The ability to steer allows for correcting for small deviations from the

path and for avoiding obstacles while navigating towards a target.

SUPPLEMENTARY MATERIAL

S1 Appendix. Probe tip selection.
https://doi.org/10.1371/journal.pone.0221165.5001

S1 Video. Video of the probe following a multi-curved path.
https://doi.org/10.1371/journal.pone.0221165.s002
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Discussion

Chapter

“Il piacere piti nobile

é la gioia della comprensione”
(The noblest pleasure

is the joy of understanding)

Leonardo da Vinci
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Chapter 8

8.1. MAIN FINDINGS OF THIS THESIS

The aim of this thesis was the design, development, and evaluation of a new biologically
inspired needle that can steer and self-propel at a submillimeter scale. A series of needles were
developed that combined morphological and functional features inspired by the ovipositor

of parasitic wasps. The work can be summarized in the following research contributions:

To investigate the state-of-the-art of mechanical working principles of steerable needle-like
instruments.

A classification of mechanical working principles used to steer needles through solid organs
has been created (Chapter 2). The classification showed that there are needles that steer due
to a pre-defined shape (e.g., bevel tip or pre-bent needles) or due to a means of actuation (e.g.,
cable-actuated needles). The design of bevel tip and pre-bent needles is simple and therefore
easy to manufacture at a small scale, but to steer in 3D they need to be rotated around their
body axis, which might result in a discrepancy between the rotation given outside the body
and the actual rotation of the needle inside the body. Cable-actuated needles have a more
complex design, which allows them to rotate in 3D without the need of axial rotation but

inhibits their miniaturization.

To investigate how the mechanical working principles of the wasp ovipositor can be translated
into the design of needles able to self-propel and steer through solid structures.

The anatomical and mechanical features of the ovipositor of a parasitic wasp were used as
inspiration for the development of a 1.2-mm diameter, 160-mm long needle prototype
(Chapter 3). We demonstrated that a six-wires needle self-propelled through a tissue-
mimicking phantom substrate with stiffness similar to brain tissue (~5 kPa). Additionally,
the needle was able to steer by means of a “discrete bevel”, made by moving adjacent wires in
order to approximate a bevel-tip. In a second prototype, we demonstrated that pre-directing

the wires increased the steerability of the needle (Chapter 4).

To develop self-propelling and steerable needles with a diameter smaller than 1 mm and to
evaluate their self-propelling behaviour in single- and multi-layered phantoms.

We developed three prototypes with diameters 0.8 mm, 0.6 mm and 0.4 mm, and a length of
300 mm (Chapter 5). We demonstrated that the needle prototypes were able to self-propel
through single- and multi- layer tissue-mimicking phantoms without buckling. Additionally,
the 0.8 mm needle was able to puncture a plastic thin layer placed between two pieces of
gelatine, which was used to simulate the outer membrane of an organ. As we replaced Nitinol
wires with a Nitinol tube and a fiber optic, the needle was still able to self-propel. This is an

indication that the needle can be made out of different elements, each of them used for a

162



Discussion

specific function, without compromising the motion. Preliminary tests in porcine tissues
showed that the needle was able to self-propel through different tissues types (Chapter 6).
The needle self-propelled better through the brain than the other tissue types, possibly,
because the brain tissue is more homogeneous than the other organs. Finally, we showed that
a 0.5 mm diameter hand-held probe was able to steer in 3D without the need of axial rotation.
This was possible by combining the simplicity of the pre-curved needle design with the
steering capabilities of cable-actuated needles (Chapter 7).

8.2. TOWARDS CLINICAL USE

In percutaneous procedures, thin needles are used to reduce tissue damage and pain.
Superficial targets are easily reachable with standard needles, but when the targets are located
deep into the body, long needles are needed to reach these areas. However, thin and long
needles are subjected to buckling and thus need to be equipped with buckling prevention
mechanisms.

The reciprocal mechanism of the wasp ovipositor that was implemented in our needles
allowed the needles to self-propel through different types of substrates without buckling. We
showed that the needles could move through gelatine phantoms of various stiffness degrees.
In order for the mechanism to work, continuous contact between the outer needle surface
and the tissue is required. In air or liquid, the needle would not be able to self-propel. For this
reason, before starting the experiments, the needles were manually inserted over a few
centimetres into the gelatine phantom. Manual insertion is also possible in clinical practice;
for example, the physician could use a rigid assistive insertion tool (e.g., a short cannula with
a sharp tip) to cut through the skin. Alternatively, we could add a layer of gelatine on top of
the skin of the patient and, after manually inserting the needle into the gelatine, let the needle
self-propel through the soft tissue of the patient.

Getting deep into the body is not the only challenge that a needle encounters. From the
insertion point to the target area, there are sensitive structures such as vessels and organs that
should be avoided. Steerable needles can be used to negotiate movement around such
structures. Bevel-tip and pre-curved needles have the advantage that they are easy to use in
case of superficial targets or when high accuracy is not required. For reaching deep targets
inside the body, the needle described in this thesis could be very useful. The ovipositor-
inspired needle can change direction without the need of axial rotation of the body, which
means that there is no need to withdraw and re-insert the needle several times. Additionally,
during needle insertion, clinicians often face unwanted deviations from the trajectory
because of needle deflections inside the tissue and motion of the target due to, for example,

breathing. This type of error is experienced by the majority of interventional radiologists [1].
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The proposed steering mechanism in this thesis could correct for these errors by actively
steering back to the pre-planned trajectory.

In percutaneous intervention the physician uses needles to access areas inside the body in
order to perform a specific task (e.g., collecting samples or delivering a drug). Our needles
are made out of six Nitinol wires; each of these wires could be replaced by a tube for liquid
injection or tissue sampling, fibre optics for real time visualization, or any other systems
needed for the procedure (Figure 8.1). One of the wires could be used for measuring tissue
stiffness in situ, for example by using a micro-indenter placed at the tip [2]. Ultimately, it
could be possible to have diagnosis and therapy in one single intervention.

Our bio-inspired needle could have a positive impact during brachytherapy or delicate
procedures in the brain. In brachytherapy, multiple needles are used to place radioactive
seeds into the prostate. Our needle could allow for the insertion of multiple seeds with a single
insertion. In deep brain stimulation, needles can be used as delivery device to place electrodes
for the treatment of Parkinson’s disease [3]. The electrodes need to be placed accurately inside
a very delicate environment. The bio-inspired self-propelling motion will allow needle
insertion with zero net push force and the possibility of on the spot correction of the needle
path while limiting tissue damage.

The steering angles of our needles are still rather limited as compared to the sharp curves
that the wasp can achieve with its ovipositor. Nonetheless, we expect that a small diameter
needle that can be inserted with zero net push force and steer in 3D without the need of axial
rotation could open the doors to new clinical applications that are nowadays considered

challenging or not even possible.

Figure 8.1. Multi-functional needle prototype containing one fiber optic, a Nitinol tube and Nitinol wires.
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8.3. OTHER APPLICATIONS

The bio-inspired reciprocal mechanism depends on the relative difference between friction
forces acting on the elements that are moved forward versus the stationary/pulled backwards
elements and because of this it can theoretically work both at small (um-mm) and at large
scales (m).

In a side project of this research, the ovipositor-mechanism has inspired the development
of a self-propelling endoscopic device intended for locomotion through the large intestine
(colon) [4]. The actuation mechanism of the device consists of a motor and a rotor consisting
of a cylindrical cam. Six elements, called sliders, are placed around the cam and move back
and forward following the path defined by the cam (Figure 8.2a-b). The basic working
principle of this mechanism is that multiple stationary sliders create sufficient friction to
allow for a single slider to move forward. In each step, one slider moves forward, whereas the
others remain stationary with respect to the environment. The frame moves forward with 1/6
of the speed of a moving slider to create a smooth and continuous forward motion of the
device. To enhance grip, experiments were carried out with 3D-printed structures attached
to the outer surface of each slider (Figure 8.2c). The 3D-printed structures were designed
with the idea to generate direction-dependent friction in order to increase grip in one
direction (backward) and decrease it in the other (forward). We tested the propulsion
mechanism of the device in plastic tubes and ex vivo in porcine colons. The device was able
to propel through the plastic tubes with zero external push force. However, it did not propel
through the colon with the chosen 3D-printed structures, because the colonic wall is very
flexible and moved elastically with the structures without any sliding. Therefore, improved
3D-printed structures were developed in which the tangential spacing between the structures
was decreased so that the colonic wall does not flex between them (Figure 8.2d). The
improved prototype was able to self-propel ex vivo through the porcine colon, without
causing visual damage to the colonic wall.
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(b)

(d) =

Figure 8.2. Endoscopic self-propelling device prototype. (a) Assembly view showing the different parts. (b)
Assembled device. (c) 3D-printed structures attached to the surface of the device. (d) 3D-printed structure
with texture only at its sides.

At a much larger scale, the ovipositor mechanism could be used, for example, for earth
drilling applications in which tunnels have to be drilled through soil to reach underground
gas or oil layers or for planetary drilling [5]. The most common technique for drilling is
rotatory drilling, where a rotatory motion of the drill tip creates a hole inside the ground. In
order to break the substrate into pieces, sufficient forward force needs to be applied by the
drill bit, usually generated by the weight of the drill itself. In environments where the gravity
force is lower than on Earth, for example on Mars, generating enough force will require a
heavier drill than the one used on Earth. Using a mechanism inspired by the wasp ovipositor
might allow for a more compact and energy efficient drill. Recently, prototypes of ovipositor-

inspired drills for low gravity environments have been proposed [6].

8.4. TECHNICAL CHALLENGES STILL AHEAD

Image guidance systems can be used to visualize the motion of needles inside tissue.
Commonly, ultrasound (US), CT or MRI guidance are be used. US guidance is usually
preferred over CT guidance because of the real-time visualization and the lack of exposure to
radiation. MRI guidance has limited use in percutaneous interventions, due to high costs of
the equipment and need of MR compatible needles. In the future, for ex vivo and in vivo
experiments, the image guidance needs to be integrated in the design of the experimental
setup. The needle could be used in combination with CT or with an US probe held either by
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the doctor or a robotic arm. To correct the trajectory of the needle in real-time, a feedback
control system could be implemented. The needle position data merged with the images from
the visualization system will provide the physician with continuous information about the
motion of the needle inside the body. This will allow to correct in real-time for deviations of
the needle path.

The actuation unit used in this thesis has been designed with the purpose of performing
experiments in which a cart with tissue-mimicking gelatine moves towards the base of the
needle. In reality, the needle will have to self-propel inside the body while the tissue remains
at its place. The actuation unit could be miniaturized and included in a handle that
automatically moves forward following the motion of the needle. The handle can be placed
on a tripod held by a robotic arm for a precise and accurate motion of the needle. Instead of
linear stepper motors with an additional transmission mechanism, small piezoelectric
actuators could be used for actuation of the needle elements.

Creating complex shapes at a submillimetre scale, such as the tongue-and-groove
mechanism of the ovipositor in a wasp, is challenging with the currently available
manufacturing technology. Recently, needles at a microscale made with polymer material
have been presented as substitute of stainless steel needles because of the ease of fabrication,
biocompatibility and MRI-compatibility of the former [7]. Such microneedles have been
manufactured using micro-molding, micro-milling or micro-stereolithography [8], allowing
also the creation of multiple channels. In the near future, we expect that some of the
challenges described in this thesis, such as the manufacturability of the internal interlocking
mechanism, can be overcome by the continuous development of high-tech manufacturing

techniques.

8.5. TOWARDS FUTURE BIO-INSPIRED NEEDLES

The hypothesis that the wasp uses a push-pull mechanism to move the ovipositor through a
substrate where one valve is pushed forward while the other valves are pulled backward, as
previously described by Vincent et al. [9], has only recently been experimentally validated.
Cerkvenik et al. [10] recorded the probing of the parasitic wasp Diachasmimorpha
longicaudata with high speed cameras. The motion analysis showed that the wasp could
probe and steer in different directions and that the push-pull mechanism was used into stiff
and not into soft substrates [10].

The ovipositor of the parasitic wasp D. longicaudata has a stiffness gradient, due to a
change in material properties, which is considered partly responsible for the steering of the
ovipositor [11]. The ovipositor of the wasp D. longicaudata contains an S-shaped region

proximal to the tip. This region has a lower stiffness than the rest of the ovipositor (Figure
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8.3). As a result, protraction of the ventral valves causes incurving of the ventral valves
towards the dorsal one, which results in a change in probing direction. This might help the
wasp to achieve sharp curvatures and a wide range of directions.

In future needle prototypes, using a combination of stiff and deformable sections could
improve the steering achieved by asymmetry at the tip. Inspired by the material gradient of
the wasp ovipositor, a prototype could be developed with the use of multi-material 3D
printing creating a stiff needle body to maintain the shape and avoid buckling, a flexible area

behind the tip to allow sharp curves, and a stiff tip to facilitate puncturing of the tissue.

Figure 8.3. Stiffness gradient of the ovipositor of the wasp D. longicaudata. The picture shows the auto-
fluorescence of the ovipositor in a confocal laser scanning microscope, the dorsal valves being at the top
and the ventral valve at the bottom. The fluorescence signal at the area at the bottom of the curve indicates
the presence of a softer material. Scale bar: 10 um (adapted from [11]).

The parasitic wasp D. longicaudata is able to change the steering direction up to 180° [12].
This might be possible because of a local twisting of the valves observed during the ovipositor
insertion [12], the origin of this movement being still unknown. The twist motion could be
implemented in future needle prototypes, perhaps using bi-stable mechanisms, to achieve a
wider range of directions during steering. Recently, the muscles in the abdomen of the wasp
have been analysed to understand which of them are involved in the pushing and pulling of
the valves during the insertion of the ovipositor [12, 13]. The ventral valve slides
independently, whereas the motion of the two dorsal valves is actuated by shared muscles in
the abdomen. A thorough understanding on how the wasp uses its muscles to actuate the
ovipositor could be another source of inspiration for the improvement of the actuation
system of our needles.

In nature, there are many other needle-like structures similar to the ovipositor of a wasp,
such as the proboscis of mosquitos and honeybees’ stingers [14, 15]. The mosquitos’
proboscis is made out of six slender elements used to probe into a host. First, mosquitos
pierce the skin and anchor to that with the outer elements that contain a saw-like surface.
Then, a vibratory motion is employed to move the other elements inside the skin with limited
insertion force [16]. Typical diameters of the proboscis are 20-30 pm with a length of few
mm. These slender structures have been used as inspiration for the development of
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microneedles [15, 17, 18]. Honeybees are able to insert their stingers with a low insertion
force into tissue due to backward-facing harpoon-like barbs on the surface that reduce
friction forces during insertion while increasing the force in the opposite direction making it
difficult to pull out the needle [19]. In the literature, honeybee-inspired needles are presented
as a possible solution to reduce the insertion force during needle insertion [20].

Combining the insertion mechanism of the mosquitos’ proboscis and the honeybees’
stingers with the propelling mechanism of the ovipositor could lead to new bio-inspired
needles that can be inserted into the skin with low insertion force and that can self-propel
towards any target inside the body. Nature contains an ubiquity of mechanisms; it is up to us

to understand and translate these mechanisms to develop the technology of the future.
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