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Summary

Prostate cancer is one of the most common types of cancer in men, especially as they get older. 
The primary treatments involve radical prostatectomy or radiotherapy, which target the entire 
prostate gland but often lead to side effects that impair urinary, sexual, or bowel function. The 
good news is that prostate cancer usually grows slowly and is often detected at an early stage, 
opening the door for more localized treatments with fewer side effects, such as TransPerineal 
Laser Ablation (TPLA). TPLA is based on light-tissue interaction. The tissue absorbs the light 
and converts it into heat, which induces irreversible thermal damage to the tissue, resulting 
in local cell death. The light is delivered via a laser fiber inside a needle positioned near the 
tumor under ultrasound guidance. In the future, Magnetic Resonance Imaging (MRI) is 
expected to replace ultrasound as the preferred imaging guidance option. 

For TPLA, control of the needle path is of utmost importance to accurately reach the target 
region. Commonly used needles are rigid and bound to straight trajectories, which might lead 
to restricted access because of Pubic Arch Interference (PAI) or targeting errors because of 
needle deflection caused by needle-tissue interaction. Therefore, using current needles makes 
it hard to control the needle trajectory and reach the target region. 

In nature, needle-like structures exist that allow for trajectory control. Specifically, 
certain species of parasitic wasps possess a slender and steerable needle-like structure called 
the ovipositor, of which they can control the trajectory. These wasps not only advance their 
ovipositors through often stiff substrates without suffering damage by using a so-called self-
propelled motion, but they can also steer their ovipositors in order to reach their desired 
targets. Wasp-inspired mechanisms might address current challenges in TPLA needles. 
Therefore, the main purpose of this thesis is to present and evaluate innovative wasp-inspired 
needle designs developed to enhance needle trajectory control for TPLA treatment. 

In Part 1, Chapter 2 reviews challenges in needle positioning for therapeutic prostate 
cancer interventions, including (1) access restrictions to the prostate gland caused by the 
pubic arch, known as PAI, and (2) needle positioning errors. Current clinical guidelines 
addressing PAI and needle positioning errors are ambiguous, and clinical compliance varies, 
complicating the assessment of acceptable levels of PAI and needle positioning errors. 

Chapter 3 reviews the state-of-the-art in bioinspired medical needles, categorizing the 
strategies for needle-tissue interaction (i.e., reduce or enlarge grip) and propulsion (i.e., 
external or internal strategies) of the needle. 

To identify future directions of the technologies applied by instruments for localized 
cancer treatment, Chapter 4 reviews the patent literature on minimally- and non-invasive 
focal therapy instruments to treat localized cancer, categorizing the patented instruments 
based on their treatment target, treatment purpose, and treatment means.
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Part 2 presents two designs of wasp-inspired needles. Parasitic wasps can self-propel 
their ovipositors and transport eggs through them. Chapter 5 combines these mechanisms 
into a 3-mm outer diameter needle comprising six parallel nitinol rods interconnected by an 
internal ring. The prototype demonstrated self-propulsion through and transport of tissue-
mimicking phantoms.

In addition to self-propulsion and transport, the parasitic wasp can curve and steer its 
ovipositor to reach the desired target location. Chapter 6 presents the design of a steerable 
self-propelled 0.89-mm outer diameter needle containing a central needle segment with a 
bevel-shaped prebent tip. The prototype was able to self-propel and steer in tissue-mimicking 
phantoms without buckling. 

Part 3 explores novel actuation mechanisms for wasp-inspired needles, enabling MRI 
guidance. Chapter 7 presents a manual MRI-compatible actuation system for a 0.84-mm 
outer diameter self-propelled needle. The manual actuation system was inspired by the click 
pen and solely consists of MR-safe 3D-printed parts. The evaluation showed that the needle 
was visible in MR images and self-propelled through ex vivo human prostate tissue. Chapter 8 
enhances this system by integrating a steering mechanism into the actuation system and 
accommodating an optical fiber for TPLA procedures, enabling discrete bevel-shaped tip 
steering in tissue-mimicking phantoms. 

Chapter 9 investigates MRI-compatible pneumatic actuation for wasp-inspired needles, 
which alleviates the need for urologists to operate the needle manually within the confined 
space of the MRI bore. The prototype demonstrated that it was able to actuate the self-
propelled needle in ex vivo porcine liver tissue under MRI guidance. 

In addition to MRI compatibility, TPLA requires decoupling the needle from the actuation 
system, which is explored in Part 4. Chapter 10 presents a user-friendly design, allowing the 
actuation system to be stationary as it drives the needle forward in a self-propelled sequence. 
In this design, the low-friction ball spline facilitates needle propulsion into tissue while 
preventing buckling, which was exemplified in experiments in tissue-mimicking phantoms.

Chapter 11 explores a modular actuation system that enables a theoretically infinite 
needle length inspired by mechanical pencils. By clamping, advancing, and releasing the 
needle segments sequentially, the needle achieved self-propulsion through tissue-mimicking 
phantoms and fruits with differing stiffnesses and inhomogeneous anatomies. 

This thesis shows the value of translating biological into engineering mechanisms to tackle 
design challenges in medical instruments. The needle and actuation system designs presented 
in this thesis contribute to a new generation of needles that enhance needle trajectory control 
for TPLA treatment. The proposed wasp-inspired needle designs and actuation systems pave 
the way for improving percutaneous interventions, particularly TPLA for prostate cancer 
treatment.
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Samenvatting

Prostaatkanker is een veelvoorkomende ziekte bij mannen, vooral op latere leeftijd. 
Gebruikelijke behandelingen, zoals het operatief verwijderen van de prostaat of bestraling, 
kunnen vervelende bijwerkingen veroorzaken die invloed hebben op het plassen, de 
seksualiteit en de stoelgang. Bemoedigend is dat prostaatkanker meestal langzaam groeit en 
vaak vroeg wordt ontdekt, waardoor minder ingrijpende behandelingen, zoals TransPerineale 
Laser Ablatie (TPLA), mogelijk zijn. Bij TPLA wordt laserlicht gebruikt om de kanker te 
behandelen. Een dunne laservezel wordt via een naald dicht bij de tumor geplaatst onder 
echogeleiding. In de toekomst wordt verwacht dat Magnetic Resonance Imaging (MRI) 
echografie zal vervangen, omdat je op een MRI beeld beter onderscheid tussen tumor en 
gezond weefsel kunt maken en de temperatuur van het weefsel tijdens de behandeling kunt 
meten.

Bij TPLA moet de naald precies op de juiste plek komen. Momenteel gebruiken artsen 
vaak rechte rigide naalden. Dit kan leiden tot beperkte toegankelijkheid van tumorlocaties 
vanwege interferentie met de schaamboog of tot plaatsingsfouten doordat de naald afbuigt 
door interactie met het weefsel. In de natuur bestaan er echter naaldachtige structuren, zoals 
de legboor van sluipwespen, waarvan de plaatsing heel nauwkeurig gecontroleerd kan worden. 
De wesp kan haar legboor door een vaste ondergrond bewegen zonder schade. Daarnaast is 
de legboor bestuurbaar om gericht het doel te bereiken. Door inspiratie te halen uit de slimme 
mechanismen in de legboor, kunnen oplossingen bedacht worden voor de huidige problemen 
met naalden. Het hoofddoel van dit proefschrift is daarom het presenteren en evalueren 
van innovatieve wespgeïnspireerde naaldontwerpen die de controle over het naaldtraject 
verbeteren voor TPLA-behandelingen. 

In Deel 1, Hoofdstuk 2, worden de problemen bij het positioneren van naalden voor 
prostaatkankerbehandelingen besproken, waaronder (1) botten die in de weg zitten en (2) 
fouten in naaldplaatsing. Huidige klinische richtlijnen voor deze problemen zijn onduidelijk 
en de naleving verschilt per ziekenhuis. Dit bemoeilijkt het beoordelen van een acceptabel 
niveau van botinterferentie en fouten in naaldplaatsing.

Hoofdstuk 3 bespreekt de huidige technieken in naalden geïnspireerd op de natuur. 
De naaldontwerpen werden gecategoriseerd op basis van de strategieën voor naald-
weefselinteractie en naaldvoortstuwing. 

Om toekomstige richtingen in technologieën voor lokale kankerbehandeling te 
identificeren, behandelt Hoofdstuk 4 de octrooiliteratuur over minimaal- en niet-invasieve 
focale therapie-instrumenten. De gevonden instrumenten werden gecategoriseerd op basis 
van hun behandeldoelwit, behandeldoel en behandelmiddel. 
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Deel 2 presenteert twee ontwerpen van naalden geïnspireerd op de sluipwesp. Sluipwespen 
kunnen eitjes transporteren door de legboor en hun legboor voortstuwen in bomen zonder de 
legboor te duwen en zonder dat de legboor knikt. Hoofdstuk 5 combineert deze mechanismen 
in een naald met een buitendiameter van 3 mm bestaande uit zes nitinol stokjes verbonden 
door een interne ring. Het prototype van de naald was in staat om zichzelf voort te bewegen 
door fantoomweefsel en het weefsel door zichzelf te transporteren. 

Naast voortstuwing en transport, kan de sluipwesp haar legboor buigen en sturen om de 
gewenste locatie te bereiken. Hoofdstuk 6 presenteert het ontwerp van een stuurbare naald 
met buitendiameter van 0,89 mm. Het prototype kan zichzelf voortbewegen en sturen in 
fantoomweefsels zonder te knikken. 

Deel 3 verkent nieuwe aandrijftechnieken voor wespgeïnspireerde naalden die in een 
MRI-scanner gebuikt kunnen worden. Hoofdstuk 7 introduceert een handmatige, MR-
veilige aandrijving voor een voortstuwende naald geïnspireerd door een het klikmechanisme 
in een balpen. Deze aandrijving bestaat uitsluitend uit MR-veilige 3D-geprinte onderdelen. 
De evaluatie liet zien dat de naald zichtbaar was in MRI-scans en voortbewoog door ex vivo 
menselijk prostaatweefsel. Hoofdstuk 8 borduurt voort op deze handmatige aandrijving door 
een stuurmechanisme en een laservezel voor TPLA te integreren in het aandrijfsysteem. 

Hoofdstuk 9 onderzoekt MR-veilige pneumatische aandrijving voor wespgeïnspireerde 
naalden, waardoor de arts niet in de beperkte ruimte van de MRI-tunnel hoeft te werken. 
Het prototype kon de naald voortstuwen in ex vivo varkensleverweefsel in een MRI scanner. 

Naast MR-veiligheid, vereist TPLA dat de naald losgekoppeld is van het aandrijfsysteem, 
wat wordt onderzocht in Deel 4. Hoofdstuk 10 beschrijft een gebruiksvriendelijk ontwerp 
waarin het aandrijfsysteem stationair blijft, terwijl de naald wordt aangedreven met een 
voortstuwende beweging. In dit ontwerp zorgt de verbinding met rollagers voor een lage 
wrijvingskracht voor de voortstuwing in weefselfantomen.

Hoofdstuk 11 onderzoekt een modulair aandrijfsysteem dat een theoretisch oneindige 
naaldlengte mogelijk maakt gebaseerd op mechanische vulpotloden. Doormiddel van 
achtereenvolgens de naaldsegmenten vast te klemmen, naar voren te bewegen en los te laten, 
stuwde de naald zichzelf en een TPLA-laservezel voort door weefselfantomen en fruit.

Dit proefschrift toont aan dat we technische ontwerpuitdagingen in medische instrumenten 
aan kunnen pakken door inspiratie uit de natuur te halen. De ontwerpen gepresenteerd in dit 
proefschrift dragen bij aan een nieuwe generatie naalden die de controle over het naaldtraject 
voor TPLA-behandelingen verbeterd. De gepresenteerde naaldontwerpen geïnspireerd op 
de legboor van de sluipwesp en de bijbehorende aandrijfsystemen zijn veelbelovend voor de 
verbetering van medische toepassingen met naalden, met name TPLA voor de behandeling 
van prostaatkanker.
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1.1 Prostate cancer treatment
Prostate cancer is one of the most common types of cancer in men, especially as they get older. 
In 2020, it was the second most common cancer diagnosed in men and the fifth leading cause 
of cancer-related deaths for men worldwide [1]. Prostate cancer occurs when cancerous cells 
form in the tissues of the prostate gland.

The prostate gland is a vital component of the male reproductive system, as it produces 
a part of the semen that plays a role in activating sperm [2, 3]. All male mammals have a 
prostate gland. The size of the human prostate approximates that of a walnut. The location of 
the prostate is in the pelvis, directly below the bladder, surrounding the urethra (Figure 1.1) 
[2]. When looking at the type of tissue, the prostate gland consists of approximately 40 tub-
uloalveolar glands embedded in smooth muscle and dense connective tissue, enclosed by a 
connective tissue capsule [2]. 

Anatomically, the prostate gland is divided into three zones: the central zone, the transi-
tion zone, and the peripheral zone [4]. All three zones have different embryologic origins and 
can be distinguished by histology or medical imaging techniques such as Magnetic Resonance 
Imaging (MRI) [5]. Moreover, these zones have different susceptibilities to pathological  
conditions. The prostate is a gland that typically keeps growing throughout life, which can 
cause benign prostate enlargement that may affect urination. Benign conditions arise in the 
transition zone and are not cancerous. Prostate cancer occurs when cancerous cells form in 
the tissues of the prostate gland. Cancerous cells predominantly arise in the peripheral zone, 
accounting for 70% of all cases [5]. 

The current gold standard for prostate cancer treatment is a radical prostate treatment, 
i.e., radical prostatectomy or radiotherapy. During a radical prostatectomy, the entire prostate 
gland is surgically removed. Radiotherapy can be applied using external beam radiation ther-
apy or brachytherapy. However, radical prostate treatments targeted at the prostate as a whole 
often come with side effects that impair urinary, sexual, or bowel function [6-8].

The good news is that prostate cancer usually grows slowly and is often detected at an early 
stage. Patients who are diagnosed with prostate cancer at an early stage can be eligible for focal 
therapy instead of a radical treatment [9]. Focal therapy is a local treatment type that can 
result in an oncological cure while preserving the functional anatomy and minimizing side 
effects by preserving noncancerous tissue [10, 11]. Several focal therapy modalities are being 
studied, such as high-intensity focused ultrasound, cryotherapy, photodynamic therapy, irre-
versible electroporation, and focal laser ablation [11]. These modalities have already shown 
promising oncological outcomes and fewer side effects as compared to radical treatments 
[12-16]. 

1.2 Local treatment: TransPerineal Laser Ablation (TPLA)
An appealing focal therapy modality to treat prostate cancer is TransPerineal Laser Ablation 
(TPLA). TPLA is a focal therapy technique based on light-tissue interaction, where light is 
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absorbed by the tissue and converted into heat [17]. This conversion induces irreversible 
thermal damage to the tissue, resulting in local cell death [18]. The light is delivered by a laser 
fiber positioned near the tumor using a 21-gauge (i.e., ~ 0.8 mm outer diameter) needle under 
ultrasound guidance [13] (Figure 1.2). TPLA leads to homogeneous tissue necrosis caused by 
one or multiple laser fibers and does not appear to alter the sexual and urinary function of the 
patient [19]. Furthermore, the ablation can be performed under local anesthesia combined 
with conscious sedation in an operating or intervention room [20, 21], thereby strongly 
reducing the operating time and costs compared to radical treatments. 

During TPLA, the laser fibers are placed centrally into the prostate tumor under ul-

Figure 1.1. Schematic visualization of the male urinary and reproductive system in the frontal (coronal) plane 
(a) showing the kidneys, ureters, bladder, prostate, and urethra, and in the sagittal plane (b) showing the bladder, 
pubic bone, prostate, rectum, and urethra. The sagittal section view of the prostate (c) shows how the prostate gland 
is divided into three main zones: the central zone, the transition zone, and the peripheral zone. Besides the  zones, 
there is the anterior fibromuscular stroma, the most anterior part of the prostate, consisting of muscle cells and 
dense connective tissue without glandular tissue. Illustration adapted from Servier Medical Art under CC attribution 
license 3.0.
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trasound guidance using a transrectal ultrasound probe. In the future, MRI is expected to 
replace ultrasound as the preferred imaging guidance option. MRI provides advantages over 
ultrasound, including the ability to differentiate between tumor and healthy tissue and to 
monitor temperature increase in the ablated area [22-24]. The latter allows for the evaluation 
of tissue necrosis during the TPLA procedure [22-24]. 

For local treatments such as TPLA, control of the needle path is of utmost importance 
to accurately reach the target region. In order to reach the prostate, the needle is inserted 
transperineally, i.e., through the skin between the anus and the scrotum. Commonly used 
needles are rigid and bound to straight trajectories, which might lead to restricted access 
because of pubic arch interference or targeting errors because of needle deflection caused by 
needle-tissue interaction. Therefore, using current needles makes it hard to control the needle 
trajectory.

1.3 Biological inspiration for needle path control: The wasp ovipositor
In nature, needle-like structures exist that allow for trajectory control. Specifically, certain 
species of parasitic wasps possess a slender and steerable needle-like structure called the 

Figure 1.2. Typical setup for TransPerineal Laser Ablation (TPLA) of the prostate. The patient is positioned in the 
lithotomy position (i.e., lying on their back with their legs raised and spread apart). The setup includes a transrectal 
ultrasound probe and a laser fiber needle inserted into the tumor. During needle insertion, the arch of the pubic bone 
might cause access restriction.
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ovipositor, of which they can control the trajectory (Figure 1.3). Female parasitic wasps use 
their ovipositor, which literally means egg-placer, to lay their eggs inside host organisms deep 
within substrates such as fruits and wood [25, 26]. These wasps not only advance their ovi-
positors through often stiff substrates without suffering damage, but they can also steer their 
ovipositors in order to reach their desired targets [27]. For TPLA applications, wasp-inspired 
needles are particularly interesting due to their ability to advance without buckling, transport, 
and steer, allowing for trajectory adjustments. 

The ovipositor is a very slender organ shaped like a flexible, hollow needle, typically 
measuring several tens to hundreds of micrometers in diameter and extending to several 
centimeters in length. The highest length-to-diameter ratios are found in wasp species that 
need to probe deeply, such as the wood-probing Megarhyssa atrata Fabricius (Hymenoptera: 
Ichneumonidae), which has an ovipositor length-to-diameter ratio of 260 [26] and an ovi-
positor length of up to 142 mm [26]. The ovipositor consists of three parallel segments, called 
“valves,” which are connected by a tongue-and-groove (i.e., olistheter) mechanism [28]. This 
mechanism joins two surfaces with a groove along one side and a corresponding ridge, the 
tongue, along the opposite side. The tongue of one valve fits into the groove of the adjacent 
valve, allowing the valves to slide relative to each other while preventing their separation [28]. 

Figure 1.3. The ovipositor of a parasitic wasp. (a) The parasitic wasp Diachasmimorpha longicaudata Ashmead 
(Hymenoptera: Braconidae) ovipositing into an agar gelatin substrate (from [33]). (b) Schematic illustration of a 
parasitic wasp using its ovipositor to lay eggs inside a substrate. (c) The ovipositor consists of three parallel valves 
(green, yellow, and blue) that can move reciprocally (based on [27]).
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Although the exact mechanisms female parasitic wasps use for ovipositor insertion and 
buckling prevention are still being studied, two main methods of ovipositor insertion have 
been identified in the scientific literature [27]: (1) pushing the ovipositor as a whole into the 
substrate, which was observed only in soft substrates, and (2) inserting with alternating valve 
movements, which was observed in both soft and solid substrates. In this second insertion 
method, the wasp moves the valves alternately to achieve a so-called “self-propelled motion” 
[27, 29]. First, one of the valves advances deeper into the tissue, whereas the other valves 
remain stationary [29, 30]. The friction forces of the stationary valves in contact with the 
surrounding substrate counteract the friction and cutting forces of the advanced valve in 
contact with the surrounding substrate because of the difference in surface area between the 
stationary and advanced valves [30]. The wasp alternates the advancing movements between 
the valves to propel the ovipositor through the substrate incrementally. This alternating valve 
mechanism allows for ovipositor insertion while avoiding net push forces and axial loads that 
would otherwise result in the wasp being pushed away from the substrate, given the wasp’s 
small mass, and bending, buckling, or breaking of the ovipositor [27, 29].

In addition to the self-propelled motion, the wasp can steer the ovipositor and trans-
port eggs through an internal channel within the ovipositor [27, 31, 32]. The remarkable 
mechanisms of the wasp to transport eggs, advance, and steer inside solid substrates without 
buckling inspired us to design needles and their actuation mechanisms. 

Inspired by the wasp ovipositor, needles have been developed in the scientific literature 
embodying different wasp-inspired capabilities [34-38]. Research has shown that using a 
multisegmented, wasp-inspired probe with a 4-mm diameter, actuated with an advancing-re-
traction motion, reduces tissue motion and damage in the needle’s vicinity [34, 35, 39]. This 
effect is observed when compared to pushing the needle as a whole through ex vivo porcine 
brain tissue and gelatin-based tissue-mimicking phantoms [34, 35, 39]. Moreover, Parit-
totokkaporn et al. [40] presented 2D samples with an ovipositor-inspired directional friction 
pattern actuated with a reciprocal motion, which could move ex vivo porcine muscle tissue 
and tissue-mimicking phantoms along the sample surface without applying an external push 
force to the tissue (phantom). In order to miniaturize the needle diameter to submillimeter 
dimensions, Scali et al. [36-38] replaced the complex-shaped interlocking groove-and-tongue 
mechanism inspired by the ovipositor with nitinol rods devoid of serrations and bundled by 
a shrinking tube, resulting in a needle that can self-propel using the reciprocal motion and 
steer by inducing an offset between the needle segments, creating a discrete bevel-shaped tip 
[37]. Early ex vivo experiments demonstrated the self-propelled motion of the wasp-inspired 
needle in tissue [41], although the achieved steering curvatures were low and a clinical appli-
cation was still lacking.

1.4 Thesis goal
TPLA is a localized prostate cancer treatment that requires needle trajectory control. Wasp-in-
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spired needles have the potential to enhance needle trajectory control in TPLA treatment. 
The main goal of this thesis is, therefore, to present and evaluate innovative wasp-inspired 
needle designs developed to enhance needle trajectory control for TPLA treatment. In 
order to achieve this goal, this thesis focuses on the following four research objectives: 

•	 First, we aim to identify challenges in designing needles that can enhance trajectory 
control. This means identifying hazards associated with needle positioning in prostate cancer 
treatment that result in limited needle trajectory control. Additionally, we will review the 
state-of-the-art in bioinspired needle designs developed to enhance needle trajectory control, 
as well as current and emerging needle-like instruments for local cancer treatment described 
in the patent literature. 

•	 Second, we will explore design strategies for ovipositor-inspired needles that can 
be used during TPLA treatment. Specifically, we will explore new design pathways to apply 
wasp-inspired self-propulsion, steerability, and transport capabilities in needle designs at 
clinically applicable dimensions. 

•	 Third, we will challenge issues in needle actuation for their use during TPLA treat-
ment. While ultrasound currently provides image guidance during TPLA, future treatments 
are expected to use MRI. Consequently, our goal is to go beyond the state-of-the-art and to 
develop MRI-compatible actuation systems, which do not comprise metallic, magnetic, or 
conductive materials [42]. 

•	 Fourth, to ensure the needle reaches its target location within the patient, we will 
tackle possibilities to decouple the actuation system from the needle. This involves exploring 
design strategies toward a universal actuator capable of actuating needle segments and func-
tional elements, such as a laser fiber for TPLA treatment, over unlimited insertion lengths. 

1.5 Thesis outline
The schematic illustration in Figure 1.4 shows the outline of this thesis.

The first, Background, part of the thesis starts in Chapter 2 with a literature review of 
hazards in needle positioning for therapeutic prostate cancer interventions. This leads to an 
analysis of the causes of needle positioning hazards, as well as insights into design opportu-
nities to mitigate these hazards, such as steerable needles. Chapter 3 reviews and classifies 
bioinspired needle designs based on their strategies for needle-tissue interaction and propul-
sion of the needle. Chapter 4 investigates patents on instrument designs for focal therapy to 
treat localized cancer, which provides insights into the future directions of the technologies 
applied by the instruments described in the patents. 

The second, Needle Design – Propulsion, Transport & Steering, part of the thesis 
describes the design and evaluation of wasp-inspired needles. Female parasitic wasps have 
demonstrated the ability to self-propel their ovipositors, transport eggs through them, and 
steer to reach their desired target location. Chapter 5 explores using the wasp-inspired 
self-propulsion mechanism to combine needle propulsion and tissue transport into a single 

Thesis.indb   8Thesis.indb   8 25-8-2025   15:46:5625-8-2025   15:46:56



Introduction

1

9

transport needle. Chapter 6 addresses the challenge of integrating wasp-inspired steering 
strategies in a multi-segmented self-propelled needle to achieve steering curvatures compara-
ble to those of parasitic wasp ovipositors.

The third, Actuation Design – From Experimental Facility to MRI Compatibility, part of 
the thesis explores developing and evaluating novel actuation mechanisms for wasp-inspired 

Figure 1.4. Visual outline of this thesis.
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needles enabling MRI compatibility. Chapter 7 presents the first manual and MRI-compatible 
actuation system of a wasp-inspired self-propelled needle evaluated in ex vivo human prostate 
tissue within an MR system. Chapter 8 enhances this manual MRI-compatible actuation 
system by integrating an omnidirectional needle steering mechanism. Chapter 9 investigates 
MRI-compatible pneumatic actuation, which alleviates the need for urologists to operate the 
needle manually within the confined space of the MRI bore. We introduce a novel pneumatic 
actuation system of a wasp-inspired self-propelled needle and its evaluation in ex vivo porcine 
liver tissue within an MR system. 

In addition to MRI compatibility, TPLA applications require decoupling the needle from 
the actuation system, which is explored in the fourth, Actuation Design – From Needle 
Holder to Universal Actuator, part of the thesis. Chapter 10 explores a novel user-friendly 
design allowing the actuation system to be stationary as it drives the needle forward at a 
self-propelled sequence. Chapter 11 goes beyond the parasitic wasp and explores a modular 
actuation system that enables a theoretically infinite needle length. 

Finally, Chapter 12 couples the four parts and discusses the main findings of this thesis, 
addressing the next steps for future research.
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Chapter 2

Abstract
This study focuses on the quantification of and current guidelines on the hazards related 
to needle positioning in prostate cancer treatment: (1) access restrictions to the prostate 
gland by the pubic arch, so-called Pubic Arch Interference (PAI) and (2) needle positioning 
errors. Next, we propose solution strategies to mitigate these hazards. The literature search 
was executed in the Embase, Medline ALL, Web of Science Core Collection*, and Cochrane 
Central Register of Controlled Trials databases. The literature search resulted in 50 included 
articles. PAI was reported in patients with various prostate volumes. The level of reported 
PAI varied between 0 and 22.3 mm, depending on the patient’s position and the measuring 
method. Low-Dose-Rate Brachytherapy induced the largest reported misplacement errors, 
especially in the cranio-caudal direction (up to 10 mm) and the largest displacement errors 
were reported for High-Dose-Rate Brachytherapy in the cranio-caudal direction (up to 
47 mm), generally increasing over time. Current clinical guidelines related to prostate volume, 
needle positioning accuracy, and maximum allowable PAI are ambiguous, and compliance in 
the clinical setting differs between institutions. Solutions, such as steerable needles, assist in 
mitigating the hazards and potentially allow the physician to proceed with the procedure.
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 2.1 Introduction

 2.1.1 Background
Prostate cancer was the second most-diagnosed cancer in men and the fi  h leading cause 
of cancer-related deaths worldwide in 2020 [1]. In the United States, prostate cancer was 
estimated to be the most-diagnosed cancer in men and the second leading cause of cancer-re-
lated deaths in 2023 [2]. When detected in an early and localized stage, treatments such as 
radical prostatectomy [3], external beam radiation therapy [4], or brachytherapy [5] can be 
performed. Th ese are whole-gland treatment modalities and provide high rates of oncological 
control. Th is is at risk of negative side eff ects for the patient, such as irritative micturition, 
urinary incontinence, erectile dysfunction, and rectal toxicity, thereby lowering the Quality 
of Life (QoL) [6, 7]. 

Over the past decade, a trend toward focal (boost) therapies has been observed that can 
potentially minimize negative side eff ects [6-8]. For example, brachytherapy is o en used as a 
whole-gland monotherapy, but it can be used as a focal (boost) therapy as well. Brachytherapy 
modalities include Low-Dose-Rate Brachytherapy (LDR BT), High-Dose-Rate Brachytherapy 
(HDR BT), and Pulsed-Dose-Rate Brachytherapy (PDR BT), in which radioactive sources or 
catheters loaded with radioactive sources are placed in the prostate for irradiation. In LDR 
BT, the implanted radioactive sources are le  permanently within the prostate. Whereas in 
HDR BT and PDR BT, the radioactive sources are temporarily placed into the prostate via 
needles or catheters. Focal boost therapies such as brachytherapy treat the tumor with high 
dosages of, for example, radiation, whilst the remainder of the prostate gland is treated with a 
lower dose. Focal therapy is a shi  from whole-gland treatment to targeting the tumor, while 
sparing the surrounding healthy tissue, thereby preserving genitourinary and gastrointestinal 
function [9]. Focal treatment modalities include e.g., brachytherapy, Focal Laser Ablation 
(FLA), irreversible electroporation, cryotherapy, high-intensity focused ultrasound, and pho-
todynamic therapy. Th ese are percutaneous procedures in which needles are guided through 
the perineal skin to reach the target volume for treatment. However, potential perturbations 
while passing intermediate structures may cause hazardous situations. Th is chapter provides 
an overview of the quantifi cation of these hazards and the associated current guidelines, and 
solution strategies to mitigate these hazards.

 2.1.2 Hazards in needle positioning
Two hazards widely reported in the literature can hamper adequate needle positioning. First, 
the pubic arch can restrict access to the ventrolateral part of the prostate. Th is aff ects the total 
needle geometry (i.e., the spatial composition of all inserted needles) in the target volume [10], 
as depicted in Figure 2.1a, assuming currently available rigid needles are inserted parallel to 
each other in the horizontal direction. Th is phenomenon is known as Pubic Arch Interference 
(PAI). Accessibility of all regions inside the target volume is a requirement in focal (boost) 
therapies and brachytherapy as whole-gland monotherapy to obtain homogeneity of the total 
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needle geometry and to ensure an effective treatment [11]. The level of PAI indicates to what 
extent a homogeneous needle distribution can be achieved.

Secondly, needle positioning errors can arise from misplacement (i.e., the needle is posi-
tioned in a location different from the planned location due to unwanted needle deflections 
[12]) or needle displacement (i.e., the needle is shifted to a different location after position-
ing). Erroneous individual needle positioning induces treatment of unintended areas (Fig-
ure 2.1b), which might lead to undertreatment of tumor tissue or overtreatment of healthy 
tissue (e.g., urethra, bladder, rectum, and neurovascular bundle), leading to similar side effects 
as documented for whole-gland treatment modalities, such as irritative micturition, urinary 

Figure 2.1. Hazards in needle positioning. (a) Schematic of total needle geometry in patients with Pubic Arch 
Interference (PAI). The planned total needle geometry, indicated in the axial plane, is based on the needle geometry 
of Mate et al. [101]. The pubic arch obstructs parts of the prostate resulting in a non-conformal total needle geom-
etry, indicated by the light gray area in the sagittal plane, making accessible targets (X) inaccessible (O) using the 
transperineal approach with parallel horizontal needle trajectories (i.e., perpendicular to the transperineal template) 
using straight needle insertion. (b) Schematic of individual needle positioning errors in the prostate. The directions 
of the positioning error of the needle (red line) are shown in the axial and sagittal planes. The needle deviated from 
the neutral axis and did not reach the target (X).
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incontinence, erectile dysfunction, and rectal toxicity, thereby lowering the QoL [6, 7].
In this study, the term ‘hazard’ is used to refer to potential sources of harm related to 

transperineal needle positioning. Th ese hazards are, in particular, (1) access restrictions to 
the prostate gland, i.e., PAI, and (2) needle positioning errors. Insight into the quantifi cation 
of these hazards and solution strategies to mitigate them can provide information about the 
impact of diff erent hazards and may give clues about how to minimize these hazards. To 
our knowledge, a systematic overview of the scientifi c literature on the quantifi cation of the 
hazards related to transperineal needle positioning in prostate cancer treatments and their 
corresponding guidelines is not yet available. Here, we intend to fi ll this gap by providing a 
systematic overview of the quantifi cation of these hazards. Furthermore, we propose solution 
strategies to mitigate these hazards. 

 2.2 Methods

 2.2.1 Literature search
Th is systematic review was performed in accordance with the PRISMA guidelines. Th e review 
was registered at Protocols.io (doi: 10.17504/protocols.io.6qpvr89eplmk/v1). Th e literature 
search was executed using the Embase, Medline ALL, Web of Science Core Collection*, and 
Cochrane Central Register of Controlled Trials databases and included journal articles and 
conference abstracts in the English language. We used tailored search terms for each database 
using thesaurus terms (MeSH). Th e search keywords of the queries were organized into three 
categories: (1) therapy (e.g., brachytherapy, ablation therapy, laser ablation), (2) target (e.g., 
prostate, prostate tumor), and (3) needles and challenges or hazards (e.g., needle, catheter, 
probe, pubic). Th e Supplementary material shows the entire search queries for the used data-
bases in this systematic review. Th e publication year for the conference abstracts was limited 
to 2019 – 2023.

 2.2.2 Eligibility criteria
Th roughout this review, the needle is defi ned as the device used to puncture tissues and 
position the energy or radiation source in the target volume. Only interventions were includ-
ed with which prostate cancer can be treated locally via the transperineal pathway without 
resecting the prostate, excluding articles on diagnostics, treatment of benign tumors, (partial) 
resection of the prostate, and prostate volume determination. Regarding the study conditions, 
only clinical studies were accepted, whereas pre-clinical, phantom, animal, and simulation 
studies were excluded. Furthermore, only studies focused on the quantitative assessment of 
needle positioning were accepted, excluding studies solely focused on needle design, plan-
ning, patient selection, physician learning curve, automated needle detection, functional or 
biological outcomes, hospitalization time, and costs. Hazards unrelated to needle positioning 
were excluded, such as prostate movement due to bladder fi lling, brachytherapy seed migra-
tion, and inter-observer variability.
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2.2.3 Literature search results
The search yielded 3309 articles (last update December 2023). Based on the eligibility criteria, 
two researchers (M.V. and J.B.) independently checked the titles, abstracts, and full texts sub-
sequently in order to avoid bias. After full-text inspection, 50 articles were identified fulfilling 
all eligibility criteria (Figure 2.2). To our knowledge, no validated tool exists for assessing the 
risk of bias in studies on the quantification of PAI and needle positioning errors. Therefore, we 
created a series of six parameters that can be used to orient the readers in making a judgment 
about the quality of the included studies (see Supplementary material). The following data of 
the included articles were extracted: (a) author name and year of publication, (b) treatment 
type, (c) number of patients, (d) imaging modality, (e) patient position during imaging, (f) 
prostate volume, (g) PAI or needle positioning errors measured, and (h) time between im-
plantation and error measurement. 

Figure 2.2. PRISMA flow diagram of the literature selection method.
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 2.3 Results

 2.3.1 Quantifi cation of hazards

Pubic arch interference
PAI has been assessed in fi  een included studies, as shown in Table 2.1. Eleven studies de-
scribed the level of prostate obstruction by the pubic arch and fi  een studies reported the 
incidence of PAI for various prostate volumes. Sejpal et al. [13] researched the largest patient 
population, with 243 patients, and reported that 47 patients (19.3%) showed PAI during 
needle insertion. 

PAI quantifi cation is generally performed on TransRectal UltraSound (TRUS)-Computed 
Tomography (CT) fusion imaging or Magnetic Resonance Imaging (MRI) scans, with the 
patient in supine position, whereas needle implantation is performed under TRUS guidance 
with the patient in dorsal lithotomy position. Solely CT is less commonly used in clinical 
practice, due to its poor so  tissue contrast. Th e patient’s position signifi cantly infl uenced the 
level of observed PAI, ranging from 0 mm, if total clearance between the pubic arch and the 
prostate was observed, to 22.3 mm [13]. Tincher et al. [10] studied the level of PAI for seven 
patients a er CT scans in both lithotomy and supine position. Th e authors reported that the 
patient’s posture change from supine to lithotomy position decreased the level of PAI by 5 mm 
[10]. Next to posture change, the used imaging modality also induced discrepancies. Martin 
et al. [14] assessed PAI on TRUS, CT, and MRI scans. Th ey found a linear correlation between 
PAI on the CT and MRI scans with the patient in supine position, whereas 75% of patients 
had larger values for PAI on CT compared to MRI. Th ey reported PAI on CT and MRI of 2.9 ± 
0.6 mm and 2.0 ± 0.6 mm (average ± standard error), respectively. PAI on the TRUS scans 
with the patient in lithotomy position was 0.6 ± 0.5 mm, which was diff erent from both CT 
and MRI (p < 0.06). Strang et al. [15] reported that nine patients appeared to have PAI on CT, 
whereas only four of these nine patients had PAI on TRUS. Th e change in patients’ posture 
from supine to lithotomy position and imaging modality reduced obstruction by the pubic 
arch by 11.8 mm on average. In contrast, Wallner et al. [16] showed a decrease of only 0.4 mm.

Needle positioning error
Th irty-fi ve included studies documented quantitative needle positioning errors. Tables 2.2 
and 2.3 show the reported misplacement and displacement errors, respectively. Th e majority 
of the studies (80%, 28/35) documented the error for an HDR BT treatment, 11% (4/35) for an 
LDR BT treatment, 6% (2/35) for a PDR BT treatment, and 3% (1/35) for an FLA treatment. 
Th e included studies reported needle misplacement and displacement assessed on anatomical 
images of the patient but used diff erent procedures and methodologies, such as (1) whether 
to change patient posture to allow for a specifi c imaging method and (2) varying imaging 
modalities, time intervals, and reference markers.

Thesis.indb   21Thesis.indb   21 25-8-2025   15:47:0025-8-2025   15:47:00



Chapter 2

2

22

Level of PAI 
[mm]

Number of 
patients

Patients with 
PAI [%]

Imaging 
modality

Patient 
position

Prostate 
volume [cc] Treatment Reference

x̄ = 9.5 ± 6.9 
(0 – 22.3) 27 85.2 MRI Supine

x̄ = 92.3 ± 
38.0 (48.0 – 
178.9)

HDR BT de Vries et al. 
[86] 

(0 – 15.1) 40 25 MRI Supine x̄ = 63.8 ± 
18.4 LDR BT Zheng et al. 

[38]

x̄ = 2.0 ± 0.6 
(0 – 12.5) 41 80.5 MRI Supine

LDR BT Martin et al. 
[14]

x̄ = 2.9 ± 0.6 
(0 – 12.5) 41 82.9 CT Supine

x̄ = 0.6 ± 0.5 
(0 – 4) 41 46.3 TRUS (5 mm) Lithotomy x̄ = 32.6 ± 2.3

(0 – > 5) 21 14.3 TRUS (5 mm) Lithotomy
x͂ = 28.5
x̄ = 28.1 (17.6 
– 42.2)

LDR BT Fukada et al. 
[41](0 – > 5) 21 28.6 CT (3 mm) Lithotomy

(0 – > 5) 21 23.8 CT + TRUS 
fusion Lithotomy

x͂ = 29.5
x̄ = 28.8 (19.0 
– 39.9)

(0 – 10) 5 100 TRUS (5 mm) Lithotomy < 50 LDR BT Ryu et al. [42]

n/a 145 5.5 TRUS (7.5 
MHz) Lithotomy x̄ = 40.0 (33.8 

– 86.0) LDR BT Gibbons et al. 
[35]

x͂ = 6 (0 – 10) 243 19.3 CT (5 mm) Supine
LDR BT Sejpal et al. 

[13]243 TRUS (5 mm) Lithotomy x̄ = 44.7 ± 
11.1*

n/a 40 40 CT (5 mm) n/a x̄ = 56 ± 17 LDR/HDR BT Nickers et al. 
[87]

n/a 50 6 TRUS (7.5 
MHz, 5 mm) Lithotomy x̄ = 32 (17 

– 52) LDR BT Henderson et 
al. [40]

x̄ = 12.2 ± 3.4 
(8 – 20) 9 100 CT Supine x̄ = 30.9 ± 9.8

LDR BT Strang et al. 
[15]x̄ = 0.4 ± 3.6 

(0 – 7) 14 28.6 TRUS (7 
MHz, 5 mm) Lithotomy x̄ = 39.0 ± 

18.1

x̄ = 12.7 (10 
– 21) 7 100 CT (5 mm) Supine x̄ = 34.6 ± 

11.4 (17 – 48)
BT Tincher et al. 

[10]x̄ = 7.8 (6 
– 12) 7 100 CT (5 mm) Lithotomy

(0 – 13)* 21 71.4* CT (5 mm) Supine
LDR BT Wang et al. 

[88]33 n/a TRUS (6 
MHz, 5 mm) Lithotomy x͂ = 57* (50 – 

95)*

x͂ = 0 (0 – 20) 97 46.4* CT (5 mm) Supine
LDR BT Bellon et al. 

[39]97 TRUS (6 
MHz) Lithotomy x͂ = 36 

(15 – 131)

x̄ = 2.2 ± 3.5* 
(0 – 10) 16 62.5 CT (5 mm) Supine

LDR BT Wallner et al. 
[16]x̄ = 1.8 ± 4.1* 

(0 – 10) 16 50 TRUS (6 
MHz) Lithotomy x͂ = 36 (22 

– 55)
n/a 54 5.6 TRUS (4 or 5 

MHz)
Lithotomy ≤ 60 HDR BT Borghede et 

al. [52]

Table 2.1. Overview of studies that evaluated Pubic Arch Interference (PAI).

For each study, the following information is reported: the level of PAI [mm], number of patients, percentage of 
patients with PAI [%], imaging modality and patient position used for the assessment of prostate volume, prostate 
volume [cc], treatment, and reference. Clearance between the pubic arch and the prostate is reported as 0 mm PAI. 
x͂ = median, x̄ = average ± standard deviation, and (..) = range.  
BT = Brachytherapy, CT = Computed Tomography, HDR BT = High-Dose-Rate Brachytherapy, LDR BT = Low-
Dose-Rate Brachytherapy, MRI = Magnetic Resonance Imaging, n/a = not available, TRUS = Transrectal Ultrasound, 
* If not specified in the manuscript, a best approximation was made based on the information in the graphs. 
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Needle misplacement ± SD (range) 
[mm] (measurement method)

Cranio-
caudal

Ventral-
dorsal

Medial-
lateral

Number of 
patients

Imaging 
modality Treatment

Patient 
posture 
change 
(pre-, 
intra-, 
postopera-
tive)

Time [h] Reference

x̄ = 3.8 ± 0.2 
(AM)

x̄ = 1.5 ± 0.1 
(AM)

x̄ = 1.3 ± 0.1 
(AM) 15 TRUS (6 

MHz) LDR BT No change n/a Jamaluddin 
et al. [89] 

x͂ = 1.1 
(AM)

x͂ = 1.8 
(AM) x͂ = 0a (AM) 10 MRI (1.5T)

FLA, 
robotic 
implanta-
tion

No change 0.15 Cepek et al. 
[23]

n/a > 2 (MF) > 4 (MF) 5
TRUS (6.5 
MHz), 
X-ray

LDR BT, 
robotic 
implanta-
tion

n/a 1 Fichtinger et 
al. [51] 

n/a x̄ = 1.8 ± 
0.6b (AM)

x̄ = 1.8 ± 
0.6b (AM) 30 TRUS (1 

mm) HDR BT n/a n/a Szlag et al.
[90] 

n/a x͂ = 3 (0 
–10)b (AM)

x̄ = 3 (0 – 
10)b (AM) 10 MRI (0.5T) LDR BT No change 0.08 – 0.17 Cormack et 

al. [91] 

x̄ = 4.5 
(IOF)

x̄ = 2.2 
(IOF)

x̄ = 2.0 
(IOF) 10 X-ray LDR BT

n/a – 
lithotomy 
– supine

72 Taschereau 
et al. [92] 

Table 2�2� Overview of studies that evaluated needle misplacement in transperineal prostate interventions� 

For each study, the following information is reported: needle misplacement divided into cranio-caudal, ventral-dor-
sal, and medial-lateral directions, number of patients, imaging modality used for the assessment of misplacement, 
treatment, patient position pre-, intra-, and postoperatively, time between implantation and error measurement, and 
reference. x͂ = median, x̄ = average ± standard deviation, and (..) = range.
MF = Marker Frames attached to needle guide, AM = Anatomical Marker (e.g., bone, urethra, ventral rectal wall, 
urethra, prostate base), FM = Fiducial Marker (e.g., gold maker), IOF = Isocentric Orthogonal Films, CT = Com-
puted Tomography, FLA = Focal Laser Ablation, HDR BT = High-Dose-Rate Brachytherapy, LDR BT = Low-Dose-
Rate Brachytherapy, MRI = Magnetic Resonance Imaging, n/a = not available or not applicable, TRUS = Transrectal 
Ultrasound, US = Ultrasound, aNo statistically signifi cant misplacement, bVentral-dorsal and medial-lateral errors 
were measured together as a single error.

Table 2�3� Overview of studies that evaluated needle displacement in transperineal prostate interventions� 
Needle displacement ± SD (range) [mm] (measurement 
method)

Cranio-caudal Ventral-
dorsal

Medial-
lateral

<1 
fraction 

1-2 
fraction

> 2 
fractions

<1 
fraction 

<1 
fraction

Number 
of 
patients

Imaging 
modality

Treatment 
(number 
of 
fractions)

Patient 
posture 
change 

Time 
[h] Reference

x̄ = 0.9 ± 
0.4 (FM) n/a n/a n/a n/a 20 TRUS HDR BT 

(1) n/a n/a David et al.
[93]

n/a n/a n/a
x͂ = 1.0 
(-1.7 
– 1.8) 
(AM)

x͂ = 0.9 
(-0.9 
– 1.5) 
(AM)

10 TRUS HDR BT 
(1) n/a 0.18 Wu et al.

[94]

n/a x̄ = 2.2 ± 
1.8 (IM)

x̄ = 5.0 ± 
3.0f (IM) n/a n/a 24 MRI 

(1.5T)
HDR BT 
(2)

Supine – 
lithotomy 
– supine

1 – 3 Buus et al.
[24] 

x̄ = 3.8 ± 
3.2 (FM) n/a n/a n/a x̄ = 1.6 ± 

2.1 (FM) 2 X-ray HDR BT 
(2)

No 
change 0.25 Smith et al.

[28]

n/a

x̄ = 0.9 
(0 – 5.5) 
(during 
fraction) 
(AM) 

n/a

x̄ = 0.5 
(0 – 2.1) 
(during 
fraction) 
(AM)

0.6 (0 
–2.9) 
(during 
fraction) 
(AM)

17 MRI 
(1.5T)

HDR BT, 
self-an-
choring 
catheter 
(1)

No 
change n/a Maenhout et 

al. [33]

continued on next page
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n/a n/a n/a x̄ = 0.8 ± 
0.9 (AM)

x̄ = 0.0 ± 
1.8 (AM) 7 TRUS (1 

mm)
HDR BT 
(2)

No 
change 1 – 2 Carrara et 

al. [22] 

n/a (0-18)e (FM) n/a n/a 162 X-ray HDR BT 
(4) n/a  0 – 36 Aluwini et 

al. [46]

n/a x͂ = 8.7 ± 3.3 (2.7 ± 
1.1 – 14.7 ± 1.7) (FM) n/a n/a 20 CT (2 

mm)
HDR BT 
(4)

n/a – 
lithotomy 
– supine

0 – 24 Reynés-Llom-
part et al. [21]

n/a
x̄ = 0.97 
± 0.76c 
(FM)

n/a

x̄ = 0.97 
± 0.76c 
(1 – 2 
fraction) 
(FM)

x̄ = 0.97 
± 0.76c 
(1 – 2 
fraction) 
(FM)

33 CT (1 
mm)

HDR BT 
(2) n/a 6 Peddada et 

al. [95] 

n/a x̄ = -0.22 ± 0.2e (FM)

x̄ = -0.02 
± 0.06e 
(>1 
fraction) 
(FM)

x̄ = 0.01 ± 
0.04e (>1 
fraction) 
(FM)

23 CT (2 
mm)

PDR BT, 
self-an-
choring 
catheter 
(24)

n/a 2.2 – 
48

Dinkla et al. 
[96]

x̄ = 6 ± 4 
(FM)

x̄ = 12 ± 
6 (FM)

x̄ = 12 ± 
6 (FM) n/a n/a 30 CT (1.25 

mm)
HDR BT 
(5) n/a 6 – 54 Kawakami 

et al. [97]

n/a
x̄ = 5.8 ± 
1.9 (-13 – 
12) (FM, 
AM)

n/a n/a n/a 13 CT (2 
mm)

HDR BT 
(3,4)

n/a – 
lithotomy 
– supine

0 – 48 Huang et al. 
[17]

n/a

x̄ = 3.5 
(-14 – 13) 
(AM 
method) 
x̄ = 2.3 
(-18 – 9) 
(FM 
method)

n/a n/a n/a 26 CT (1.25 
mm)

HDR BT 
(1,2)

n/a – 
lithotomy 
– supine

36 – 
672

Kovalchuk 
et al. [20]

n/a
x̄ = 4.3 
± 2.7 
(0.3 – 10) 
(FM)

x̄ = 5.9 ± 
3.6 (-2.3 
– 12.9) 
(FM)

n/a n/a 30 CT (3 
mm)

HDR BT 
(7) n/a 21 – 69 Takenaka et 

al. [53]

n/a
x̄ = 5.1 
(1.9 – 
10.1) 
(FM)

n/a n/a n/a 15 CT (3 
mm)

HDR BT 
(2) n/a 24 Foster et al. 

[98]

n/a
x̄ = 12.6 
(0.6 
–24.6) 
(FM)

n/a n/a n/a 22 CT, X-ray HDR BT 
(2) n/a 24 Fox et al. 

[31] 

x̄ = 11.1 ± 
7.6 (FM) n/a n/a n/a n/a 20

CT (3 
mm, 
1.5-mm 
interval), 
X-ray

HDR BT 
(1)

n/a – 
lithotomy 
– supine

2 – 3 Holly et al. 
[19]

0 – 0.5 
(AM)

0 – 0.4 
(AM) n/a

0 – 1.3b, 
0 – 1.0b 
(1-2 
fraction) 
(AM)

0 – 1.3b, 
0 – 1.0b 
(1-2 
fraction) 
(AM)

25 TRUS HDR BT 
(1) n/a 0.83 – 

1.2
Milickov et 
al. [99]

x͂ = 7.5 
(-2.9 
- 23.9) 
(FM)

n/a n/a n/a n/a 25
CT (3 
mm), 
X-ray

HDR BT 
(2)

n/a – 
lithotomy 
– supine

1.4 – 
6.1

Whitaker et 
al. [18]

continued on next page

Table 2.3. Continued.
Needle displacement ± SD (range) [mm] (measurement 
method)

Cranio-caudal Ventral- 
dorsal

Medial- 
lateral

<1 
fraction 

1-2 
fraction

> 2 
fractions

<1 
fraction 

<1 
fraction

Number 
of 
patients

Imaging 
modality

Treatment 
(number 
of 
fractions)

Patient 
posture 
change 

Time 
[h] Reference
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x̄ = 4.5 ± 
1.7 (FM)

x̄ = 5.6 ± 
3.6 (FM)

x̄ = 6.4 ± 
4.2 (FM) n/a n/a 91

CT (3 
mm), 
X-ray

HDR BT 
(3) n/a 0 – 48 Tiong et al. 

[47]

n/a x͂ = 7 (-14 – 24) 
(FM) n/a n/a 64 CT (3 

mm)
HDR BT 
(4,7,9) n/a 72 – 

120
Yoshida et 
al. [100]

n/a
x̄ = 7.9 
(0 – 21) 
(AM)

x̄ = 3.8 
(0 – 25.5) 
(AM)

n/a n/a 20 CT (3 
mm)

HDR BT 
(3) n/a 21 – 28 Simnor et al. 

[54]

n/a

x̄ = 2.7 
(-6.0 
–13.5) 
(AM) 
x̄ = 5.4 
(-3.75 
– 18.0) 
(FM)

n/a n/a n/a 10 CT (3 
mm)

HDR BT 
(2) n/a 24 Kim et al. 

[60]

x̄ = 1.0 
(0-6) 
(day 2), 
x̄  = 1.2 
(0-6) (day 
3) (FM)

n/a n/a n/a n/a 43 CT (2 
mm)

PDR BT, 
self-an-
choring 
catheter 
(46)

n/a 24 – 48 Pieters et al. 
[30]

n/a x̄ = 2 (0 
–4) (FM, 
AM)

x̄ = 10 
(5 – 23) 
(FM, 
AM)

n/a n/a 50 CT (2 & 5 
mm)

HDR BT 
(4)

n/a – 
lithotomy 
– frog-leg

3 – 28 Mullokan-
dov et al. 
[25]

n/a x̄ = 11.5 
(0 – 47) 
(IM)

n/a n/a n/a 20 CT (5 
mm)

HDR BT 
(2)

n/a 18 – 24 Hoskin et al. 
[32]

n/a x̄ = 16 ± 6, 
x͂ = 18 (AM)
x̄ = 15 ± 4, 
x͂ = 12 (FM)

n/a n/a 47 X-ray HDR BT 
(4)

n/a 2 – 48 Pellizzon et 
al. [27]

n/a x̄ = 20 
(FM, 
AM)

x̄ = 4 
(FM, 
AM)

n/a n/a 10 TRUS 
(7.5 
MHz, 
5 mm), 
X-ray

HDR BT 
(4)

No 
change

6 – 36 Martinez et 
al. [29]

n/a x̄ = 6.8 
(0 – 31.4) 
(FM), 
x̄ = 8.3 
(0 – 25.6) 
(AM)

x̄ = 3.9 
(0 – 10.4) 
(FM)
x̄ = 4.2 
(0 – 9.1) 
(AM)

n/a n/a 96 X-ray HDR BT 
(4)

n/a 5 - 40 Damore et 
al. [26]

For each study, the following information is reported: needle displacement in cranio-caudal direction before the fi rst 
fraction, between the fi rst and second fraction, and a er the second fraction, needle displacement in ventral-dorsal 
and medial-lateral direction before the fi rst fraction unless otherwise indicated, number of patients imaging modal-
ity, treatment, patient position pre-, intra-, and postoperatively, time between implantation and error measurement, 
reference. x͂ = median, x̄ = average or mean, SD = Standard Deviation, and (..) = range.
AM = Anatomical Marker (e.g., bone, urethra, ventral rectal wall, urethra, prostate base), FM = Fiducial Marker (e.g., 
gold maker), IM = Ink Markers on the patient's skin or measurement of the needle outside the patient’s body, CT = 
Computed Tomography, HDR BT = High-Dose-Rate Brachytherapy, MRI = Magnetic Resonance Imaging, n/a = not 
available or not applicable, PDR BT = Pulsed-Dose-Rate Brachytherapy, SD = Standard Deviation, TRUS = Transrec-
tal Ultrasound, aNo statistically signifi cant displacement, bVentral-dorsal and medial-lateral errors were measured 
together as a single error, cCranio-caudal, ventral-dorsal, and medial-lateral errors were measured together as a single 
error, dCranio-caudal and medial-lateral errors were measured together as a single error, eTotal error between all 
fractions was documented, fTotal error between 1st and 3rd fractions were documented.

Table 2�3� Continued.
Needle displacement ± SD (range) [mm] (measurement 
method)

Cranio-caudal Ventral-
dorsal

Medial-
lateral

<1 
fraction 

1-2 
fraction

> 2 
fractions

<1 
fraction 

<1 
fraction

Number 
of 
patients

Imaging 
modality

Treatment 
(number 
of 
fractions)

Patient 
posture 
change 

Time 
[h] Reference
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The patient's position regularly changed between the preoperative, intraoperative, and 
postoperative procedure [17-21], potentially influencing needle misplacement and displace-
ment. Both Carrara et al. [22] and Cepek et al. [23] reported a single position (i.e., lithotomy 
position) for the entire duration of the procedure to minimize movement of the prostate and 
the tumor, and Cepek et al. [23] documented misplacement errors after needle insertions 
with symmetrical bevel-tip needles during FLA procedures of 1.1 mm, 1.8 mm, and 0 mm in 
the cranio-caudal, ventral-dorsal, and medial-lateral directions, respectively. They discussed 
that the error was caused mainly by needle deflection due to the initial skin puncture and 
the heterogeneity of tissue [23]. Carrara et al. [22] documented mean needle displacement 
of 0.8 mm and 0.0 mm in the ventral-dorsal and medial-lateral directions, respectively. In 
contrast, in the study by Buus et al. [24], patients were placed in supine position for the first 
MRI scan, in lithotomy position during implantation phase, and again in supine position for 
the second MRI scan to measure the error prior to treatment. The authors reported mean 
cranio-caudal needle displacements of 2.2 mm and 5.0 mm between the first and second HDR 
BT fractions and after the second HDR BT fraction, respectively. Another patient position 
transition was described by Mullokandov et al. [25]. In their study, the patients were taken out 
of the lithotomy position and placed in a frog-leg position (i.e., flexing the hips and abducting 
the legs) after implantation. The authors reported mean cranio-caudal needle displacements 
of 2 and 10 mm between the first and second HDR BT fraction and after the second HDR BT 
fraction, respectively. 

Quantification of the error was performed using different imaging modalities, time inter-
vals, and reference markers such as metal markers, bone anatomy, or other implanted needles 
[26, 27]. Solely Smith et al. [28] measured the error along the entire needle length, whereas 
in other studies the end position of the distal tip was evaluated. Most studies used CT to 
measure the error (54%, 19/35), whereas some studies used X-ray (29%, 10/35), TRUS (20%, 
7/35), MRI (11%, 4/35), or a combination of multiple imaging modalities (14%, 5/35). The 
time between the reference image and imaging after implantation ranged from nine minutes 
to four weeks. 

Displacement errors were only reported for HDR BT and PDR BT. Most studies docu-
mented displacement in the cranio-caudal direction (i.e., 93%, 27/29), of which the largest 
average error of 20 mm was documented by Martinez et al. [29], who used 1.9-mm diameter 
flexible plastic needles with metal stylets during HDR BT. The authors stated that despite the 
needles being attached to the template, which was sutured to the perineal skin, the needles 
displaced up to 31 mm in the caudal direction [29]. They stated that the elasticity of perineal 
tissues was most likely the cause of needle displacement [29].

Pieters et al. [30] developed unique PDR BT catheters with an umbrella anchoring 
mechanism at the tip to fixate the catheter inside the prostate gland. The authors stated that 
self-anchoring catheters showed an absolute mean displacement of 1 mm [30] compared to 
mean displacements of 11 to 13 mm in HDR BT of conventional needles [19, 31, 32]. The 
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self-anchoring catheters were also used for HDR BT by Maenhout et al. [33], who reported an 
average three-dimensional (3D) error of 1.3 mm. 

 2.3.2 Clinical guidelines
Figure 2.3 provides a proposed decision-making process integrated into the current clinical 
workfl ow so that physicians can decide on the continuation of the procedure. Th is process 
includes published clinical guidelines retrieved from the included studies related to prostate 
volume, PAI, and needle positioning errors. Exceeding a limit may result in patient exclusion 
or requires a solution to make the patient eligible again. In case of experiencing PAI during 
HDR or PDR BT treatment, one solution is to optimize the radiation dose by considering the 
actual positions of the implanted BT catheters. Th e radiation dose is determined by the dwell 

Figure 2�3� Decision tree for conformity to treatment plan including clinical guidelines� Rounded rectangle 
shapes indicate procedural steps. Diamond shapes indicate the limits. Exceeding a limit (red diamond shape) re-
quires a solution (blue rectangle shape). Blue rectangle shapes indicate solutions for the procedural steps that the 
blue line with the dot grasps, the blue-outlined rectangle shapes indicate examples of the solutions. Note that the 
preoperative procedure (indicated in yellow) and the intraoperative procedure (indicated in green) partially overlap 
as the approaches diff er between institutions. V = prostate volume, Δs = orthogonal distance from the inner surface 
of the pubic arch to the ventral border of the prostate in mm, A = obstructed area by the pubic arch compared to total 
prostate cross-section in %, ∠ = angle between the pubic symphysis and ventral border of the prostate. Th e gray block 
overlaid on the limits for prostate volume indicates that the guideline for prostate volume is superfl uous according 
to new brachytherapy guidelines.
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positions, i.e., the specific locations along the catheter where the radioactive sources reside, 
and the corresponding dwell times, i.e., the amount of time the radioactive sources reside at 
their dwell positions [34]. By increasing the dwell times of the catheters inserted as ventrally as 
possible and thus increasing the extension of the 100% isodose line, which defines the region 
where the radiation dose is equal to the prescribed dose, toward the ventral prostate areas, it 
becomes feasible to sufficiently irradiate the entire prostate also in case of PAI occurrence. 
However, a drawback is the potential creation of high-dose areas, which could impact nearby 
healthy Organs At Risk (OARs).

Prostate volume
Prostate volume is traditionally used as an indicator for the occurrence of PAI and is cal-
culated on preoperative scans using the elliptical approximation: Prostate volume = π / 6 
(height x width x length) of the prostate [35]. The American Brachytherapy Society (ABS) 
guidelines state that focal (boost) treatment of a prostate volume of > 60 cc is technically 
more challenging as PAI is more prevalent in enlarged prostates. Thus, the ABS reported a 
prostate volume of > 60 cc as a relative contraindication for prostate brachytherapy [36]. In 
contrast, the revised Groupe Européen de Curiethérapie and the European SocieTy for Radio-
therapy & Oncology (GEC-ESTRO) Advisory Committee for Radiation Oncology Practice 
(ACROP) prostate brachytherapy guidelines, published in 2022, state that a prostate gland 
of > 50 – 60 cc is no longer a contraindication for prostate brachytherapy as larger prostates 
can be successfully implanted if there is minimal PAI [37]. In some institutions, borderline 
cases with a prostate volume of 55 to 60 cc are generally better examined in accordance with 
the GEC-ESTRO ACROP guidelines. The prostate and the OARs are segmented on MRI or 
CT and digitally rotated to estimate the level of PAI in lithotomy position as described by de 
Vries et al. [13]. However, no guidelines are reported for adequate rotation related to posture 
change from supine to lithotomy position.

Pubic arch interference
Prior to needle implantation, the level of PAI is measured on an MRI or CT scan with the 
patient in supine position to estimate the risk of obstruction during needle implantation with 
the patient in lithotomy position. Figure 2.4 indicates various methods to quantify PAI. 

Figure 2.4. Measuring methods of Pubic Arch Interference (PAI). (a) Angle (α) between pubic symphysis and ven-
tral border of prostate, (b) Orthogonal distance (Δs) from inner surface of pubic arch to ventral border of the prostate 
and (c) Prostate diameter blockage (d1) by the pubic arch compared to total prostate diameter (D).
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Firstly, the angle of PAI can be calculated in the sagittal plane by drawing two lines on the 
scan; one horizontal line through the pubic symphysis and one line connecting the most ven-
tral point of the prostate with the most dorsal point of the pubic arch at the pubic symphysis 
(Figure 2.4a). Angle α between the pubic symphysis and ventral border of the prostate is the 
angle that can be related to a boundary value above which PAI is likely to occur. Zheng et al. 
[38] retrospectively analyzed MRI scans of 40 prostate cancer patients and suggested a bound-
ary value of α = 26.3° to predict the occurrence of PAI in lithotomy position. Th ey reported 
that the angle α of PAI was statistically correlated with the occurrence of PAI (p < 0.01). 

Secondly, besides the angle of PAI, the distance of the obstruction between pubic arch 
and prostate can be assessed (Figure 2.4b). Multiple studies reported a threshold of 10.0 mm 
obstruction in supine position, assessed by overlaying the narrowest part of the pubic arch 
over the largest contour of the prostate in the axial plane and measured from the point of 
the prostate, which was at the greatest perpendicular distance from the caudal edge of the 
pubic arch [13, 39]. Zheng et al. [38] suggested the boundary value of 11.3 mm as a reliable 
predictor of intraoperative PAI. Th ey calculated PAI by using two parallel lines in sagittal 
plane through the pubic symphysis and reported a statistical correlation between distance 
and PAI (p < 0.01). When the distance exceeded 11.3 mm PAI was reported to be excessive. 

Lastly, Bellon et al. [39] and Henderson et al. [40] overlaid the largest prostate cross-section 
on the narrowest portion of the pubic arch. Th e percentage of overlapping prostate diameter 
indicates PAI (Figure 2.4c). Bellon et al. [39] and Henderson et al. [40] considered 25% and 
33% obstruction of the prostate diameter in the axial plane as an indication of excessive PAI, 
respectively. Th ese approximations were not based on a rigorous study. Some studies assessed 
PAI based on TRUS visualizations with the patient in lithotomy position. Th is position is 
associated with less PAI and larger accessibility of the prostate due to pelvic rotation than 
supine position [10]. Strang et al. [15] excluded patients with > 4 mm PAI, whereas Fukada et 
al. [41] expected excessive PAI if > 5 mm obstruction was shown, and Ryu et al. [42] excluded 
patients with > 10 mm PAI. 

Needle positioning error
Needle misplacement errors are aff ected by the needle-tissue interaction forces [43], needle 
design [44], and the implantation procedure [45]. On the other hand, needle displacement 
errors depend on the duration of treatment and perturbations between the needle positioning 
and treatment phase [31]. In HDR BT and PDR BT, the patient receives multiple treatment 
fractions, whereas, in LDR BT and FLA, the patient receives a single dose. Multiple treatment 
fractions increase the time between needle positioning and treatment, which is associated 
with an increase in positioning error. 

Several studies described correction of the needle position a er the detection of mis-
placement or displacement. Aluwini et al. [46] reported that 43.8% of the HDR BT patients 
required at least one correction of the needle position of more than 3 mm, mostly in the 
cranial direction. Whitaker et al. [18] showed that 67% of the needles had a displacement in 
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the cranio-caudal direction of at least 5 mm that required correction, and Tiong et al. [47] 
stated that up to three needles had to be corrected in cranio-caudal direction per fraction in 
HDR BT to lower the percentage of fractions from 82.3% to 12.2% in which displacements 
over 3 mm occurred. Buus et al. [24] reported that needle displacements of 3 and 5 mm 
introduced a decrease of 5 and 10% in target coverage for HDR BT, respectively. The authors 
proposed a 3D-positioning error threshold of 3 mm, calculated between HDR BT fractions, 
from the needle tip position relative to the corresponding transperineal template opening. 
For a single-fraction treatment with a dose of ≥ 15 Gy, they stated that displacement should 
be less than 2 mm due to the absence of the averaging dose effect of multiple fractions. Kolk-
man-Deurloo et al. [48] and Tiong et al. [47] analyzed the effect of needle displacements in 
HDR BT on X-ray scans along the longitudinal axis in simulation studies and recommended 
corrections of needles with an error exceeding 3 mm. It should be noted that the location of 
the needles in the transperineal template dictated the impact of the error on the OARs, as 
the needles in the dorsal rows were close to the rectum and the needles in the ventral rows 
were close to the urethra. Kolkman-Deurloo et al. [48] discussed that needles in the second 
and third dorsal rows of the transperineal template generally have larger impact on the dose 
coverage than needles in the ventral rows of the template because of the higher dwell weights 
(i.e., the relative contribution of a needle to the total administered dose in brachytherapy). 
Ventral rows of the template are less critical due to the lower dwell weights provided such that 
the dose to the urethra is not too high. 

Poder et al. [49] reported that 3D-source positioning errors in HDR BT plans could be 
up to 2 to 5 mm while avoiding significant (> 10%) changes in the dose volume histogram of 
the prostate. Similarly, Mason et al. [50] investigated needle positioning errors and reported a 
threshold of approximately 2 – 3 mm based on a minimum value required for error detection 
and avoiding unnecessary countermeasures assessed by a physician. Nevertheless, the effect 
of the needle error still depended on the location of the needle in the target volume, the 
direction of the positioning error, and the weights of the dwells. Poder et al. [49] found that 
displacement of heavily weighted catheters, mainly around the urethra, resulted in under-
treatment of the central region. Regarding the direction of the error, they stated that errors of 
3 mm in the cranial-caudal direction (i.e., longitudinal errors) were more sensitive than the 
off-axis errors, lateral errors were more sensitive than medial errors, and cranial errors had 
more impact on the dose plan compared to caudal errors. For off-axis errors, Fichtinger et al. 
[51] reported a limit of 2 mm, whereas Borghede et al. [52] reported a limit of 3-4 mm, both 
for LDR BT procedures. For longitudinal errors, limits were reported for HDR BT proce-
dures, ranging from 2 mm [24] to 15 mm [53], whilst most studies reported a limit of 3 mm 
[17, 46, 47] or 5 mm [18, 26, 27, 54]. This shows that reported limits for needle positioning 
errors depend, amongst others, on the location of the needle and the direction of the needle 
positioning error.
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 2.4 Discussion

 2.4.1 Main fi ndings
Th is work provided an overview of the quantifi cation of hazards related to needle positioning 
in transperineal treatment procedures of localized prostate cancer. We distinguished between 
the total needle geometry required in the target volume and the individual needle positioning. 
Firstly, access restrictions to the prostate gland by the pubic arch aff ect the total needle geom-
etry as the ventrolateral part of the prostate cannot be reached considering the conventional 
linear trajectories. Obstructions of the prostate up to 22.3 mm were reported for various 
prostate volumes. 

Secondly, individual needle positioning non-conformal to the treatment plan can poten-
tially aff ect the treatment effi  cacy. Needle positioning errors were subdivided into mis- and 
displacement. Needle misplacement was reported for LDR BT, HDR BT, and FLA procedures, 
in which for LDR BT largest errors were reported, especially in the cranio-caudal direction. 
Needle displacement was only reported for HDR BT and PDR BT as these techniques involve 
fractionated doses, whereas LDR BT and FLA are single-dose treatments. Displacements 
were reported in all directions. Th e largest displacement was measured in the cranio-caudal 
direction, and generally increased over time. 

Reported clinical guidelines indicate limits regarding prostate volume, PAI, and needle 
positioning error that, when exceeded, demand for patient exclusion from the procedure or 
solutions to minimize the impact on the treatment. However, these guidelines are general and 
ambiguous, and compliance in the clinical setting diff ers between institutions.

 2.4.2 Limitations
Th e evaluation of the needle position and the level of PAI depend on (1) patient posture 
change, (2) imaging modality and specifi cations, (3) moment of assessment, (4) implement-
ed assessment method, and (5) the assessor. Firstly, patient posture change from supine to 
lithotomy position introduces discrepancies, and the use of multiple imaging modalities can 
introduce imaging co-registration inaccuracies [39]. Buus et al. [24] reported that their aver-
age MRI-US co-registration error was 0.52 mm with a maximum of 0.95 mm. Th ey stated that 
organ motion induced by patient posture change aff ected the outcomes. Th is is substantiated 
by Yamoah et al. [55], who revealed that preoperative planning for LDR BT resulted in poorer 
biochemical control and higher urinary toxicity compared to interventions with intraopera-
tive planning using solely TRUS in lithotomy position. 

Secondly, the imaging modality and specifi cations contribute to uncertainties in the quan-
titative measurements. CT slice thickness introduces an uncertainty of the needle position 
because of partial volume artifacts. Kovalchuk et al. [20] considered uncertainty in needle 
tip determination of 0.63 mm as this was half the slice thickness of their CT slices. Kim et 
al. [56] reported that an increased CT slice thickness increased the obtained dose error a er 
simulations with random shi ing of HDR BT catheters. Th e mean dose error was 0.7% for 
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2-mm slices, 1.1% for 3-mm slices, and 1.7% for 5-mm slices. Regarding MRI, Ballester et al. 
[57] described that the voxel size can change delineation due to blurring [57]. Concerning 
TRUS, Fedorov et al. [58] described that TRUS images have poor contrast at the apex and 
base of the prostate and can affect the image due to the TRUS probe compressing the prostate 
gland. Furthermore, ultrasound has a resolution of 200 μm, resulting in the lack of tumor 
visualization because of limited sensitivity [59].

Thirdly, time can be a confounding factor as the observed error depends on the moment 
of evaluation. Kim et al. [60] described that maximum catheter displacement occurred in the 
12 hours after the first fraction for HDR BT, whereas Taschereau et al. [12] reported misplace-
ment of the needles 72 hours after positioning, which makes these measurements potentially, 
to a greater extent, subjected to the influence of edema and organ motion. 

Fourthly, the assessment method influences the analysis. For example, PAI quantification 
can be performed by three different methods, and needle positioning errors can be assessed 
using bone anatomy, metal markers, or other implanted needles as reference markers. Kim et 
al. [60] reported an average discrepancy of 2.7 mm in needle displacement between measure-
ments using the ischial bone or two gold markers as reference markers. 

Lastly, inter-observer variability plays a role in the assessment. Kim et al. [60] reported 
a difference in displacement error detection of 1.0 ± 0.9 mm with a maximum difference of 
5.0 mm between two observers. Therefore, the error threshold should be large enough to be 
detected, considering all the above-stated inaccuracies, and low enough to avoid a significant 
impact on the treatment plan.

2.4.3 Solution strategies
To operate below the upper limit of the guidelines for needle positioning, countermeasures 
can be implemented to enable continuation in line with the treatment plan (Figure 2.3). Min-
imizing PAI can be achieved in several ways, subdivided into four pillars: (1) neo-adjuvant 
hormonal therapy, (2) positioning strategy, (3) needle design, and (4) needle guidance. Im-
proving needle positioning accuracy can be related to (1) positioning strategy and (2) needle 
design.

Clinical institutions often use hormonal therapy, such as Androgen Deprivation Therapy 
(ADT), to downsize the prostate gland and reduce the risk of PAI. For example, Kucway et al. 
[61] showed a volume reduction of the prostate of 33% after 3 - 4 months of ADT. Tradition-
ally, this therapy is performed prior to the brachytherapy treatment in patients with prostate 
volumes of 50 - 60 cc or with observed excessive PAI [13, 40, 61]. Sejpal et al. [13] reported that 
27% of the patients received ADT due to an enlarged prostate or PAI > 10 mm. On the other 
hand, this therapy can induce severe side effects for the patient, such as erectile dysfunction, 
hot flushes, increased cardiovascular morbidity, and consequently a lower QoL [62-65]. The 
ABS, therefore, concluded that ADT is only recommended in patients with observed PAI, as 
no benefit was shown from adding ADT to prostate brachytherapy for low-risk and favorable 
intermediate-risk patients without PAI [66].
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Despite preoperative PAI assessment and the use of ADT in many patients, PAI can still 
occur during needle implantation. Recently, intraoperative imaging techniques with the pa-
tient in the lithotomy position (i.e., needle insertion position), such as intraoperative on-site 
Cone-Beam CT (CBCT) [67, 68] and mobile CT [69], have gained importance in adaptive 
brachytherapy. Figure 2.5 shows techniques to obtain a conformal total needle geometry if 
PAI occurs [15]. Regarding positioning strategies, the patient’s lithotomy position can be 
extended, the TRUS probe, the transperineal template or the needle can be manipulated 
[70], and the needles can be positioned using a free-hand technique without the use of a 
transperineal template or guide [35, 71]. However, the free-hand technique is reported to be 
diffi  cult and requires experience from the physician, as buckling of the needle can occur due 
to the absence of the transperineal template for guidance [35]. Concerning needle guidance 
strategies, the needles can be obliquely positioned using a robotic device for angulated ap-

Figure 2�5� Overview of solution strategies to improve total needle geometry in prostate with Pubic Arch Inter-
ference (PAI)� Th e positioning strategy can be altered by needle manipulation, a free-hand positioning technique, 
Transrectal Ultrasound (TRUS) probe manipulation, additional needles, template manipulation, or positioning the 
patient in the extended lithotomy position. Th e needle design can be changed by developing a passive steerable nee-
dle (e.g., with a pre-bent or a bevel-shaped tip) or an active steerable needle. Th e needle guidance can be adapted by 
using a patient-specifi c template, a template sutured to the patient’s perineum instead of attached to the TRUS probe, 
or robotic implantation of the needle.
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proaches [72], a template sutured to the patient’s perineum instead of attached to the TRUS 
probe, or a patient-specific template [24]. For needle design-related solutions, a needle with 
an asymmetric tip can be steered using the asymmetric needle-tissue force distribution on 
the needle tip [44], whereas occasionally the distal tip of a needle is bent in an adequate angle 
by the physician to circumvent the pubic arch. On the other hand, asymmetric needle tip 
steering depends on needle-tissue interaction forces, making needle control challenging, and 
a substantial on-site modification in the design of the medical device potentially increases 
the risk of a needle positioning error. Such designs are referred to as passive steerable needles 
[73]. De Vries et al. [74] proposed using steerable needles with tip control, known as active 
steerable needles, to overcome PAI and optimize the dose distribution. Podder et al. [75] 
described that steerable needles could create curvatures conform the prostate geometry while 
reducing the total number of needles required, thereby minimizing edema and potentially 
improving treatment outcomes. 

Needle positioning accuracy can be improved by changing the needle design or altering 
the positioning strategy, as indicated in Figure 2.6. Off-axis errors can be minimized by 
means of steerable needles that counteract perturbations or robotic devices that minimize 
insertion or friction forces, thus theoretically reducing needle deflection. Bloemberg et al. 
[76] described a wasp-inspired, self-propelling, steerable needle that could incorporate an 
optical fiber for FLA. To reduce longitudinal needle displacement errors, the prostate can be 

Figure 2.6. Overview of solution strategies to improve transperineal needle positioning accuracy. The needle 
positioning accuracy can be improved by altering the positioning strategy or changing the needle design. The posi-
tioning strategy can be altered by tissue manipulation, needle manipulation, needle repositioning, template manip-
ulation, or robotic implantation. The needle design can be changed by developing an anchoring needle, a passive 
steerable needle (e.g., with a bevel-shaped tip), or an active steerable needle.
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stabilized, the needle can be anchored in the transperineal template sutured to the perineal 
skin, or the needle design can be adjusted to accomplish needle anchoring once they are inside 
the prostate [30]. Taschereau et al. [12] used two additional stabilization needles but observed 
no signifi cant infl uence on needle displacement. Self-anchoring catheters were described by 
Pieters et al. [30] and Maenhout et al. [33], with which external fi xation in the transperineal 
template became unnecessary and needle displacement was minimized. 

An overarching solution for needle misplacement and displacement errors is reposition-
ing the needles by advancing or retracting them or completely re-implanting them; however, 
this induces additional tissue trauma [77-79]. In current clinical practice, imaging is o en 
performed a er a treatment fraction to evaluate the longitudinal error of the needles, a er 
which displaced needles are advanced again. Keyes et al. [78] described seven patients in 
which the needles for LDR BT were re-implanted to ensure coverage of the underdosed areas 
of the prostate. All patients had excellent dosimetry a er the re-implantation procedure [78]. 
Hughes et al. [79] stated that re-implantation increased the prostate dose metrics D90 (i.e., 
the minimum dose received by 90% of the target volume) and V100 (the percentage of the 
target volume that received at least 100% of the prescription dose [80]) from 49 Gy to 201 Gy 
and from 46% to 98%, respectively. Noteworthy is the absence of studies related to needle 
positioning in ablative therapies compared to brachytherapy, which could be explained by the 
fact that these relatively new ablative therapies are o en still in the clinical trial phase [81]. In 
contrast, brachytherapy has been performed since the early twentieth century [82, 83].

 2.4.4 Five-year view
Future research should be conducted to better relate hazards of needle positioning in tran-
sperineal treatment procedures of localized prostate cancer and clinical outcomes. With 
this, congruent and adequate guidelines related to PAI and needle positioning errors can be 
implemented. We expect a trend toward novel devices with which challenges in needle po-
sitioning can be mitigated, including (1) robotically controlled needles that can be obliquely 
inserted to improve the accessibility of the target volume while providing very stable and 
accurate needle guidance [72] and (2) active steerable needles that allow for positioning along 
curved trajectories to optimize total needle geometry with high positioning accuracy. Th ese 
solutions should be combined with high-resolution imaging methods like MRI for precise 
target volume identifi cation and needle guidance. In the scientifi c literature, steerable needles 
and brachytherapy robots compatible with MRI are already upcoming; however, these are not 
common in clinical practice yet [84, 85].

 2.5. Conclusion
Th is systematic review of the scientifi c literature examines the hazards and guidelines as-
sociated with needle positioning during transperineal prostate procedures. Current clinical 
guidelines regarding prostate volume, needle positioning accuracy, and maximum allowable 
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PAI are ambiguous. Thus, a case-specific approach is recommended to avoid a suboptimal 
procedure or patient exclusion. Steerable needles can offer intraoperative flexibility in needle 
placement and allow for the correction of perturbations while overcoming PAI to ensure an 
optimized treatment.
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The appendices underlying this study are available at doi: 10.1080/17434440.2024.2374761.
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Chapter 3

Abstract
Needles are commonly used in medical procedures. However, current needle designs have 
some disadvantages. Therefore, a new generation of hypodermic needles and MicroNeedle 
(MN) patches drawing inspiration from mechanisms found in nature (i.e., bioinspiration) 
is being developed. In this systematic review, 80 articles were retrieved from Scopus, Web 
of Science, and PubMed and classified based on the strategies for needle-tissue interaction 
and propulsion of the needle. The needle-tissue interaction was modified to reduce grip for 
smooth needle insertion or enlarge grip to resist needle retraction. The reduction of grip can 
be achieved passively through form modification and actively through translation and rotation 
of the needle. To enlarge grip, interlocking with the tissue, sucking the tissue, and adhering to 
the tissue were identified as strategies. Needle propelling was modified to ensure stable needle 
insertion, either through external (i.e., applied to the prepuncturing movement of the needle) 
or internal (i.e., applied to the postpuncturing movement of the needle) strategies. External 
strategies include free-hand and guided needle insertion, while friction manipulation of the 
tissue was found to be an internal strategy. Most needles appear to be using friction reduction 
strategies and are inserted using a free-hand technique. Furthermore, most needle designs 
were inspired by insects, specifically parasitoid wasps, honeybees, and mosquitoes. The 
presented overview and description of the different bioinspired interaction and propulsion 
strategies provide insight into the current state of bioinspired needles and offer opportunities 
for medical instrument designers to create a new generation of bioinspired needles. 
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 3.1 Introduction

 3.1.1 Background

Bioinspired medical needles
Although needles are considered minimal invasive surgical instruments, current needle 
designs have numerous disadvantages [1]. Two types of needles can be distinguished: hy-
podermic needles and MicroNeedle (MN) patches. Hypodermic needles are hollow, single 
needle systems that puncture the skin to inject or subtract matter [2]. Th e defi nition of MN 
patches varies in the literature, but here, they are defi ned as patches with an array of short 
(length < 3  mm) microneedles that penetrate the skin no further than the dermis or epi-
dermis. Hypodermic needles are subject to needle displacement due to needle deformation, 
organ movement, and human error tissue displacement [3]. Th is can be problematic for the 
physician in terms of accurately reaching a target, but it can also cause tissue damage resulting 
in pain and fear for the patient [4]. In the brain, it can lead to serious consequences such as 
swelling and bleeding [5]. MN patches are less invasive than hypodermic needles due to their 
shallow penetration depth and small diameter. However, they still have their disadvantages, 
such as poor adhesion ability and antimicrobial activity [6], inconsistent drug distribution, 
durability issues [7], and strength issues. Microneedles are prone to bending or breaking 
during manual insertion or having high deviations in insertion height when inserted into so  
and inhomogeneous skin tissue [8].

Th e proposed solutions for improving needles by, for instance, making them sharper 
and thinner are limited [4]. Th erefore, a new generation of needles that draws inspiration 
from mechanisms found in nature, such as stingers, thorns, teeth, tongues, or quills, is being 
developed. Th is approach is called bioinspiration, which is the art of studying nature and 
its principles and exploring ways to implement those principles and mechanisms into novel 
solutions. While there is still much to discover about their design and manufacturability, 
bioinspired needles have the potential to revolutionize medical healthcare. Th ey can be used 
for a variety of percutaneous procedures (i.e., medical procedures through the skin), includ-
ing drug delivery, blood extraction, focal therapy, and biopsies. Th roughout this chapter, the 
term 'needle' refers to the bioinspired medical needle, while the term 'stinger' refers to the 
biological stinger. 

Needle mechanics
Diff erent forces come into play when a needle punctures the skin and moves through the 
tissue. Th e forces acting on a needle include the cutting force (Fc) and the friction force (Ff) 
(Figure 3.1a). Th e cutting force acts normal to the bevel surface as a result of cutting the 
tissue, this includes the plastic deformation acting from the so  tissue and the force resulting 
from the tissue stiff ness at the tip. Th e friction force (Ff) acts along the needle sha  due to 
friction between the needle and tissue and is also a function of the internal stiff ness of the so  
tissue. Due to bending of the needle, there exist x- and y-components of the forces, with the 
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x-components being counteracted by the insertion force (Fi), which is the force required to 
insert the needle into the tissue. The insertion force is defined as Eq. 3.1 [9]:

(3.1)
The insertion force can be decreased by decreasing the friction force and/or the cutting 

force. The friction force might be changed using the relative velocity or the contact area [9]. 
Decreasing the cutting force causes a decrease in tissue damage, which results in less pain and 
a faster recovery.

Figure 3.1b shows the needle insertion process divided into the following four stages 
where different forces play a role [10]:

1.	 Loading deformation: the needle advances outside the tissue and pushes against the 
skin, while the needle insertion force is increasing;

2.	 Rupture: a crack propagates into the tissue at the maximum insertion force and the 
insertion force drops;

3.	 Cutting: cutting event after rupture, where the crack gets larger in line with the 
needle displacement;

4.	 Unloading deformation: needle insertion stops, and the needle is removed.
During Stages 1 and 2 (i.e., puncturing), the cutting force plays a more significant role, 

whereas during Stages 3 and 4 (i.e., internal insertion), the friction force is more important. 
In the case of MN patches, the puncturing of the skin (Stages 1 and 2) is more important than 
the internal movement through the tissue, since the microneedles do not go deeper than the 
skin layers, whereas for hypodermic needles, the movement through the tissue (Stages 3 and 
4) and bending of the needle are more important than the puncturing of the skin, since the 
needles travel a longer distance through the tissue.

3.1.2 Problem definition
In the relatively new field of using bioinspiration in medical instrument design, designers may 

Figure 3.1. Needle insertion. (a) Forces acting on the needle during insertion, with Fi = insertion force [N], Fc = 
cutting force [N], Ff = friction force [N]. (b) Stage 1 of needle insertion: loading deformation. Stage 2 of needle in-
sertion: rupture due to crack propagation. Stage 3 of needle insertion: cutting. Stage 4 of needle insertion: unloading.
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feel overwhelmed in the vast amount of bioinspiration sources and potential strategies. Th is 
study focuses on the scientifi c literature to provide guidance on the bioinspiration sources, 
medical applications, and manufacturing methods of the proposed needle designs. Although 
some reviews on bioinspired MN patches [11] and mosquito-inspired needles [12] exist, to 
our knowledge, no comprehensive overview of all bioinspired needles in the scientifi c litera-
ture is available. 

 3.1.3 Goal and structure
Th is study presents an overview of the scientifi c literature on bioinspired medical needles. 
An overview of the scientifi c literature on bioinspired medical needles provides insights 
into the future development and direction in the fi eld of bioinspired needles and identifi es 
opportunities for innovation. In Chapter 3.2, the method used to collect all included articles 
is described. Chapters 3.3 and 3.4 outline the classifi cation of the collected articles. Finally, the 
fi ndings and future perspectives are discussed in Chapter 3.5.

 3.2 Methods

 3.2.1 Literature search
To create a comprehensive overview of the current developments of bioinspired needles, a 
search in Scopus, Web of Science (WoS), and PubMed was performed (last update: 31 Jan-
uary 2023). Th is search was executed systematically by dividing the research goal into two 
related concepts: 'Device' and 'Approach,' and search terms were generated for each concept 
(Table  3.1). Th e fi eld (e.g., medical) and function (e.g., surgery) were excluded as search 
concepts, as including them would have led to a limited selection of articles. For Concept 1, 
the search term '*Needle*' was the only term used because other equivalents such as 'probe' or 
'medical instrument' were found to be too general and did not generate more relevant articles.

For Concept 2, commonly used synonyms of bioinspiration found in the literature were 
included. Th e term 'biomechanical' was excluded, since the results showed mechanical mod-
els of biological principles instead of bioinspired designs. Th e search query was limited to 
articles written in English, and conference reviews were excluded because the articles they 
cover were already covered in the regular search. Th e search was executed in the title, abstract, 
and keywords of Scopus, the topic operator (TS) of Web of Science, and the title and abstract 
of PubMed. Th e resulting Scopus query, adjusted for WoS and PubMed (see Supplementary 
material), was as follows: TITLE-ABS-KEY ((bio-inspir* OR bioinspir* OR "Biolog* inspire*" 
OR biomim* OR "Nature inspir*" OR Nature-inspir* OR bionic*) AND (*needle*)) AND (LIM-
IT-TO (LANGUAGE, "English")) AND (EXCLUDE (DOCTYPE, "cr")).

 3.2.2 Eligibility criteria
Th e following criteria were used to select articles from the search results. An article was 
included if it featured a bioinspired needle design that was either tested in the physical world 
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or through computational modeling, where 'bioinspired' was defined as incorporating aspects 
of a mechanism found in nature. The term 'needle' was defined as a slender hollow instrument 
used for introducing matter or removing matter from the body (as by insertion into the skin), 
or an extremely thin solid instrument used for acupuncture and inserted through the skin 
[13].

Because we focused specifically on needle designs, we excluded scaffolds with a nanoneedle-
shaped bioinspired structure, as well as needle-like hydrophobic surfaces, bioinspired 
phantoms or materials (e.g., tea extract or hair), robot-needle systems, and control systems, 
where a description of the needle was not provided. Additionally, we excluded instances of 
misuse of the term 'bioinspired,' where the source of bioinspiration was not named, and it 
was unclear which aspects were used in the design. Finally, we excluded general bioinspired 
coatings or multifunctional hydrogels that were not specifically designed for a needle.

3.2.3 Literature search results
The search resulted in 555 articles in Scopus, 485 articles in WoS, and 143 articles in PubMed. 
After removing duplicates, a total of 633 unique articles remained. The references of the 
reviews found in these 633 articles were scanned (snowballing), resulting in the inclusion 
of an additional 10 articles, bringing the total to 643 articles. The titles of these articles were 
screened, leaving 274 articles. In addition, 13 reviews were excluded since these would con-
tain articles that were already included in this review. The remaining articles were evaluated 
based on their abstract and figures using the criteria outlined in Chapter 3.2.2, resulting in 
the exclusion of 157 articles. Upon full-text reading, 24 articles were excluded for not meeting 
the eligibility criteria, resulting in the inclusion of 80 articles in this review (Supplementary 
material). Figure 3.2 shows an overview of the search results.

3.2.4 Classification of bioinspired needles
The collected articles were classified into two categories, namely 'Interacting' and 'Propelling,' 
as presented in Figure 3.3. 'Interacting' refers to the interaction between the needle and 
tissue, which can be altered to reduce or enlarge grip, as explained in Chapters 3.3.1 and 

Concepts: combine with AND

Concept 1: Device Concept 2: Approach

Search terms: combine with OR *Needle* Bioinspir*

Bio-inspir*

“Biolog* inspi*”

Biomim*

“Nature inspir*”

Nature-inspir*

Bionic*

Table 3.1. Concepts and corresponding search terms.
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3.3.2. 'Reducing grip' was further subdivided into two types of needles: needles that passively 
reduce grip (e.g., by adjusting the form of the needle using barbs) and needles that actively 
reduce grip (e.g., by applying a rotating or translating motion during needle insertion). 'En-
larging grip' was divided into three types of needles that use interlocking (e.g., using thorns), 
sucking (e.g., using suction cups), and adhering (e.g., using an adhesive layer) strategies. As 
for 'Propelling,' it was classifi ed into the needle's prepuncturing movement outside the body 
(i.e., external) and postpuncturing movement through the body (i.e., internal), of which the 

Figure 3�2� PRISMA diagram of the search strategy and article selection method�
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diff erent strategies are discussed in Chapter 3.4. 'External' was classifi ed into free-hand needle 
insertion and guided needle insertion. 

 3.3 Interacting

 3.3.1 Reducing grip
Two-thirds of the collected articles present needle designs that aim to reduce the grip between 
the needle and tissue. Figure 3.3 shows passive and active strategies for grip reduction, such 
as adjusting the form of the needle, translating (i.e., vibrating), or rotating it. O en, multiple 
strategies are combined to optimize grip reduction.

Passive
Th irty-three articles were collected presenting needles that use passive grip reduction through 
form modifi cation. Th is strategy was the most commonly used strategy for grip reduction. It 
is also found in nature where it occurs in a large variety of organisms, such as insect stingers, 
thorns of plants, and even natural phenomena like ice formation. Th e mosquito and honeybee 
are most commonly used as sources of bioinspiration, as both have barbs on their stinger to 
distribute the insertion forces between the stinger and tissue. Th is strategy can be applied to 
both hypodermic needles and MN patches. Most designs did not specify a medical application 
and were designed for percutaneous procedures. 

Sahlabadi et al. [14] developed a needle for percutaneous procedures such as brachyther-
apy, brain surgery, and biopsy, mimicking the barbs of a honeybee stinger (Figure 3.4a). Th e 
design was optimized to decrease the insertion force resulting in a decrease in tissue damage 
and pain and a higher targeting accuracy. Th e three-dimensional (3D)-printed polymer nee-
dle has a diameter of 1-3 mm and a length of 180 mm, with barbs revolved around the needle 
axis. Th e barbs form gaps on the needle surface, resulting in a smaller frictional area and thus 
reducing the insertion force. Th e gap space between two consecutive barbs is a function of the 
front angle, back angle, height, and thickness of the barbs, which were optimized to decrease 
the insertion force while maintaining the bending stiff ness. Th e design led to a total reduction 
in insertion force of 35% in PolyVinyl Chloride (PVC) gel and 46% in liver tissue compared 
to conventional needles with a point or bevel tip. Experiments showed a decrease of 21-26% 
in the insertion force regardless of the needle scale. 

Notably, all long hypodermic needles (i.e., needle length > 60 mm) were inspired by var-
ious insect stingers, such as those of the honeybee, parasitoid wasp, and mosquito. Needles 
developed for blood extraction were all inspired by the mosquito. Th e inspiration for smaller 
hypodermic needles and MN patches is much more diverse, with plants [15], mammals, 
birds, reptiles, and even a natural phenomenon based on the formation of ice [16] used as 
sources of inspiration for minimizing the insertion forces through form modifi cation (i.e., 
passive grip reduction).
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Active
Translation
Thirty-three articles were collected presenting needles that use translation as a strategy for grip 
reduction. In nature, this strategy is found in bees, wasps, and mosquitoes that can alter the 
vibration frequency of their stingers. The parasitoid wasp was the most commonly used source 
of inspiration for friction manipulation, which enables self-propelling properties, Chapter 3.4 
elaborates on this topic. The remaining 11 articles were all inspired by the mosquito and 
contained designs for hypodermic needles and MN patches. The most frequently described 
medical application was blood extraction, which matches the blood-sucking function of the 
female mosquito proboscis (i.e., mouthpart for feeding and sucking).

Kim et al. [8] investigated the effect of mechanophysical stimuli on insertion forces as 
background information for a drug-delivery MN patch inspired by the mosquito proboscis 
(Figure 3.4b). The mosquito proboscis consists of a labrum, a hollow needle in the center 
with capillary capacities for blood-sucking, and two maxillae placed to the left and right of 
the labrum with a jagged shape for anchoring the tissue, surrounded by a labium. Mosquitoes 
use two distinct motions while piercing the skin: (1) pressing down their labium to stretch the 

Figure 3.4. Needle designs that reduce grip using different strategies. The drawings show the needle (gray), the 
grip-reducing element (green), the outline of skin the needle encounters (yellow), and the internal tissue (purple). 
(a) Barbed honeybee-inspired needle using passive grip reduction, based on [14]. The gap space between two con-
secutive barbs is a function of the front angle (θ1), back angle (θ2), height (h), and thickness (t) of the barbs. These 
parameters were optimized to decrease the insertion force while maintaining the bending stiffness. (b) Mosquito-in-
spired MicroNeedle (MN) using active grip reduction through translation (i.e., mechanical vibration) actuated by a 
piezoelectric actuator and skin stretching (red arrows), based on [8]. (c) Honeybee-inspired MN using active grip 
reduction through rotation. The drawing shows the skin deformation (gray hatched) without rotating the needle 
and the decreased skin deformation (red hatched) when rotating the needle, and the axial friction force (gray arrow) 
without rotating the needle and the decreased axial friction force (red arrow) when rotating the needle, based on [18].
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skin and (2) vibrating their fascicle bundle; both motions change the skin resistance. 
Th ese static and dynamic mechanophysical stimuli were tested ex vivo with standard 

cylindrical stainless steel acupuncture needles with a diameter of 60-140 µm and an insertion 
velocity of 0.1-2 mm/s on porcine skin. To test the static stimulus, the skin was stretched 
0-20%, and it was found that this mainly aff ected the insertion precision. To test the dynamic 
stimulus, the needle was vibrated with a frequency of 1-1000Hz and amplitude of 1-10 µm, 
and the authors concluded that it controlled the degree and deviation of skin resistance. Th e 
result was a deep, easy, and controlled insertion with low insertion forces. 

Suzuki et al. [17] designed a hypodermic microneedle for painless blood extraction, using 
the same properties as the female mosquito proboscis. Th e needle was composed of two 
half-needles with a semicircular channel and jagged edges combined into a hollow needle, 
with capillary force for blood extraction. Th e jagged edges have interlocking features that 
are discussed in Chapter 3.3.2 Interlocking. Th e total needle has a length of 2 mm and a 
diameter of 0.1 mm, and it moves forward by advancing the labrum and maxillae alternately. 
Th e needle was fabricated with an ultra-precision 3D laser lithography system, based on the 
two-photon absorption phenomenon. Photocurable polymer materials IP-Dip and IP-S were 
cross-linked with a laser beam, positioned by a Computer-Aided Design (CAD) model. Th e 
needle was tested in artifi cial skin and it was found that vibration motion is eff ective for 
reducing the insertion force. Th e insertion force was also reduced for an alternately advanced 
motion. However, the diff erence between no vibration, alternating vibration, and in-phase 
vibration was not clearly distinctive. 
Rotation
Two articles were collected presenting needles that use rotation as a grip reduction strate-
gy. In nature, this strategy is employed by honeybees with a rotating stinger sha  and fl ies 
(Stomoxys) with rotating teeth for tearing open tissue [18]. Rotation was demonstrated in 
both hypodermic needles and MN patches for percutaneous procedures, drug delivery, or 
biomarker monitoring. It was used as an alternative to 'passive grip reduction' to maintain the 
mechanical robustness of the needle and save manufacturing costs.

Cai et al. [18] employed this strategy to design a biomonitoring MN patch based on the 
honeybee's rotating stinger (Figure 3.4c). Th e objective was to achieve higher needle strength 
and lower deviation in insertion depth than conventional MN patches. A commercial stain-
less steel acupuncture needle was used as a substitute for a microneedle with a conical tip, a 
diameter of 0.21 mm, and a length of 1.2 mm. Th e design aimed to reduce the internal inser-
tion force, i.e., the insertion force a er puncturing the skin, by decreasing the friction force, 
which has the highest contribution to the insertion force. Finite Element Method (FEM) tests 
and ex vivo porcine skin tests showed a 45.7% reduction in the maximum insertion force. Th e 
authors also showed that the insertion force decreased by increasing the rotational velocity, 
up to a certain point. Furthermore, there was a decrease in skin deformation and a faster skin 
recovery while holding the needle inside the skin.
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Wang and Cong [19] developed a needle that was not designed for rotation, but rotation 
occurred as a favorable side effect. The hole pattern of the mole cricket's tergum and the 
Chinese sturgeon's skin was mimicked to create an injection needle that could reduce pain 
without limiting the insertion depth. A syringe needle with a diameter of 1.6 mm and a length 
of 25.4 mm was modified using machining to create a pattern of holes along the needle shaft. 
The holes reduced the contact area between the needle and skin tissue, resulting in a reduction 
of friction as the needle moved through the skin tissue. Furthermore, due to the holes, the 
needle wall, air, and skin tissue formed a rolling bearing model that contributed to the drag 
reduction. Simultaneously, micro-vibrations arose in the skin tissue, which increased both the 
flow speed of the biological fluids and the lubrication effects. The needle surface design with a 
hole diameter of 0.09 mm and a hole interval of 0.9 mm resulted in a 44.05% drag reduction 
in silicon compared to smooth syringe needles.

In the collected articles, the needle designs that employed active strategies are less diverse 
than those utilizing passive strategies. The bioinspiration was mainly drawn from the mosqui-
to, parasitoid wasp, honeybee, and mole cricket, and only a small number of articles described 
needles that apply these strategies.

3.3.2 Enlarging grip
Enlarging grip might be necessary for stable drug delivery in MN patches and stable needle 
insertion of hypodermic needles. Three strategies can be employed for: (1) mechanical inter-
locking, (2) sucking, and (3) adhering.

Interlocking
Twenty-eight articles were collected presenting needles that use interlocking as a strategy to 
enlarge grip, where three different methods can be distinguished. The first method is using 
the same passive strategy to reduce grip, but now modifying the form in order to enlarge grip. 
This is seen in nature in the porcupine and wasp that have barbs on their quills and stinger, 
respectively, to anchor to their predator's skin as a form of self-defense [20, 21]. Moreover, it is 
seen in the thorns of plants and many parasites to anchor to their host. The second method is 
clamping, which is seen in the claws of eagles and mantises, as well as the mouths of lampreys 
and sharks [22-25]. The third method is swelling, used by endoparasites to anchor themselves 
to their host's intestinal walls [26, 27]. Mechanical interlocking was only applied in MN 
patches and short hypodermic needles that do not go deeper than the epidermis. It is most 
commonly used for medical applications like drug delivery and blood extraction.

Some needles that were designed for interlocking strategies had the positive side effect 
of also lowering the puncture force as described in Chapter 3.3.1 Passive, resulting in a low 
insertion force and high tissue adhesion [20]. To illustrate, Liu et al. [28] designed a mi-
croneedle for prolonged monitoring and drug release in the intestines based on the proboscis 
of the parasitic spiny-headed worm (Figure 3.5a), which has barbs along its proboscis to move 
through the gut with minimal locomotion. Scanning Electron Microscopic (SEM) images 
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Figure 3�5� Needle designs that enlarge grip using diff erent strategies� Th e drawings show the needle (gray), the 
grip enlarging element (green), the outline of skin the needle encounters (yellow), and the internal tissue (purple). 
(a) Needle applying interlocking by form modifi cation using a barbed MicroNeedle (MN) design inspired by the 
parasitic spiny-headed worm, based on [28]. (b) MN patch applying interlocking by clamping using serrations in-
spired by the mantises' forelegs, based on [23]. (c) Swellable MN patch applying interlocking using a swellable layer 
for mechanical interlocking inspired by the swelling properties of the spint-headed worm, based on [27]. (d) Needle 
applying suction using an air-tight Y-junction and a suction cup inspired by the suction cups on octopus tentacles, 
based on [65]. (e) MN applying adhering with a mussel byssus-inspired adhesive PolyDopAmine (PDA) hydrogel 
layer, based on [6].

of the proboscis were converted to a hollow needle design with a diameter of 108-74 µm 
from base to tip and a length of 1 mm. Th is length is necessary for puncturing the gut wall 
and reaching the mucus blanket and epithelial barrier. Th e barbs, with a diameter, length, 
and curve of respectively 8 µm, 40-30 µm, and 50°, are equally distributed over a length of 
0.5 mm from the needle tip, which is the most eff ective barb region. Th e microneedles were 
3D-printed with Direct Laser Writing (DLW), which uses two-photon photopolymerization 
to cure photoresist, and were then attached to a PolyDiMethylSiloxane (PDMS) backing. Th is 
technique has high precision and is suitable for manufacturing the overhanging barbs.

Th e barbed needle design showed a signifi cant increase of the retraction force compared 
to barbless needles while maintaining a low insertion force, when tested in ex vivo porcine 
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small-intestine tissue. Compared to other state-of-art barbed microneedles (e.g., the honey-
bee-inspired needle [29]), the retraction force remained the same while the insertion force 
was two times smaller, resulting in a ten times higher retraction/insertion force ratio.

Zhang et al. [23] used inspiration from the serrated microstructure of the mantis' forelegs 
to design a minimally invasive drug delivery MN patch (Figure 3.5b). Using SEM imaging, 
the forelegs of the mantis were observed and converted to a ferrofluid-configured mold. This 
mold was filled with a biocompatible polymer for Transdermal Drug Delivery (TDD) (i.e., 50 
mL of silk fibroin solution 30% w/v) and cured under UltraViolet (UV) light. The resulting 
MN patch consists of microneedles with different diameters and lengths around 0.25 µm and 
0.6 µm, respectively, and with an inclination angle ranging from 30° to 90°. Because of this 
inclination angle, the MN patch has the same grasping and holding properties as the mantis 
and clamps itself to the tissue. A rotation-and-load-bearing test was performed on ex vivo 
porcine skin and showed a decrease in the inclination angle of the microneedles, enhancing 
the ability of the MN patch to withstand external forces. An angle of 30° showed the best 
holding capabilities, while the patch with 90°-microneedle inclination angles (i.e., perpen-
dicular to the surface) would immediately fall off. This result was confirmed by a second test 
where the MN patches were attached to living mice. These second tests also showed successful 
insertion of the microneedles and rapid recovery of the tissue. Lastly, the in vivo mice tests 
and in vitro tests showed sustained drug delivery.

Another way of interlocking was applied by Jeon et al. [26] and Yang et al. [27] who de-
signed swellable MN patches based on the swelling properties of endoparasites (Figure 3.5c). 
Yang et al. [27] used inspiration from the spiny-headed worm, specifically the Pomhorhuncus 
Laevis, for a drug-delivery MN patch. The spiny-headed worm uses its proboscis to puncture 
the intestinal wall of its host, where it expands a bulb using its retractor muscles at the base 
of its proboscis to interlock the proboscis and the intestinal wall tissue. The MN patch was 
designed to apply a similar method to interlock the MN patch and the tissue. The cone-shaped 
microneedles with a base diameter of 280 µm and a length of 700 µm have a hydrophobic 
non-swellable core and a hydrophilic swellable outer layer. The hydrophilic outer layer ab-
sorbs the tissue fluids and swells to 20% of the tip height into a mushroom shape, while the 
core remains stiff.

The MN patch was fabricated in a PDMS mold, filled with a PolyStyrene-block-PolyAcryl-
ic Acid (PS-b-PAA) casting (i.e., outer layer) and PS homopolymer filling (i.e., core). Tests 
in hydrogel showed that it takes 10 minutes for the microneedles to get into the maximum 
swollen state and 15 minutes to recover back to their conical shape after removal. It also 
showed that the MN patch could be removed without breaking it and that the adhesion 
strength significantly increased when the microneedles were in their swollen state. Multiple 
movement cycles with pig joints were executed to show that a strong fixation was achieved. 
Tests in intestine mucosal tissue showed a 3.5 times increase in adhesion strength compared 
to staples and a removal force of 4.5 N/cm2. The results were minimal tissue damage, reduced 
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infection risk, and sustained delivery of bioactive therapeutics.
Twelve articles were collected presenting needles that use both 'passive grip reduction' and 

'interlocking for grip enlargement' strategies. In these needle designs, the form of the needle 
was modifi ed for smooth insertion, and interlocking mechanisms were applied to resist re-
traction. Table 3.2 displays various needle tips that use form modifi cation for grip enlargement 
and/or grip reduction, demonstrating the numerous possibilities of bioinspiration for the 
same strategy while applying diff erent implementation methods. Again, all blood-extraction 
needles are based on the mosquito's proboscis, and the designs adopted diff erent properties 
of proboscis, such as vibration or form modifi cation [4, 30]. Interestingly, the swellable needle 
developed by Yang et al. [27] swells to form a mushroom shape, while Li et al. [31] use a stiff  
mushroom shape as the favorable geometry for interlocking tissue.

Sucking
Th ree articles were collected presenting needles that use sucking as a strategy to enhance 
grip, with two of the three designs using it in combination with adhering. All needles use 
bioinspiration from the octopus and the suction cups on its tentacles. Th is suction strategy 
was found solely in MN patches with drug delivery as the medical application. 

Th e single article presenting a needle that used only suction as a strategy to enhance grip 
was published by Fu et al. [64], who designed an MN patch for pancreatic cancer treatment 
inspired by the suction cups on the tentacle of the octopus. Th e MN patch consists of an array 
of microneedles with suction cups in between, which can adhere to the irregular surface of 
tumors. Th e microneedles have a conical shape with an estimated diameter of 450 µm and a 
length of 600 µm. Th e suction cups have a conical cavity and mimic the octopus tentacle. Th e 
whole MN patch was made of a Gelatin MethAcryloyl (GelMA) hydrogel that was poured 
into a mold and cured with UV light. A peeling-strength test on ex vivo porcine pancreas 
demonstrated that the suction cup MN patch adhered better than a conventional MN patch. 
Th e capacity for drug delivery was measured, and it was confi rmed that the drug release 
kinetics could be mediated by adjusting the concentration of GelMA hydrogel. Th e MN patch 
was tested in vivo on mice with tumors alongside a conventional treatment method and a 
control group. Th e results showed no diff erence between the intraperitoneal injection and 
the suction cup MN patch, indicating good tolerability, biocompatibility, and biosafety. It 
demonstrates that the suction MN patch could induce pancreatic cancer cell apoptosis by 
releasing the carried gemcitabine.

Joymungul et al. [65] proposed a gripe-needle design based on both the sucking and 
adhering capabilities of the octopus' suction cup to perform an incision task in the optic 
nerve area (Figure 3.5d). Th e gripe-needle was based on the octopus' technique for grasping 
and boring sea snail shells. Th e stickiness of the octopus' suction cup increases sealing and 
surface contact with the shell, while the suction chamber creates a pressure gradient to max-
imize force grip. Once the shell is in a stable position, the octopus drills a hole into it with its 
radula (i.e., mouthpart). Th e gripe-needle consists of a cone-shaped suction cup made using 
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Table 3.2. Needle tip designs that use form modification to reduce grip during tissue insertion and/or mechan-
ical interlocking to enlarge grip during retraction. Illustration of the source(s) of bioinspiration, source(s) of bio-
inspiration, medical application(s), ability to reduce grip for smooth needle insertion (yes or no), ability to increase 
grip to resist needle retraction (yes or no), and reference(s).

Illustration Bioinspiration Medical 
application

Reduce 
grip for 
smooth 
insertion

Increase 
grip to 
resist 
retraction

Reference

 Mosquito Percutaneous 
procedure Yes No [32]

 
Honeybee Percutaneous 

procedure Yes Yes [29, 33]

 Porcupine Percutaneous 
procedure Yes Yes [20]

 Lamprey Wound healing Yes Yes [22]

 Parasitoid wasp Percutaneous 
procedure Yes No [34-36]

 Mosquito Percutaneous 
procedure Yes No [37, 38]

 Mosquito, 
Honeybee

Biopsy, Percuta-
neous procedure Yes No [5, 14, 39-

41]

 
Mosquito Biopsy Yes No [42]

 Snake Drug delivery Yes No [43]

 Mosquito Drug delivery Yes Yes [44]

 
Shark Wound healing No Yes [25]

 Mosquito, 
Honeybee, 
Porcupine

Drug delivery No Yes [45]

 Mosquito Blood extraction Yes No [46]

 Mosquito Blood extraction Yes No [47]

 
Mosquito Blood extraction No Yes [30, 48, 49]

 Mosquito Biopsy No Yes [50]

 
Mosquito Deep brain 

stimulation Yes No [51]

 
Mushroom

Drug delivery, 
Information 
storage

No Yes [31]

continued on next page
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Illustration Bioinspiration Medical
application

Reduce 
grip for 
smooth 
insertion

Increase 
grip to 
resist 
retraction

Reference

Limpet Drug delivery Yes No [52]

Golden 
margined 
century plant

Performance 
monitoring Yes Yes [15]

Spiny-headed 
worm

Drug delivery, 
Biomarker 
monitoring

No Yes [53]

Spiny-headed 
worm

Drug delivery, 
Biomarker 
monitoring

No Yes [53]

Honeybee
Myocardial 
infarction 
treatment

No Yes [54]

Bird bill Drug delivery Yes No [55]

Mosquito Blood extraction Yes No [56]

European true 
bug Drug delivery No Yes [57]

Mosquito Blood extraction Yes Yes [4, 17, 58, 
59]

Honeybee Percutaneous 
procedure Yes Yes [60]

No image Mosquito Blood extraction Yes No [61]

Kingfi sher, 
Porcupine Wound healing No Yes [62]

Mole cricket, 
Chinese 
sturgeon

Percutaneous 
procedure Yes No [19]

Mosquito Percutaneous 
procedure Yes No [63]

Spiny-headed 
worm Drug delivery No Yes [27]

Ladybug, wasp Wound healing No Yes [21]

Eagle Wound healing No Yes [24]

Mantis Drug delivery No Yes [23]

Ice Drug delivery Yes No [16]

Table 3�2� Continued.

Thesis.indb   59Thesis.indb   59 25-8-2025   15:47:2025-8-2025   15:47:20



Chapter 3

3

60

photopolymer resin 3D printing with double-sided adhesive acrylic gel tape with cut grooves 
attached to its base. A nitinol outer tube connects the top of the cup to a Y-junction (i.e., the 
suction chamber), which is made of two rubber caps of 7 mm and 12 mm in diameter, respec-
tively. A suction syringe is connected to the air-tight Y-junction to create an under pressure. 
A drug-delivery syringe is attached to another nitinol tube that can move coaxially inside the 
outer tube. Four variations of the prototype were made to test the feasibility of the design in 
four experiments, respectively: (1) a proof-of-concept prototype showed sufficient gripping 
and shear force on different materials in wet and dry conditions, (2) a test on bubble wrap 
showed successful incision, (3) an eye-sample test showed successful access to the optic nerve, 
and (4) tests on a porcine eye sample showed a force grip above the required 1 N, however, 
this force was not maintained effectively during insertion. Overall, the gripping force signifi-
cantly increases on semi-rough surfaces when increasing the suction cup pressure. During the 
incision task, the grooves maintained vacuum grip and increased cup adhesion, but decreased 
the cup's lifetime. Pulling and shear loading tests showed that the surface wetness enhanced 
vacuum grip. 

Adhering
Zhang et al. [6] used a combination of suction and adhesion strategies inspired by the octopus 
and mussel in the design of a multifunctional MN patch for drug delivery (Figure 3.5e). In 
addition, the authors incorporated antibacterial properties based on the Paenibacillus poly-
myxa bacteria that restrain the growth of other bacteria. The MN patch consists of a flexible 
PolyDopAmine (PDA) hydrogel base, which is equipped with an array of Poly(Ethylene Gly-
col) DiAcrylate (PEGDA)-sodium alginate MNs that have a diameter of 300 µm and length 
of 600 µm. Each MN is encircled by six concave chambers with a diameter of 375 µm and a 
dome-like protuberance inside, integrated into the base. The MN patch was produced using 
a mold in which the material was cured. To replicate the molecular structure of the mussel's 
protein, a part of the dopamine in a mixture with gelatin was oxidized and cross-linked to the 
gelatin through chemical reactions. The oxidized and unoxidized dopamines formed a stable 
PDA hydrogel through various interactions, of which the various inner chemical groups 
enabled adhesion. The PDA hydrogel also possessed supramolecular interactions, giving 
the MN patch self-repairing properties. The PDA-hydrogel base mimics the microstructure 
of the octopus tentacle, giving it sucking abilities in dry, wet, and moist environments. The 
antimicrobial peptin polymyxin of the P. polymyxa bacteria was loaded at both the MN tips 
and PDA base. The self-repairing properties were tested by putting two MN patch segments 
together, the segments would immediately weld together without external stimuli. Ex vivo 
porcine skin tests demonstrated that the MN patch strongly adhered to the skin when lifted, 
bent, and moisturized or immersed in water. A knuckle test was performed, which showed 
excellent adhesion when bent along the knuckle up to 90°. A weight test showed adhesion up 
to 60 kg, which is 240 times its own mass. A peeling-off test was conducted to compare the 
multifunctional MN patch to (1) an MN patch without PDA hydrogel and without suction 
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cups (i.e., a normal MN patch), (2) an MN patch with only a PDA hydrogel base, and (3) 
an MN patch with only suction cups. Th e multifunctional MN patch performed best under 
overall circumstances, while the normal MN patch performed worst. A rat model showed 
sustained drug release and less infl ammation compared to the MN patch without polymyxin. 
Lastly, the study demonstrated that the polymyxin killed 80% of the E. coli bacteria.

 3.4 Propelling

 3.4.1 External

Free-hand
Th e majority of the collected articles, 40 out of 80, present a needle design that utilized the 
strategy of free-hand insertion, encompassing all needles that were not designed for propel-
ling. Almost all MN patches, 21 out of 22, were inserted free-hand, as they were only meant 
to puncture the skin layers and allow the drug to distribute itself without the need to reach a 
specifi c target, unlike hypodermic needles, which require a physician to ensure accuracy to 
reach the desired target. Th is strategy did not employ any bioinspiration, and due to the large 
number of articles in this category, a wide range of medical applications were described.

Guided
Eleven articles were collected presenting needles that used guidance as a strategy for safe 
needle insertion. Th is strategy is mostly used for hypodermic needles, although Cai et al. [18] 
employed guidance for an MN patch. Th e mosquito was the primary source of inspiration for 
these designs, although the honeybee and fl y were also used.

Suzuki et al. [66] were inspired by the mosquito and developed a needle-guidance system 
for stable insertion of needles with a diameter of 100 µm or less for blood extraction, or drug 
delivery. Th e needle-guidance system is based on the needle-like proboscis of the mosquito, 
which has a diameter of 50 µm that is wrapped in its labium and punctures the skin while 
grasping the proboscis with the tip of its labium. Th is technique shortens the eff ective length 
of the proboscis, preventing buckling. Th e needle-guidance system consists of a solid stainless 
steel acupuncture needle, with a diameter of 100 µm and a length of 4 mm. Th is needle was 
placed into a compliant mechanism, of which the components were cut out of a PolyOxyMeth-
yleen (POM) 0.5-mm thick plate using femtosecond laser cutting. Th e components were fi xed 
together with epoxy adhesive and had a PolyCarbonate (PC) cover. Th e buckling load in so  
tissue depends on the needle length, needle end state, needle material, and tissue stiff ness and 
is expressed as Eq. 3.2 [67]:

(3.2)

where n is the coeffi  cient corresponding to the end states of the needle [-], E is the Young's 
Modulus of the needle material [N mm-2], I is the moment of inertia of area of the needle 
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[mm4], lb is the effective buckling length of the needle [mm], and μ is the spring stiffness of the 
tissue where the needle is pushed through [N/m]. The needle will not buckle if the insertion 
force as described in Eq. 3.1 is lower than the buckling load (P > Fi). A smaller effective 
buckling length results in an increase in the buckling load, which means the needle can resist 
a higher insertion load. A smaller effective length was achieved by adding two support points 
to the guiding system, providing the needle two with fixed ends that double the buckling load. 
The needle is advanced cycle by cycle, similar to the lead-delivery system of a mechanical 
pencil. The authors proposed bellow tubes for a future needle design that can extend and 
retract to allow drug delivery or blood extraction without hindering the needle motion [66]. 
A preliminary test without load was performed by ejecting the needle into the air, which 
showed successful advancement of the needle with an extrusion length of 0.1 mm/cycle. A 
puncturing test in hydrogel agarose, as artificial skin, was performed successfully but showed 
an unintentional curvature in the needle path. The performed puncturing test in a PDMS 
elastomer sheet was unsuccessful, due to slipping at the grasping component. A load-force 
test showed slipping at ± 0.011 N, while a load of ± 0.078 N is required for puncturing PDMS, 
which has characteristics resembling human skin.

Inspired by the chameleon's tongue, O’Cearbhaill et al. [68] designed a needle with a ra-
dial mechanical clutch to prevent overshoot injuries in intravenous access, laparoscopic, and 
endo‐ and transluminal interventions. The radial clutch is formed by 16 biaxial stainless steel 
flat wires braided over a 1.1-mm diameter mandrel and crimped to a blunt rounded-tip stylet 
with 80-mm proximal and 50-mm distal length segments. This stylet-mounted clutch system 
is a universal design that is compatible with hypodermic or endoscopic needles. Here, it is 
assembled with a standard double-bevel, 100-mm length, 14- or 15-Gauge needle to compose 
the mechanical clutch needle. The chameleon's tongue has helical-wound collagen fibers in 
which the muscle extends axially to push the tongue forward. When compressed, the tongue 
is in tension, and when triggered, it extends to its relaxed conformation. The chameleon’s 
tongue has a bony interior similar to the internal body of a needle and the helical wound 
fibers behave like biaxial braids that extend radially when compressed. Figure 3.6a shows 
the five actuation phases of the needle clutch. The design was tested in human cadavers and 
showed successful deployment through the peritoneum (i.e., the membrane that surrounds 
the abdominal organs) and successful needle disengagement from the stylet. In an ex vivo 
porcine test, the needle demonstrated successful emergency airway access when entering the 
trachea (i.e., the throat) and stopped before hitting the back wall, preventing tracheal or vocal 
chord damage. A test in a porcine ear vein illustrated safe vascular access without the risk of 
damage due to puncturing through the target. 

While the above examples use 'guidance' as the primary strategy for safe needle insertion, 
it is often combined with other strategies for grip reduction or enlargement. Liu et al. [28] 
designed an insertion system added to the needle discussed in Chapter 3.3.2 Interlocking to 
have both stable needle insertion and tissue adherence. 
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Figure 3�6� Needle designs using diff erent propelling strategies� Th e drawings show the needle (gray), the pro-
pelling element (green), the outline of the skin the needle encounters (yellow), and the internal tissue (purple). (a) 
Chameleon-tongue-inspired needle-clutch design for guided external needle propelling, based on [68], including 
the needle (gray), the stylet (dark gray), the clutch (green hatched), and the target cavity (pink). Th e fi gure shows 
fi ve actuation stages of the needle design: (1) unloaded, no friction between stylet and needle, (2) the needle tip hits 
the tissue surface, the blunt stylet cannot puncture so the axial compression leads to radial expansion of the braided 
clutch, (3) the stylet and needle couple through friction and advance through the tissue as one, (4) the target cavity is 
hit, which causes a drop in resistance and only the stylet advances, in this way overshoot is prevented with automat-
ically stopping when the target is reached, (5) the stylet can now safely be retracted. (b) Wasp-inspired needle design 
principle for internal needle propelling using friction manipulation, based on [69]. Ovipositor-inspired needle inser-
tion into tissue with one advancing needle segment that experiences a friction force (Ff,i) and a cutting force (Fc,i) and 
two retracting needle segments that experience a friction force (Ff,j) in the opposite direction.

 3.4.2 Internal

Friction manipulation
Twenty-nine articles were collected presenting needles that use friction manipulation. Almost 
two-thirds of the needles were inspired by the parasitoid wasp, while the remainder were 
inspired by the mosquito. Th e parasitoid wasp has an ovipositor (i.e., an egg-laying organ) 
that consists of two or more valves connected with a dovetail interlocking mechanism that 
allows them to slide with respect to each other. Th e wasp advances one valve while retracting 
the other(s) to move through wood to reach a host to lay eggs while reducing the risk of 
buckling. Th e mosquito uses a similar mechanism as the wasp in combination with vibration, 
which served as a source of inspiration for Izumi et al. [48] and Suzuki et al. [66] as described 
in Chapter 3.3.1 Active. Th e internal friction-manipulation strategy was mainly used for 
hypodermic needles, with medical applications such as blood extraction, biopsy, and focal 
therapy. However, most prototypes do not have a specifi c application yet and are designed for 
general percutaneous procedures. 

One of the articles that describes a needle inspired by the ovipositor of the parasitoid 
wasp was written by Bloemberg et al. [69] who developed a self-propelling needle for biopsy 
and focal laser ablation to treat prostate cancer (Figure 3.6b). Th e needle system consists of a 
needle and a manual actuation unit that drives the needle. Th e needle consists of six parallel 
0.25-mm nitinol rods with a length of 200 mm and a total diameter of 0.8 mm connected at 
the tip by a shrinking tube glued to one of the rods. Th e self-propelling motion is achieved 
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by using the friction forces acting on the needle as described in Chapter 3.1.1. By advancing 
one rod a certain distance while retracting the others a fifth of that distance, the friction 
force on the retracting rods counterbalances the sum of the friction and cutting forces on 
the advancing rod. As a result, the needle moves forward step by step. Ex vivo tests in human 
prostate tissue inside a Magnetic Resonance Imaging (MRI) system showed that the needle 
tip position was visible in the MR image and demonstrated successful propelling with zero 
external push of the needle, preventing large tissue motion and deformation. However, the 
measured slip ratio of 0.82-0.96 mm implies a large difference between the expected and true 
traveled distances of the needle.

Another needle that uses the principle of friction manipulation and used the parasitoid 
wasp as a source of inspiration was developed by Frasson et al. [70], they designed a steerable, 
multi-part, flexible needle for soft tissue interventions such as brain surgery. The needle con-
sists of two interlocking segments that can move independently from each other, enabling the 
needle to be steered in a planar trajectory. Four prototypes were developed each with a length 
of 200 mm, a diameter of 12 mm or 9 mm, and a bevel-tip angle of 45° or 20°. Each needle 
segment contains two holes for securing the needle to mechanical transmission cables and 
two functional channels. One channel is for delivery or draining and the other contains an 
electro-magnetic tracking sensor that tracks the needle's position and orientation. To prevent 
buckling outside the tissue, the part of the needle that is not entering the tissue is supported 
by a trocar. The needle segments were 3D printed using the flexible rubber Digital MaterialTM 
DM 70shoreA, the tips were 3D printed using a more rigid material DM 95shoreA to ensure a 
fixed bevel-tip without tip buckling. VeroWhite rigid plastic was added to the distal end of the 
needle to improve material toughness at the stress points where the mechanical transmission 
cables are connected. The interlocking segments of the needle allow it to be steered in a plane. 
The advanced segment becomes the leading segment and the offset between the segments 
creates an unsupported length that determines the deflection magnitude. Modifying this 
offset reorients the approach angle of the tip and thus controls the needle trajectory. The 
prototypes were evaluated in a gelatin phantom that replicates the canine brain, and different 
steering offsets were actuated via software. The evaluation showed an approximately linear 
relation between the curvature and steering offset. Furthermore, a smaller needle diameter 
resulted in a larger curvature but with greater planar motion uncertainty. Lastly, a larger tip 
angle resulted in a larger curvature but also led to greater instability due to the forces acting 
on a smaller bevel-tip area.

The friction manipulation strategy is well-suited for steering due to the independent 
movement of the parallel needle segments. This is the only strategy that explores steering of 
the needle and the corresponding challenges due to the high compliancy and deformability 
of soft tissue. The needle designs are still prototypes with diameters varying between 12 mm 
[70, 71] and 0.03 mm [30] and the number of needle segments varying between two [70, 72], 
three [30, 44, 48, 49, 67], four [1, 71, 73-84], six [67, 69], and seven [3, 12].
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 3.5 Discussion

 3.5.1 Comparative analysis
Th is review provides an overview of the working principles of bioinspired medical needles. 
Th e bioinspired needle designs can be classifi ed based on how they modify the needle-tissue 
interaction and the propelling of the needle through the tissue. Th e needle design can modify 
the interaction with the tissue to serve two goals: (1) reducing the grip for smooth needle 
insertion and (2) enlarging the grip to resist needle retraction. 

Figure 3.7a shows that the majority of the collected articles present bioinspired medical 
needles that use either translation as an active strategy or form modifi cation as a passive 
strategy to reduce grip. Translation, as one of the most frequently described strategies, might 
be related to it not only being used as the main strategy in the form of vibration but also for 
friction manipulation. Form modifi cation as one of the most frequently described strategies 
may be correlated to the upward trend of additive manufacturing in medical devices [85], 
since the needle form is o en modifi ed using 3D printing. Only a few articles (i.e., two ar-
ticles) were found describing needles that use rotation as a strategy. Th is may be because 
rotating the needle focuses more on the actuation instead of the design of the needle itself. 
Th ere may be opportunities in exploring the use of rotation techniques in needle design, by 
taking inspiration from the boring techniques of shipworms or the ovipositors of locusts. 

Th e enlarging grip strategy was mainly used in MN patches that need to attach to the 
skin for a longer period of time. Figure 3.7a shows that the majority of collected articles use 
interlocking as a strategy to enlarge grip. Th is result may be explained by the abundance 
of interlocking features in nature. In addition, since interlocking is mainly realized through 
form modifi cation, the same explanation of the upward trend in additive manufacturing as for 
passive form modifi cation applies. An interesting fi nding is that the most common method 
of form modifi cation is adding barbs, which is both used to reduce grip in a passive way and 
enlarge grip through interlocking. In nature, this method is seen in animals and plants. Th e 
smallest number of collected articles (i.e., three articles) describe needles using sucking and 
adhering as a strategy to enlarge grip. One could speculate that this is due to the fact that only 
the octopus was used as a source of inspiration and the complexity of its suction cup. Other 
organisms could be explored, such as the mouth of tadpoles or the water management system 
of tree roots. Th e lamprey's mouth, for instance, is used for interlocking and also has sucking 
capabilities.

Th e results of the classifi cation based on propelling show that the majority of collected 
articles describe needles that implement free-hand insertion (Figure 3.7b). Th is may be 
explained by the fact that most needles have not (yet) implemented a needle-propelling 
strategy. Friction manipulation is the second largest propelling group, which correlates with 
translation being the largest interacting group since friction-manipulation and translation 
strategies are o en applied together. It is possible that there are alternative ways to manip-
ulate friction without using translation. As for now, only friction manipulation is used as a 
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strategy to implement steering, but it may be possible that alternative bioinspired strategies 
for steering exist. Surprisingly, guided needles are the smallest group, this could have the 
same explanation as above that most articles did not consider the needle propelling design 
yet. Another possible explanation could be that a guidance system is designed separately (i.e., 
excluding the needle). 

In almost all collected articles, a combination of strategies was used to improve the needle 

Figure 3.7. Number of collected articles, classified based on the needle's source of bioinspiration and strategy for 
(a) needle-tissue interaction (reduce grip or enlarge grip) and (b) propelling (free hand, guided, or friction ma-
nipulation). Note: articles describing needles that use multiple bioinspiration sources for one strategy are counted as 
one entity divided over the number of different bioinspiration sources (e.g., 1/2 parasitoid wasp and 1/2 mosquito).
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design. In nature, multiple strategies are o en combined as well; for example, the mosquito 
fi rst anchors into the skin and then advances by using friction manipulation and vibration. In 
general, further research is needed to determine the optimal combination(s) of needle-tissue 
interaction and propelling strategies for diff erent medical applications.

Figure 3.8 shows that the main sources of bioinspiration are insects (indicated by the pur-
ple-tinted colors), which may be due to the presence of needle-like stingers in many insects. 
Another common source of inspiration is parasites, which may be related to their infi ltrating 
characteristics. An interesting fi nding is that for the translation strategy, only insects were 
used as a source of inspiration, while for interlocking, a wider variety of bioinspiration sources 
was used. Th ese results may partially be explained by the many varieties in nature that can be 
found using interlocking strategies. Overall, animals were more commonly used as a source 
of inspiration than other organisms such as plants or fungi. However, these other organisms 
also off er a variety of interesting strategies and shapes worth exploring. 

Figure 3�8� Distribution of bioinspiration sources in the collected articles� Note: articles that use multiple bio-
inspiration sources are counted as one entity divided over the number of diff erent bioinspiration sources (e.g., 1/2 
parasitoid wasp and 1/2 mosquito).
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Among the developed needles in the collected articles, additive manufacturing is the most 
commonly used manufacturing method, with 33 out of 80 articles utilizing some form of 3D 
printing. Within the 3D printing techniques used, UV lithography with photoresin is par-
ticularly prevalent due to its high precision. Other 3D printing techniques include material 
extrusion and magneto-rheological drawing lithography, with material choices depending 
on the specific 3D printing method, this results in plastics being the most commonly used 
material. Molding is the second most common manufacturing method and is used in 15 out 
of 80 articles. The molds were commonly made out of PDMS, although metal molds made 
from aluminum were also used. Silk fibroin, silicon, or hydrogel were used to fill the mold 
and were cured with a UV light. Another technique that is utilized in 12 out of 80 articles 
is removing material via laser cutting or etching. Lastly, 12 out of 80 articles used off-the-
shelf parts assembled into the final prototype, with some parts modified by laser cutting. The 
material choices depended on the desired properties of the needle design and the employed 
manufacturing method. For flexible designs, rubber was often chosen while for designs that 
needed more strength, ceramics and metals were used. Some articles specifically focused on 
material and manufacturing method selection, such as Schneider et al. [36], who explored 
different manufacturing methods and corresponding materials. A few articles only included a 
computer-simulated model of the needle, rather than a manufactured design.

Most of the collected articles did not define a specific medical application and were 
designed for general percutaneous procedures (Figure 3.9). This is likely because most of 
the designs are still in the prototype phase and are not yet commercially available. While de-
signing for a general purpose may be beneficial to create widely applicable needles, designing 
for a specific medical application can be beneficial when optimizing for a task. Drug delivery 
is the largest specific medical application of MN patches, as they are primarily designed for 
this purpose. Since it is important to stay attached to the skin during drug delivery, the main 
strategy is grip enlargement for which a variety of bioinspiration sources was used. Interesting 
to note is that mosquitoes are the only organisms used as inspiration for blood extraction 
applications, likely due to their blood-sucking abilities. Further research should be under-
taken to investigate the potential of other bloodsucking organisms and their usability for this 
medical application.

3.5.2 Limitations and recommendations
A systematic approach was employed to increase the likelihood of identifying relevant bioin-
spired needle designs. Nevertheless, it is possible that relevant articles on bioinspired medical 
needles were missed due to, for instance, missing relevant keywords. The literature search 
was conducted using general terms such as bioinspiration rather than specific organisms. 
Snowballing resulted in additional articles with titles including 'mosquito-inspired needle'. 
Therefore, it is likely that there are other specific bioinspired terms used in article titles that 
were not found when using the more general keyword 'bioinspiration.' 

As already stated by Rahamim and Azagury [86] there should be a general use of bioinspi-
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Figure 3�9� Number of collected articles, classifi ed based on the needle's medical application and source bioin-
spiration� Note: articles describing needles that use multiple bioinspiration sources are counted as one entity divided 
over the number of diff erent bioinspiration sources (e.g., 1/2 parasitoid wasp and 1/2 mosquito).

ration terms to prevent misuse or disuse of the term. Moreover, it can increase the audience 
and progress of the fi eld. It is possible that the collected articles do not represent the entire 
fi eld, as a large number of the articles were published by the same research groups and contain 
developments on previous publications of the same prototype. Additionally, only a limited 
number of databases (i.e., Scopus, Web of Science, and PubMed) were used for the reproduc-
ibility of this study. Furthermore, the articles were manually selected following the eligibility 
criteria, however, manual selection is always biased due to the interpretation of the criteria.

It might be diffi  cult to draw conclusions about which strategy is most eff ective based on 
the results published in diff erent articles. Th e test setups varied among articles; for instance, 
in some articles, needles were tested ex vivo on porcine skin or organ tissue, while others were 
tested in vivo on mice or in vitro on tissue phantoms made of PVC or silicon. Th e measured 
variables of the tests varied as well; some articles reported the reduced insertion forces, while 
others reported the durability or drug distribution.

An interesting direction for future research is the use of biomaterials for the needle design, 
such as Yoshida and Takei [87], who designed a needle from a human hair or Olatunji et al. 
[88], who created a needle from fi sh scales. A second interesting direction is the use of bio-
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logical processes, such as Gao et al. [89], who used bioinspired crystallization for the needle 
design. In addition to investigating needles themselves, it may be useful to consider robotic 
needle systems. Zhang et al. [90] showed a robotic needle system design based on a leech, this 
system, rather than steering the needle to the target, moves the tissue, and thus the target, to 
the sucking arm. For grip-enlarging strategies, it may be useful to examine gripper designs 
instead of needle designs. There were only three articles collected describing needle designs 
using suction and adhesion strategies. These needle designs have significant overlap with 
medical gripper designs. Therefore, medical gripper designs could potentially be integrated 
with needles as demonstrated by Joymungul et al. [65]. 

3.5.3 Temporal distribution and future perspective
The design of medical needles using bioinspiration is a relatively new field, with the first 
article on the topic being published in 2002 [56]. Figure 3.10 shows an increasing number of 
publications concerning bioinspired needles over the last 20 years. Not only has the quantity 
increased, but also the variety of the used bioinspiration sources has increased. During the 
first 15 years, bioinspiration for needle design was largely limited to the parasitoid wasp and 
mosquito. However, in the past four years, a variety of over 25 species has been investigated, 
and this trend is likely to continue in the future. The adhering and sucking strategies appeared 
in 2020 and 2021. Thus, we can expect that especially those strategies will develop in the 
future. However, it is important to note that the included articles consider prototypes that are 
not yet suitable for clinical practice. This is particularly evident in the fabrication methods, 
where, as stated before, 3D printing is most commonly used. While 3D printing is useful 
for prototyping, it is not suitable for high-volume production due to its high costs. More 
suitable production methods include the use of molds such as ferrofluid molding, as used by 
Zhang et al. [23]. The development of production techniques will enable the development of 
bioinspired needles and the fabrication of needles in their required shape. 

The implementation of bioinspired needles in clinical practice is expected to take time 
due to the need for thorough testing and compliance with healthcare regulations. However, 
it is likely that bioinspired needles will become a less painful and more accurate alternative 
to current hypodermic needles and MN patches. Additionally, MN patches might be used as 
wearable drug delivery systems for conditions such as diabetes.

3.6 Conclusion
This review provides a comprehensive overview of the current developments in bioinspired 
needles for medical applications. A scientific literature search of bioinspired needles was 
conducted using Scopus, Web of Science, and PubMed. In total, 80 articles were included 
and classified according to their needle-tissue interaction and needle propulsion. The 
needle-tissue interaction can be modified to reduce or enlarge grip strategies. Passive and 
active strategies were identified to reduce grip, including form modification, translation, and 
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rotation. Among them, form modification was the most commonly used. To increase grip, 
interlocking, sucking, and adhering strategies were identified, with interlocking being the 
most common. External needle propulsion strategies include free hand and guided, with free 
hand being the most common, but lacking a bioinspired aspect. Internal propelling could be 
achieved through friction manipulation of the tissue. Multiple strategies can be combined to 
design an optimal needle for accurate targeting, minimal tissue damage, and pain reduction, 
surpassing conventional hypodermic needles and MN patches. While these designs are still 
in developmental stages, they provide ample opportunity for designers to improve existing 
prototypes or draw inspiration from these strategies to create a new generation of bioinspired 
needles that could have a significant impact on the medical world.

Supplementary material
The appendices underlying this study are available at doi: 10.1088/1748-3190/acd905. 
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Chapter 4

Abstract
Conventional cancer treatments such as radical surgery and systemic therapy targeting the 
organ or organ system might have side effects because of damage to the surrounding tissue. 
For this reason, there is a need for new instruments that focally treat cancer. This review 
provides a comprehensive overview of the patent literature on minimally and noninvasive 
focal therapy instruments to treat localized cancer. The medical section of the Google Patents 
database was scanned, and 128 patents on focal therapy instruments published in the last two 
decades (2000-2021) were retrieved and classified. The classification is based on the treatment 
target (cancer cell or network of cancer cells), treatment purpose (destroy the cancerous 
structure or disable its function), and treatment means (energy, matter, or a combination of 
both). We found patents describing instruments for all groups, except for the instruments 
that destroy a cancer cell network structure by applying matter (e.g., particles) to the network. 
The description of the different treatment types may serve as a source of inspiration for new 
focal therapy instruments to treat localized cancer.
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 4.1 Introduction

 4.1.1 Background
Patients diagnosed with cancer encounter a dilemma: the choice of the type of treatment. 
Th ere is a wide range of possible cancer treatment modalities, including radical surgery, 
radiotherapy, and systemic treatment, such as chemotherapy, hormonal therapy, or immu-
notherapy [1]. Treatments targeted at the organ or the organ system might have side eff ects 
because of damage to the surrounding tissue [1-3]. A strategy to overcome this problem is 
to focus the treatment on the cancer cells (i.e., the lesion), thereby preserving noncancerous 
tissue, a method called focal therapy [4-6]. 

Th ere is no consensus in the literature on the exact defi nition of focal therapy. In this 
review, we defi ned focal therapy as a minimally or noninvasive therapy that focuses on the 
localized killing of cancer cells without resecting them. Th e remaining dead cancer cells are 
subsequently resorbed via normal body mechanisms [7]. Focal therapy is possible when the 
cancer is detected at an early stage because then the cancer cells are still positioned locally in 
an organ-confi ned space [8-10].

Th e localized killing by focal therapy aims at diff erent organizational levels of the body 
as compared to conventional treatment such as systemic therapy. Th e structural hierarchy 
of the human anatomy consists of distinct levels of organization that increase in complexity: 
the cellular, tissue, organ, organ system, and organismal level [11]. Th e cancer tissue/network 
comprises the cancer cells and their vascular network for the supply of oxygen and nutrients 
and the removal of waste products, essential for the cancer progression [12]. Every level of 
organization is characterized by its anatomy (the structure) and physiology (the function), 
both being essential for its existence [11]. Focal therapy targets either the tissue or the cell 
level, whereas radical surgery targets the cancer cell network and a margin of normal tissue 
surrounding it (e.g., the whole organ in radical prostatectomy), and systemic therapy targets 
the organ system [13-15]. 

 4.1.2 Problem defi nition
Cancer treatments such as radical surgery and systemic therapy damage not only the cancer 
cells but also the surrounding tissue, leading to undesirable side eff ects [1-3]. Th e damage 
might lead to functional problems. For example, prostate cancer patients who receive a stan-
dard radical treatment, including radical prostatectomy or radiotherapy, are at risk of side 
eff ects that impair urinary, sexual, or bowel function [16-18]. 

Focal cancer treatment reduces the risk of side eff ects. Focal treatment is possible when 
the cancer is unifocal. Recently, there has been an increasing interest in focally treating 
unifocal prostate cancer [3]. Th e anatomy and physiology of both the cancer cell and the 
network of cancer cells facilitate a wide range of focal therapy instruments. Focal therapy 
instruments comprise a collection of instruments using diff erent means (e.g., energy such as 
ultrasound waves) to target various properties of the lesion to cause local cell death [6, 19]. 
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A clear classification of focal therapy instruments, described in the patent literature, would 
serve as an overview of the treatment types applied by focal therapy instruments. This study 
focuses on patent literature because it provides insights into the future directions of the tech-
nologies applied by the instruments described in patents. To our knowledge, a comprehensive 
overview of the patent literature on focal therapy instruments to treat localized cancer is not 
yet available. 

4.1.3 Goal and structure
This study presents a comprehensive overview of the patent literature on focal therapy in-
struments to treat localized cancer. We decided to focus on focal treatment instruments for 
unifocal cancer in general, because the working principle of instruments to treat, for example, 
prostate cancer, could also be of interest for the treatment of unifocal cancers in other organs 
such as the breast, kidney, or liver. An overview of the patent literature on focal therapy 
instruments provides insights into the future directions of the technologies applied by these 
instruments. The relevant patents were classified based on their treatment target, purpose, 
and means. First, the method of the patent search on focal therapy instruments is described 
in Chapter 4.2. Next, the instruments found in the patents are categorized and described. The 
classification of the focal therapy instruments targeting the individual cancer cells is described 
in Chapter 4.3. The classification of the focal therapy instruments targeting the network of 
cancer cells is described in Chapter 4.4. Then, the commercially available instruments are 
discussed in Chapter 4.5. The types of treatment and the instruments are discussed in relation 
to the temporal distribution of the classified patents in Chapter 4.6. Chapter 4.7 presents the 
conclusion.

4.2 Methods

4.2.1 Patent search
A search within the patent literature for medical instruments used for focal therapy to treat 
localized cancer was conducted using the Google Patents database (accessed June 2021). Our 
search query was a Boolean search term consisting of a combination of keywords related to 
(1) the focal character of the treatment, (2) the type of treatment, (3) the pathology to be 
treated, and (4) the treatment tool and its design (Figure 4.1a).

We looked for the above-mentioned combination of search terms at the claims, title, and 
abstract of the patents. We restricted our search to patents linked to the Patent Cooperation 
Treaty (PCT), by using the prefix “WO” in the search term. Furthermore, we restricted our 
patent literature search to patents published after 1 January 2000. Lastly, we restricted our 
search within the medical field with the World Intellectual Property Organization (WIPO) 
code “A61”, which corresponds to the medical or veterinary science and hygiene class of 
human necessities. This class contains several subclasses and lower-level groups. Taking all 
of this into account, we focused our search on the following subclass and groups: “A61N” 

Thesis.indb   82Thesis.indb   82 25-8-2025   15:47:3025-8-2025   15:47:30



A Patent Review of Focal Th erapy Instruments

4

83

Figure 4�1� (a) Visual representation of (a) the search query, (b) the patent selection method, and (c) the classifi -
cation� (a) Th e search query consists of four groups of keywords that (i) limit the search to focal activities (rather than 
global/systemic), (ii) limit the search to treatments to cure the target area, (iii) limit the search to localized cancer, 
and (iv) limit the search to the tool design. (b) Schematic representation of the patent selection method. (c) Focal 
therapy instruments are classifi ed as either targeting the individual cancer cells or the network of cancer cells. In 
either case, two types of treatment purposes can be distinguished: to destroy the structure or to disable the function.

representing “Electrotherapy, magnetotherapy, radiation therapy, ultrasound therapy”; 
“A61B6” representing “Apparatus for radiation diagnosis, e.g., combined with radiation 
therapy equipment”; “A61B18” representing “Surgical instruments, devices or methods for 
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transferring non-mechanical forms of energy to or from the body”; “A61B34” representing 
“Computer-aided surgery; Manipulators or robots specially adapted for use in surgery”. The 
entire search query was:

(CL = ((focal OR ablati* OR thermal OR cryo* OR "focused ultrasound" OR  photodynamic 
OR brachy*) AND (therapy OR treatment OR surgery) AND (cancer OR tumour OR neoplasm) 
AND (instrument OR instrumentation OR "equipment design" OR "machine design" OR ap-
paratus OR needle OR probe)) OR TI = ((focal OR ablati* OR thermal OR cryo* OR "focused 
ultrasound" OR photodynamic OR brachy*) AND (therapy OR treatment OR surgery) AND 
(cancer OR tumour OR neoplasm) AND (instrument OR instrumentation OR "equipment 
design" OR "machine design" OR apparatus OR needle OR probe)) OR AB = ((focal OR ablati* 
OR thermal OR cryo* OR "focused ultrasound" OR photodynamic OR brachy*) AND (therapy 
OR treatment OR surgery) AND (cancer OR tumour OR neoplasm) AND (instrument OR 
instrumentation OR "equipment design" OR "machine design" OR apparatus OR needle OR 
probe))) (A61B6 OR A61B18 OR A61B34 OR A61N) country:WO before:publication:20210601 
after:publication:20000101 language:ENGLISH.

4.2.2 Eligibility criteria
The scope of this study was to make an overview of medical instruments that use focal therapy 
to treat localized cancer. Solely patents explaining the mechanical design of an in vivo focal 
therapy instrument to treat internal localized cancer were included. Patents for general focal 
therapy devices (i.e., not specifying the type of focal therapy, such as a single instrument 
that houses a catheter for cryotherapy, thermal treatment or delivery of a chemical agent 
or a single instrument designed to achieve ablation by microwave, radiofrequency, ultravi-
olet, ultrasound, or laser energy) and patents only focusing on the method of focal therapy 
but not on a device were excluded. Instruments only intended for veterinary medicine and 
instruments only for imaging, positioning, navigating, or monitoring were also excluded. 
Patents that only added a feature that does not relate to the focal working mechanism of an 
instrument presented in a different patent were excluded as well.

4.2.3 Patent search results
The search yielded 780 patents (last update June 1, 2021). Based on the eligibility criteria, the 
titles, and when in doubt, the abstracts, figures, and full-texts were checked subsequently. After 
full-text inspection, 128 patents were identified, fulfilling all eligibility criteria (Figure 4.1b). 

4.2.4 Classification of focal therapy instruments
The results of our patent search revealed two types of targets for the focal therapy treatment: 
the individual cancer cells and the network of the cancer cells. In both cases, two types of 
treatment purposes were identified: to destroy the structure or to disable the function 
(Figure 4.1c). For each of these purposes, we made a distinction between instruments that 
use energy (e.g., heat caused by electromagnetic waves, ultrasound waves, or thermally con-
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ductive elements) to interact with the individual cells or the network, instruments that use 
matter (e.g., chemical substances such as ethanol and antiandrogen), and instruments that use 
a combination of energy and matter (e.g., magnetic particles in combination with a magnetic 
fi eld or photosensitive particles activated by light).  

 4.3 Destroy cancer cells on a cell level
Focal therapy instruments that target the individual cancer cells apply their treatment on each 
cell, thereby destroying the structure (Chapter 4.3.1) or disabling the function (Chapter 4.3.2) 
of each cell. Th e classifi cation of the patents on focal therapy instruments to treat cancer on 
the individual cancer cell level resulted in six groups of focal therapy instruments. Figure 4.2a 
presents a graphical summary of the instrument classifi cation, listing all the retrieved patents 
for each group of focal therapy instruments. Each subsubsubchapter describes the mechanical 
design variations of the focal therapy instruments classifi ed into one group and the specifi c 
cancer types for which the instruments are designed. 

Figure 4�2� (a) Classifi cation of focal therapy instruments to destroy cancer cells on cell level� (b) Classifi cation 
of focal therapy instruments to destroy cancer cells on network level� Th ese classifi cations also serve as schematic 
illustrations of the layout of Chapters 4.3 and 4.4. 
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4.3.1 Destroy cell structure

Destroy cell structure by applying energy
Sixty-seven patents were retrieved presenting instruments that destroy the structure of cancer 
cells by applying energy to the cells. A number of mechanical design variations, applying 
various types of energy, have been developed, targeting different parts of the cell structure. 
To date, most focal therapies using energy as a destruction mechanism are achieved by either 
High-Intensity Focused Ultrasound (HIFU) or cryotherapy [20-22]. Other focal therapies 
using energy to destroy the cell structure comprise IrReversible Electroporation (IRE), 
brachytherapy using ionizing radiation, and various treatment methods inducing thermal 
ablation or photodisruption [23].

Ultrasound is a form of mechanical wave transmission [24]. HIFU can be used for both 
thermal and mechanical destruction mechanisms [25]. Non-thermal ultrasound induces 
dense, energetic bubble clouds or boiling bubbles combined with shock fronts causing 
cell death by mechanical disintegration, called histotripsy [26]. Histotripsy is achieved 
using acoustic pulses with an intensity that is at least five times higher than the intensity 
of ultrasound used in thermal ablation [25]. As an example of non-thermal ultrasound, the 
instrument described by Roberts et al. [27] contains an external ultrasound transducer placed 
on a robotic arm to treat prostate tumors (Figure 4.3a). The ultrasound system is in acoustic 
contact with the patient’s perineum. It controllably applies ultrasound energy into the prostate 
by maintaining a bubble cloud within the image generated by a transrectal ultrasound probe. 
A similar external ultrasound transducer design was developed for brain cancer treatment 
[28]. A design for an internal probe that delivers pulsed electric energy for non-thermal cell 
destruction was described by Gleiman et al. [29].

Cryoablation relies on removing thermal energy from tissue to cause local freezing and 
consequently physical disruption due to mechanisms such as intracellular ice, ice crystals that 
cause shear stress, or extracellular ice crystals that remove water from cells [30]. The low tem-
perature is achieved by the Joule-Thomson effect that describes the decrease in temperature 
of a fluid caused by the decrease in pressure on the fluid [31]. To illustrate, in the cryoprobe 
described by Surtees et al. [32] (Figure 4.3b), the tip of the cryoprobe is positioned adjacent 
to the target cells and is cooled by a cryogen gas to less than -50 °C and subsequently heated 
to 5 °C using both active and passive thawing in free-thaw-freeze cycles [5], causing cell 
destruction. The cryogen gas is throttled through a Joule-Thomson nozzle and subsequently 
circulated within the probe. Heat is drawn from the target cells, and a growing ice mass is 
formed around the tip, eventually encompassing the target cells. The instrument further 
includes an ultrasound component for intra-procedural monitoring. Similar cryoprobes have 
been proposed by a number of inventors [33-35]. Other design variations include an instru-
ment consisting of multiple rigid probes in a grid [36] or a flexible endoscopic catheter [37]. 

An electric field in contact with cells causes IRE by changing the electrochemical potential 
across the cell membrane, which opens the cell membrane causing the cells to die [38]. The 
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Figure 4�3� Patents of focal therapy instruments to destroy the cancer cell structure or disable the cancer cell 
function� Th e drawings show the outline of skin the instrument encounters (purple), the energy transducing element 
(green), the energy sent to the target (green dashed), the matter source (orange), the matter sent (orange dashed), and 
the target region (red). (a) Instrument for nonthermal ultrasound treatment, from [27]. (b) Instrument for cryoabla-
tion, from [32]. (c) Distal tip of instrument for chemical ablation, from [104]. (d) Cap for cold plasma ablation, from 
[112]. (e) PhotoDynamic Th erapy (PDT) instrument inserted in the patient showing the ultrasound monitoring sys-
tem, from [118]. (f) Photosensitizer released from the perforations in the distal needle sha , from [118]. (g) Needle 
sheath withdrawn exposes the fi ber optic tip for light delivery, from [118]. (h) Instrument for magnetic treatment 
(front view), from [169]. (i) Instrument for magnetic treatment (side view), from [169]. (j) Instrument for thermal 
treatment using radio waves, from [58]. (k) Instrument for antiandrogen administration, from [107]. (l) Instrument 
using injectable Magneto-Electric NanoParticles (MENPs) and a magnetic fi eld system, from [142]. (m) Instrument 
for thermal treatment using electrodes and dissolvable salts, from [152].
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irreversibility depends on the voltage, waveform, and frequency of the current [39]. IRE 
instruments designed to be introduced inside the body can consist of an implant [40] or a 
percutaneous handheld probe [41-43].

Electromagnetic radiation can be described as a wave or a collection of particles, known 
as photons [44]. We classified focal therapy instruments using electromagnetic radiation as 
instruments using energy instead of matter because photons possess no rest mass. The elec-
tromagnetic spectrum can be divided into non-ionizing and ionizing radiation. The boundary 
between non-ionizing and ionizing radiation occurs in the ultraviolet field but is not strictly 
defined [45]. Ionizing radiation causes chemical bonds to break by removing electrons, 
whereas non-ionizing radiation only causes heating of the substance [45]. Ionizing radiation 
causes cell death by depositing energy in cancer cells, thereby damaging their genetic material 
[46]. Instruments have been developed using different types of ionizing radiation, including 
X-ray radiation [47-49], gamma-radiation [50], and light radiation [51, 52].

Ablative technologies relying on high temperatures (> 60 °C) affect both the cell structure 
and the cell function causing coagulative necrosis [39]. Coagulative necrosis is a form of 
necrosis where both the structural proteins and the enzymes of the cell are damaged, which 
partly explains the late onset of dead tissue removal in this type of necrosis [39, 53]. Instru-
ments can use different heat-generating or transmitting mechanisms to achieve cell death, 
including non-ionizing electromagnetic waves (i.e., radio waves, microwaves, and light), 
thermally conductive elements, and ultrasound waves. For electromagnetic waves, there is a 
trade-off between penetration depth and focusing [54]. Therefore, most instruments relying 
on electromagnetism are instruments in direct contact with the target tissue (e.g., internal 
probes or implants). This applies to radio wave probes [55-74], radio wave implants [75], 
microwave probes [76-84], and laser light probes [85, 86]. Direct contact is also necessary 
for heat-conducting and electrification probes [43, 87-89]. An exception is an external mi-
crowave system that uses two or more microwave transducers with reinforcing wave patterns 
to achieve the required penetration depth without direct contact with the target tissue [90]. 
Besides non-ionizing electromagnetic waves, ultrasound (e.g., HIFU) can also destroy and 
disable cancer cells [25]. Thermal HIFU does not cause mechanical disintegration of the cells 
like non-thermal HIFU, but it causes coagulative necrosis. HIFU can achieve adequate tissue 
penetration without affecting the focusing because it is a mechanical wave [54], which enables 
the design of external ultrasound transducers [91-96], as well as internal ultrasound probes 
[97-101] and implants [102] for thermal ultrasound. 

Most patents focusing on destroying cancer cells based on energy principles describe 
instruments used for cancer treatment in general. However, some patents describe 
body-part-specific cancer treatments, including brain cancer [28, 102], lung cancer [61, 
66, 74, 90], breast cancer [93, 96], endometrial cancer [67], adrenal cancer [64], prostate, 
thyroidal, bladder, or kidney cancer [27, 47, 50, 51, 94], and cancer in body tracts such as the 
gastrointestinal or urinary tract [47, 52].
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Destroy cell structure by applying matter
Eight patents were retrieved presenting instruments that destroy the structure of the cancer 
cell by applying matter to the cells. Focal therapy modalities using matter to destroy the cell 
structure are chemical ablation and Cold Atmospheric Plasma (CAP).

Chemical ablation is the non-thermal, percutaneous ablation of target cells using ablative 
substances (e.g., ethanol) [103]. Th e ablative substance generally achieves cell destruction by 
dehydration of the cytoplasm, protein denaturation, and coagulation necrosis [103]. Toth et 
al. [104] describe a suitable probe for the internal delivery of a chemical agent (Figure 4.3c). 
Th e distal end of the probe is able to penetrate the target tissue and has delivery ports arranged 
along it. A balloon at the tip ensures contact between the target tissue and the delivery ports. 
Sensors at the tip allow for intra-procedural monitoring by measuring temperature, physi-
ological changes, and/or electrophysiological changes associated with the delivery process. 
Similar chemical delivery probes are presented in a number of other patents [64, 89, 105-107].

CAP is a treatment modality based on quasi-neutral ionized gas [108]. CAP creates reac-
tive oxygen and nitrogen species (e.g., hydroxyl, hydrogen peroxide, and nitrogen dioxide), 
which selectively kill cancer cells, by amongst others DNA damage [109-111]. Barthel [112] 
describes plasma-producing caps that fi t at the end of an endoscope (Figure 4.3d). Th e cap 
contains multiple plasma delivery ports and an ignition device to produce the ionized plasma. 
Th e endoscope camera can be used for intra-procedural monitoring. A similar design was 
presented by Krasik et al. [113].

Some patents for destroying cancer cell structures using matter have been developed 
for body-part-specifi c cancers, including esophageal cancer [112], adrenal cancer [64], and 
prostate cancer [105, 107].

Destroy cell structure by applying energy and matter
Forty-six patents have been found presenting instruments that destroy the structure of the 
cancer cells by applying both energy and matter to them. PhotoDynamic Th erapy (PDT) 
is one of the best-studied focal therapy modalities for cancer treatment [114]. Other focal 
therapy modalities using combined energy and matter to destroy the cell structure are particle 
brachytherapy, reversible electroporation, and cryotherapy.

PDT involves administering a photosensitizer followed by activating the photosensitizer 
by the irradiation of a specifi c wavelength [115-117]. Th e activated photosensitizer generates 
radical oxygen species (superoxide and hydroxyl) that cause irreparable damage to the cell 
structure, thereby killing the cells [115]. Chen et al. [118] developed a needlelike probe 
comprising an internal passageway to introduce an acoustic assembly (Figure 4.3e), a photo-
sensitizer assembly (Figure 4.3f), and a photoactivation assembly (Figure 4.3g). Th e probe can 
be positioned percutaneously or endoscopically and comprises a balloon to lock the device in 
place. An external steering mechanism is used to orient the distal end of the probe within the 
target region. Th e acoustic assembly in combination with the ultrasound device is used as an 
intra-procedural monitoring system. Th e photosensitizer is delivered from the perforations 
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in the distal needle shaft of the photosensitizer assembly to the target cells adjacent to the 
outer surface of the target region. The photosensitizer is activated by an optical fiber delivered 
through the photoactivation assembly. Similar probe designs [119-122], or design variations 
with separate internal delivery instruments [123, 124], or an internal and external delivery 
instrument [125, 126] have also been reported. 

Ionizing radiation with charged particles is able to cause DNA damage in cancer cells 
[127]. In contrast to the ionizing radiation using photons described in Chapter 4.3.1 Destroy 
cell structure by applying energy, we classified ionizing radiation with charged particles as 
instruments that use matter because the charged particles do possess a mass. Patents were 
found using alpha-particles [128-131], beta-particles [131, 132], neutrons [133], or positrons 
[134]. Most instruments have been developed to be placed internally (i.e., internal probes, 
needles, or implants) [128-132] because of the low penetration depth of particles, except for 
neutrons. High energy atoms, called plasma, do not target the cell DNA but aim at destroying 
the cell structure as a whole by thermal tissue evaporation, using an internal probe [135].

Reversible electroporation is able to cause cell death by increasing the membrane perme-
ability to enable access to a cytotoxic agent (electrochemotherapy) [136]. The electrodes and 
the cytotoxic agent can be co-positioned [137, 138] or introduced separately [139]. IRE can 
be enhanced by systemically administered nanoparticles that increase the treatment area or 
the cancer cell selectivity [140, 141], magneto-electric nanoparticles responsive to magnetic 
fields [142], or a conductive fluid [143, 144]. 

Cryotherapy instruments, as described in Chapter 4.3.1 Destroy cell structure by applying 
energy, are hindered by the risk of sticking to and tearing tissue, as well as their requirement 
for precise contact [145, 146]. We found two patents describing a flexible catheter that delivers 
low-temperature matter (spray cryotherapy), to overcome these problems [147, 148]. 

Some hyperthermia mechanisms to destroy cancer cells require a combination of energy 
and matter. A distinction can be made between a single medium that contains both the energy 
and the matter (e.g., a heated fluid or vapor delivered with an internal probe) [149, 150] and 
different mediums for the energy and the matter. For the latter, a distinction can be made 
between a single instrument that administers both the energy and the matter (e.g., an internal 
probe with distinct channels) [151-156], separate instruments for the energy and the matter 
[157, 158], and a single instrument that delivers either one of them (externally for ultrasound 
and magnetic systems and internally for electromagnetic wave systems) and a general instru-
ment used in surgery to deliver the other (e.g., nanoparticles administered by injection, orally, 
or nasally) [159-165]. Another mechanism for focal treatment is local drug delivery using 
thermosensitive liposomes [166]. The internally administered liposomes can be activated by 
an internal probe [167] or an external system [168].

Most patents developed to destroy cancer cells based on combined energy and matter 
principles describe an instrument used for cancer treatment in general. However, some in-
struments for body-part-specific cancer treatment have also been reported, including brain 
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cancer [143], lung cancer [148], cancer in the female reproductive system [147], and prostate 
cancer [150].

 4.3.2 Disable cell function

Disable cell function by applying energy
Fi y-one patents were retrieved presenting instruments that disable the function of the can-
cer cells by applying energy to the cells. Both magnetism and hyperthermia can be used to 
disable the cell function. 

In Vishwanath [169], an external magnetic system for cell degeneration was described. 
Cell degeneration is achieved by normalizing the cell membrane potential, causing an in-
creased infl ux of calcium and potassium ions and oxygen, an increased effl  ux of sodium and 
water, and a reduction of the intracellular acidity. Only cancer cells are aff ected because of 
their low membrane potential as compared to healthy cells [170]. Th e system described by 
Vishwanath [169] consists of multiple magnetic fi eld generators circumferentially fi xed on 
a support structure (Figures 4.3h,i). Th e system is placed externally from the patient in such 
a way that the target cells are at the focal region of magnetic fi eld generators. Monitoring 
of the treatment can be done using pre- and post-treatment imaging modalities, such as 
ultrasound, Computed Tomography (CT), or Magnetic Resonance Imaging (MRI). Another 
design variation of an instrument that changes the cell membrane potential is a probe with 
contact electrodes [171].

Other instruments use hyperthermia mechanisms, which damage the cell directly (see 
Chapter 4.3.1 Destroy cell structure by applying energy), but also disable the cell function 
[39]. Habib [58] developed a set of radio-wave emitting needles that can be deployed by 
a hinge joint at the central needle (Figure 4.3j). Th e radiofrequency power can be applied 
across diff erent combinations of needles. Th e instrument can be used in conjunction with an 
imaging system, such as ultrasound, for intra-procedural monitoring. Some examples of cell 
functions that are disabled are the process of facilitated diff usion across the cell membrane 
with the assistance of membrane proteins and the mitochondrial function [172, 173]. Other 
instruments that apply hyperthermia mechanisms using energy to disable the cell function 
have been found in a number of patents [43, 55-102].

Most patents developed to disable cancer cells based on energy principles describe an in-
strument used for cancer treatment in general. However, some instruments for body-part-spe-
cifi c cancer treatment are reported as well, including brain cancer [28, 102], lung cancer [61, 
66, 74, 90], breast cancer [93, 96], endometrial cancer [67], adrenal cancer [64], and prostate, 
thyroidal, bladder, or kidney cancer [94].

Disable cell function by applying matter
Using matter to disable the function of cancer cells targets (the production of) essential 
elements for the proliferation of the cancer cells with hormones or other agents. Only two 
patents have been found presenting instruments that target these essential elements using 
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matter.  
Neisz et al. [107] describe a probe for administering an antiandrogen that suppresses 

the androgen production by the testes (Figure 4.3k), for example, bicalutamide [174]. For 
androgen-dependent prostate cancer, androgen (typically testosterone) is required for the 
development of the tumor [175]. The transurethral probe contains a needle designed to be 
deployed against the prostate urethra. The probe includes a scope sheath with an eye-port 
for intra-procedural visual guidance. A similar design was presented by Barnett et al. [106] 
that can deliver various types of agents to block the production of essential elements for the 
cancer cells. Some possible agents are bicalutamide for prostate cancer cells and tamoxifen for 
breast cancer cells [176]. Tamoxifen inhibits estrogen binding to estrogen receptors, a binding 
required for tumor growth of the breast cancer cells [176].

Disable cell function by applying energy and matter
Sixteen patents were retrieved presenting instruments that disable the function of the cancer 
cells by applying both energy and matter to the cells. Both magneto-electric nanoparticles and 
particles enhancing hyperthermia mechanisms disable the cancer cell function in combina-
tion with applied energy.

Liang [142] developed injectable Magneto-Electric NanoParticles (MENPs) (Figure 4.3l). 
The MENPs are attracted to cancer cells because of the different electrical potentials of cancer 
cells and healthy cells. An external magnetic system induces three magnetic fields: the first 
magnetic field produces a higher concentration of MENPs at the tumor site, the second 
achieves nano-electroporation to penetrate targeted cells, and the third both disables the 
function of the target cells and physically damages the cells by mechanical motion of the 
MENPs inside the cell. Adding an MRI device may enable intra-procedural monitoring. 

Other patents in this group use hyperthermia mechanisms to both destroy the cells and 
disable the cell function. Ruse et al. [152] presented an instrument consisting of multiple rigid 
electrode shafts with dissolvable salts (Figure 4.3m). The dissolvable salts mix with bodily 
fluids, resulting in an electrically conductive ionic solution. Inflatable components along the 
shafts provide mechanical stability. Each electrode shaft has a thermal sensor for intra-pro-
cedural temperature monitoring. Furthermore, the electrode bands and the non-conductive 
shaft portions can be distinguished using ultrasound imaging. Other instruments using 
hyperthermia mechanisms to disable the cell function using both energy and matter have 
been found in a number of patents [149-163].

Most patents that propose to disable cancer cells based on combined energy and matter 
principles describe an instrument used for cancer treatment in general, except for one patent 
developed for prostate cancer treatment [150]. Almost all instruments classified as disabling 
the individual cell function (Groups 4, 5, and 6) were also classified as destroying the individ-
ual cell structure (Groups 1, 2, and 3). These instruments apply a hybrid method that affects 
both the cell structure and the cell function to achieve cell death. The most frequently applied 
hybrid methods in instruments that target individual cancer cells are high-temperature abla-
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tive technologies using solely energy or combined energy and matter. All patents classifi ed as 
disabling the cancer cell function apply a hybrid method that combines destruction and dis-
abling mechanisms, except for a patent by Vishwanath [169] and a patent by Sano et al. [171] 
describing focal therapy instruments that focus solely on disabling the cancer cell function.

 4.4 Destroy cancer cells on a network level
Focal therapy instruments targeting the network of cancer cells apply their treatment not 
on each cell but treat a network of cells as a whole. Th e cell network is able to live because of 
the supply of nutrients and the discharge of waste, enabled by the vascular system of the net-
work. Th is function is disabled when the blood vessels and lymphatic vessels leading toward 
and from the cancer cells are either destructed (Chapter 4.4.1) or obstructed (i.e., disabled, 
Chapter 4.4.2) [177]. Both the destruction and obstruction of the pathways leading toward 
and from the cancer cells can be achieved by energy, matter, or a combination of energy and 
matter. Th e classifi cation of the patents on focal therapy instruments to treat cancer on the 
network level resulted in six groups of focal therapy instruments (Figure 4.2b). Each sub-
subsubchapter describes the mechanical design variations of the focal therapy instruments 
classifi ed into one group and the specifi c cancer type for which the instruments are designed. 

 4.4.1 Destroy network structure

Destroy network structure by applying energy
Eleven patents have been found presenting instruments that destroy the structure of a cancer 
cell network by applying energy to the network as a whole (Figure 4.2b). Th e vascular system 
of the cancer cells can be destroyed with energy by either targeting the individual blood 
vessels or targeting the overall blood supply.

Habib [178] describes a fl exible catheter containing multiple electrodes for thermal 
ablation of a blood vessel supplying a tumor using radiofrequency current (Figure 4.4a). 
Th e catheter is mounted on a guidewire, and the distal tip comprises extendable elements 
that can be deployed outwards from the sha  to contact the hollow vessel wall. Temperature 
sensors at the catheter tip allow for intra-procedural monitoring. Similar patents on instru-
ments applying a heated lumen around the vessel [179] or inserting a catheter with a thermal 
probe inside a vessel [180] have been found. Another design variation comprises an ablating 
implant inserted in the blood vessel [75, 181]. Besides thermal ablation, cryoablation is also 
able to cause vascular injury (as well as direct cell destruction, making cryoablation a hybrid 
method, see Chapter 4.3.1 Destroy cell structure by applying energy), leading to cell death [5]. 
A number of instruments have been proposed that induce cryoablation of blood vessels by 
removing thermal energy [32-34, 36, 37].

Instead of targeting the individual blood vessels, another design variation targets the over-
all blood supply of cancer cells by embolizing a shell of tissue surrounding a group of cancer 
cells, thereby enclosing the cancer cells. Parsons et al. [182] describe an instrument that 
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Figure 4.4. Patents of focal therapy instruments to destroy the cancer cell network structure or disable the can-
cer cell network function. The drawings show the outline of skin the instrument encounters (purple), the energy 
transducing element (green), the energy sent to the target (green dashed), the matter source (orange), the matter sent 
(orange dashed), and the target region (red). (a) Instrument using electrodes to embolize a vessel leading to cancer 
cells, from [178]. (b) Instrument using flexible electrodes to embolize a shell of tissue surrounding a network of 
cancer cells, from [182]. (c) Instrument using cryoablation to cause vascular damage, from [147]. (d) Instrument to 
constrict cancer cells and their blood flow, from [183]. (e) Instrument to deliver a sclerosing agent to the deferential 
vein to prevent testosterone from reaching the prostate, from [179]. (f) Instrument using pressure and an anti-cancer 
factor to block a vessel leading to cancer cells, from [184].

applies HIFU to the perimeter of the tumor, thereby both interrupting the blood supply of the 
cells in the interior region and treating the interior region by indirect heating (Figure 4.4b). 
The focal zone of the HIFU instrument is moved along the perimeter of the target volume. 
The time required to treat the target tissue is reduced as compared to the treatment of the 
target tissue by direct ablation. The instrument includes an ultrasound imaging transducer 
for intra-procedural monitoring. 

Most patents focusing on disabling cancer networks based on energy principles describe 
an instrument used for cancer treatment in general, except for a patent developed for lung 
cancer [180] and a patent developed for endometrial cancer treatment [182]. 

Destroy network structure by applying energy and matter
Two patents were retrieved describing instruments that destroy the cell network by applying 
energy and matter to the network. Cryoablation using low-temperature matter causes vascular 
injury (as well as direct cell destruction, see Chapter 4.3.1 Destroy cell structure by applying 
energy and matter), leading to cell death [5]. Krimsky [147] describes a catheter coupled to 
a cryogen source that is inserted through a lumen of an endoscope into the patient’s vagina 
or cervix to treat cancer in the female reproductive system. The catheter contains one or 
more openings for the cryogen that is sprayed directly on the target tissue (Figure 4.4c). The 
endoscope can additionally house an imaging camera lens for intra-procedural monitoring. 
Johnston [148] described a similar cryoablation instrument for lung cancer treatment.
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 4.4.2 Disable network function

Disable network function by applying energy
Only one patent has been found describing an instrument that disables the cell network by 
applying energy. Specifi cally, Connors et al. [183] describe an infl atable implant to be placed 
around a network of cancer cells (Figure 4.4d). Th is implant consists of a fl exible housing 
fi lled with a high vapor pressure medium that forms a shell around the cancer cells. Th e inner 
surface of the implant infl ates over time, thereby constricting the cells and the blood fl ow to 
the cells by the applied pressure. Th e instrument has been developed to treat problems with 
pressure in the body, such as urinary incontinence, and to treat cancer cell networks. Th e 
implant can optionally include an electronic device to monitor and control the expansion and 
contraction intra-procedurally.  

Disable network function by applying matter
Gat et al. [179] describe an instrument that disables the network function by applying matter. 
Th e instrument was developed to treat testosterone-dependent prostate cancer using an 
intravascular catheter. Th e catheter is capable of sclerosing an internal spermatic vein (i.e., 
the deferential vein), thereby preventing blood rich in testosterone from reaching the prostate 
(Figure 4.4e). A guidewire within the catheter enables the positioning of the catheter’s orifi ce 
in front of the target junction and an infl atable balloon to hold the catheter in place and pre-
vent the agent from reaching other regions than the target region. Intra-procedural imaging 
using optical fi bers, ultrasound, or CT allows for the positioning of the catheter. Th e catheter 
then injects a sclerosing agent into the opening of the target vein, which causes swelling that 
cuts off  the blood fl ow, a er which the vein shrinks. Optionally, an anti-androgen is injected 
a er occluding. 

Disable network function by applying energy and matter
Only one patent [184] has been retrieved that describes an instrument that disables the 
cancer network function by applying energy and matter. Th e patent describes an implant 
that obstructs blood vessels while emitting a bioactive agent, such as an anti-cancer factor 
(Figure 4.4f). Th e instrument comprises a helical coil designed to be deployed inside the 
patient’s blood vessel. A braid positioned over the helical coil like a sleeve contains fi brous 
elements comprising the bioactive material. Plugs attacked to the braid obstruct the target 
vessel. External imaging modalities can be used to monitor the positioning of the implant. 
Th e instrument was designed to obstruct abnormal blood fl ow sites, such as blood vessels that 
carry blood to cancer cell networks. 

 4.5 Commercially available instruments
Th is subchapter provides a glimpse of the current commercially available focal therapy 
instruments to treat localized cancer. Most commercially available instruments destroy the 
cancer cell structure by applying energy (Group 1), such as cryotherapy and hyperthermia 
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treatments, which are hybrid treatments that also affect the cell function (Group 4), or by 
applying combined energy and matter (Group 3) such as PDT and electrochemotherapy 
(Table 4.1). The patents related to the commercially available instruments were collected 
by analyzing to which company the patent was assigned and evaluating the resemblances 
between the patented instrument and the commercially available instrument. 

Common cryotherapy probes are the IceSeedTM MRI or IceRodTM MRI (Boston Scientific, 
Natick, MA) [185] used with the Visual-ICE Cryoablation system [203]. A patent for these 
probes was presented by Zvuloni et al. [36]. Another commercially available cryoprobe is 
distributed by Endocare (Healthtronics/Endocare Inc., Irvine, CA), which is used under 
ultrasound guidance [186]. All three cryoprobes create an ice ball formation at the tip by 
compressed argon gas that passes through a central channel [204].  

IRE has been approved in Europe (CE certificate), as well as by the FDA in the US [205]. 
The NanoKnife (AngioDynamics, Queensbury, NY) [187, 188] is the first instrument based 
on IRE [206]. Two patents on instruments discussed in this study are assigned to AngioDy-
namics and are related to the NanoKnife as they show similar treatment mechanisms [42, 
43]. The NanoKnife consists of a set of monopolar probes and one bipolar probe that are 
positioned with ultrasound or CT guidance [207]. 

Common thermal mechanisms that disable cell function and destroy cell structure are Ra-
dioFrequency Ablation (RFA), microwave ablation, HIFU, and focal laser ablation. Multiple 
companies manufacture RFA instruments, which are used under ultrasound or CT guidance. 
Boston Scientific (Natick, MA) distributes the LeVeen Needle Electrode [189], consisting of 
twelve curved electrodes that open in an umbrella shape. Three found patents on RFA probes 
are assigned to Boston Scientific and show a similar umbrella shape and treatment mecha-
nism as the LeVeen Needle Electrode [60, 70, 71]. Covidien (Mansfield, MA) distributes the 
Cool-tip RFA System [190], in which the probe contains either a single electrode or a set of up 
to three electrodes. AngioDynamics (Queensbury, NY) developed a number of RFA devices, 
including the StarBurst XL and the StarBurst Semi-Flex [191], the latter being able to bend up 
to 90 degrees in all directions. The probe contains nine deployable electrodes and an active 
trocar tip. AngioDynamics also distributes the Solero Microwave Tissue Ablation System, 
which contains an internal thermocouple for intra-procedural monitoring [192]. These 
commercially available RFA and microwave ablation instruments are instruments for cancer 
treatment in general based on coagulative necrosis. A transurethral HIFU system for prostate 
cancer treatment under MRI guidance is distributed by Profound Medical Inc. (Toronto, 
Canada) and called the TULSA-PRO [193]. They also distributed the Sonalleve MR-HIFU 
system (in cooperation with Philips Healthcare (Best, The Netherlands)) [194, 195] for breast 
cancer treatment under MRI guidance. Two patents on external HIFU systems discussed 
in this study are assigned to Philips Healthcare and show a similar treatment mechanism 
as the Sonalleve MR-HIFU system [91, 96]. Commercially available HIFU instruments for 
transrectal prostate cancer treatment under ultrasound guidance are the Focal One HIFU 
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Table 4�1� Overview of commercially available focal therapy instruments to treat localized cancer�

Instrument Company Reference Related 
Patent(s)

Classifi cation 
Group(s)

Focal Th erapy 
Method

IceSeedTM MRI Boston Scientifi c, 
Natick, MA [185] [36]

1. Destroy cell 
structure by ap-
plying energy

CryotherapyIceRodTM MRI Boston Scientifi c, 
Natick, MA [185] [36]

EndocareTM pre-
cision cryoprobe

Healthtronics/Endo-
care Inc., Irvine, CA [186]

NanoKnife AngioDynamics, 
Queensbury, NY [187, 188] [42, 43] IRE

LeVeen Needle 
Electrode

Boston Scientifi c, 
Natick, MA [189] [60, 70, 

71]

1. Destroy cell 
structure by ap-
plying energy 
and 4. Disable 
cell function 
by applying 
energy

RFA

Cool-tip RFA 
System

Covidien, Mansfi eld, 
MA [190]

Starburst XL AngioDynamics, 
Queensbury, NY [191]

Starburst Semi-
Flex

AngioDynamics, 
Queensbury, NY [191]

Solero Micro-
wave Tissue 
Ablation System

AngioDynamics, 
Queensbury, NY [192] Microwave ablation

TULSA-PRO Profound Medical Inc., 
Toronto, Canada [193]

HIFU

Sonalleve MR-
HIFU

Profound Medical Inc., 
Toronto, Canada and 
Philips Healthcare, 
Best, Th e Netherlands

[194, 195] [91, 96]

Focal One HIFU 
device

EDAP TMS, Vaulx-en-
Velin, France [196]

Ablatherm 
Robotic HIFU 
device

EDAP TMS, Vaulx-en-
Velin, France [197]

Sonablate SonaCare Medical, 
Charlotte, NC [198]

Foscan or 
padeliporfi n 
(TOOKAD) and 
a laser diode

Applied Optronics 
Corp., South Plainfi eld, 
NJ

[199-201] 3. Destroy cell 
structure by ap-
plying energy 
and matter

PDT

Cliniporator 2 IGEA, Carpi, Italy [202] Electrochemo-therapy

device, the Ablatherm Robotic HIFU device (EDAP TMS, Vaulx-en-Velin, France), and the 
Sonablate (SonaCare Medical, Charlotte, NC) [196-198]. 

PDT in common clinical practice consists of an injection of a photosensitizer, such as 
Foscan or padeliporfi n (TOOKAD) [199, 200], and the internal or external application of 

IRE = IrReversible Electroporation, RFA = RadioFrequency Ablation, HIFU = High-Intensity Focused Ultrasound, 
PDT = PhotoDynamic Th erapy.
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red light. A diode laser (Applied Optronics Corp., South Plainfield, NJ) [201] can be used 
to deliver light fibers to the internal cancer site [199]. For reversible electroporation used 
in electrochemotherapy to eventually cause irreversible damage, the Cliniporator 2 (IGEA, 
Carpi, Italy) [202] is in clinical practice in more than 100 clinical centers in the European 
Union [208]. Measurements of the voltage and current supplied allow for intra-procedural 
monitoring. For more information about commercially available tumor ablation instruments, 
we refer the reader to [3, 19, 209]. 

4.6 Discussion

4.6.1 Main findings
This study aimed to provide a comprehensive overview of the patent literature on focal ther-
apy instruments to treat localized cancer. Twelve groups of treatment types performed by 
the focal therapy instruments were identified based on the treatment target, purpose, and 
means. A total of 18.0% of the relevant patents have been published and filed by independent 
inventors, 69.5% by companies, and 12.5% by academic institutions, indicating that, although 
both companies and academic institutions show interest in focal therapy instruments to treat 
cancer, the field is mostly industry-driven. 

Once looking at the temporal distribution of the classification of the patents in Figure 4.5, 
it becomes apparent that certain focal treatment types are more frequently applied for than 
others. These treatment types target the individual cancer cells with solely energy or combined 
with matter (Groups 1, 3, and 4). This trend is consistent with the instrument types that are 
commercially available (see Chapter 4.5). 

Regarding the treatment target, most patents describe an instrument targeted at the indi-
vidual cancer cell rather than at the cancer cell network. Cancer cells can be seen as the direct 
target of cancer treatment, whereas blood vessels are an indirect target to treat those cancer 
cells. The blood vessels of cancer networks are poorly organized, which impairs particle deliv-
ery as cancer treatment [210, 211]. Therapies targeting the blood vessels of cancer networks 
are relatively new and have only moved from the laboratory to the clinic since 1992 [212]. 

Considering the treatment purpose, a high number of patents describe an instrument 
that destroys a structure as compared to an instrument that disables a function. One could 
speculate that the preference for focal cancer treatment types that destroy a structure is due to 
their general destruction mechanism. A structure is concrete and can be examined, in other 
words: a structure provides a static image, whereas a function is intangible and explainable 
only in terms of its underlying structures. This explains why there is less information about 
the functional changes due to cancer, in contrast to the structural/anatomic changes [213]. To 
disrupt the cancer cell or network function, information is required about the vital function 
and how to disrupt it, which requires imaging of the cell’s dynamic workings. For the dynamic 
workings, often only indirect monitoring methods exist, making the area of physiological 
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modeling less intuitive than anatomical modeling [214]. A general destruction mechanism 
might, therefore, be easy to design as compared to a function-disabling mechanism. MRI, 
o en used for monitoring, has only recently evolved from being purely anatomy-based to 
a discipline that is able to incorporate both anatomic and physiologic information with the 
addition of functional MRI [215-217]. 

With regard to the treatment means, most patents describe an instrument using energy. 
Th e low preference in using matter to treat cancer might be explained by the long-term toxicity 
concerns of remaining matter, especially non-biodegradable matter [218, 219]. Energy does 
not possess this risk of long-term toxicity, as the energy is removed from the body together 
with the removal of the energy source. Another barrier of matter is the body’s labeling of 
foreign particles by opsonization to stimulate the removal of those foreign particles [218]. In 
opsonization, the foreign particles are covered with nonspecifi c proteins to make them more 
visible to phagocytic cells, so phagocytosis can occur [218, 220].

Figure 4.5 shows that there is no specifi c trend toward the design of an instrument that 
accomplishes a certain type of treatment. Th e temporal distribution of the patents in the 
fi eld of focal therapy instruments shows a persisting number of patents being published with 
an increase from 2016 on. Focal therapy rapidly advanced in the 1990s, as cross-sectional 
imaging became commercially available and widespread [39, 103]. Focal therapy fi rst gained 
clinical acceptance as a method for treating cancer in the liver, kidney, lung, and bone [103]. 
In 2016, a randomized controlled trial was conducted to evaluate the outcomes of the three 
contemporary treatment modalities of localized prostate cancer (i.e., active monitoring, 
surgical resection, and radiotherapy) called the ProtecT trial. A er a median follow-up of 
10 years of 1643 randomized participants, Hamdy et al. [18] demonstrated no signifi cant 
diff erence in prostate-cancer-specifi c mortality. Nevertheless, the rates of disease progression 

Figure 4�5� Temporal distribution of relevant patents published, classifi ed based on the instrument’s treatment 
target (cell or network of cells), purpose (destroy the structure or disable the function), and means (energy, mat-
ter, and combined energy and matter)� Th e patents retrieved were published between January 2000 and June 2021.
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and rates of metastasis development were higher for active monitoring than for surgery and 
radiotherapy [18]. This outcome increased the interest in less radical treatments, such as 
focal therapy, for localized prostate cancer [221]. An explanation of the increasing number of 
published patents from 2016 onwards could be the outcomes of studies such as the ProtecT 
trial and the increased rate of early diagnosis of prostate cancer [222], the latter increases 
the chances for positive outcomes of focal therapy, as the cancer is still locally confined [5]. 
Patients with organ-confined cancer were considered suitable candidates for focal therapy in 
multiple consensus projects on focal therapy as prostate cancer treatment [223].

Furthermore, Figure 4.5 shows that patents published on focal therapy instruments that 
destroy or disable the individual cancer cell using energy (Groups 1 and 4) and destroy the 
individual cell using combined energy and matter (Group 3) remain dominant throughout 
the years. Nevertheless, there is a trend toward an equal distribution of the different groups 
applied for in patented focal therapy instruments, leading to a more varied spectrum of focal 
therapy instruments in the patent literature. Instruments destroying cell structure using 
matter (Group 2), disabling cell function using energy and matter (Group 6), and destroying 
network structure using energy (Group 7) gain their share in the focal therapy field besides 
the dominant focal treatment types (Groups 1, 3, and 4). Patents on instruments that disable a 
network function (Groups 10, 11, and 12) filed until 2011 can be seen in Figure 4.5, indicating 
that inventors touched upon these treatment types. However, these treatment types were no 
longer applied for in the patent literature of the last eight years. This smothering effect might 
indicate that disabling the network function is medically not feasible. Disabling of a cancer 
network by obstructing the blood vessels results in metabolic stress, which might turn on the 
“angiogenic switch” [224], increasing the tumor angiogenesis to compensate for the obstruct-
ed blood vessels. Patents on instruments that disable cell function using matter (Group 5) and 
instruments that destroy network structure using energy and matter (Group 9) are also not 
applied for anymore.

The observation that instruments for destroying or disabling the individual cancer cell 
using energy (Groups 1 and 4) show similar changes in the number of patents throughout the 
years can be explained by instruments that apply hybrid methods. Almost all patents classified 
as disabling the individual cell function (Group 4, 5, and 6) are also classified as destroying 
the individual cell structure (Groups 1, 2, and 3), performing hybrid methods. This means 
that there are barely any patents describing focal therapy instruments that focus solely on 
disabling the cancer cell function. The group of patents that perform a hybrid method mainly 
consists of instruments that rely on high-temperature ablative technologies that affect both 
the cell structure and the cell function causing coagulative necrosis [39]. 

4.6.2 Design suitability for medical purposes
In this review, the mechanical design principles were analyzed by looking at patented working 
principles without considering the technical and medical feasibility of these principles, which 
usually cannot be found in patent literature. The main risks of choosing focal therapy are the 
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multifocality of cancer and the risk of undetectable micro-metastases [3, 225]. Adequate pa-
tient selection is, therefore, of utmost importance. Multifocality implies the presence of two or 
more tumor foci (microscopically visible groups of cells) separated by healthy tissue, whereas 
unifocal means that only one tumor focus is observed [226, 227]. Multifocal cancer treated 
with focal therapy might result in incomplete treatment because of missed foci, leading to 
cancer recurrence [228, 229]. 

Another hurdle lies in the effi  cacy of the indirect cancer cell treatment by targeting its 
vascular network. Tumor growth and metastatic spread of cancer tissue require the formation 
of a new vascular network called angiogenesis, consisting of blood vessels and lymphatic 
vessels [12, 211]. Th erapies targeting the formation of the cancer network using systemic an-
tiangiogenic drugs only yielded modest responses and no long-term survival benefi ts [230]. 
Th ese results were explained by resistance mechanisms of the cancer cells (evasive resistance) 
that cause revascularization [231]. Th erefore, the effi  cacy of the instruments described in 
the patents targeting the network of cancer cells is questionable considering these resistance 
mechanisms. Vascular targeted therapies might result in such an elaborate vaporization of 
vessels that the tumor is unable to neovascularize. However, when the vaporization is not 
elaborate enough, instruments that destroy or disable the vascular system of the cancer cells 
might encounter similar resistance strategies of the cancer cells.  

Considering implants that require placement around the network of cancer cells, such as 
the infl atable implant presented in a patent by Connors et al. [183] (see Chapter 4.4.2 Disable 
network function by applying energy), we question the medical feasibility concerning the 
dissemination of tissue at the trajectory of implant placement. Th e implant is designed to 
be positioned around a network of cancer cells. However, the separation of the network of 
cancer cells from the surrounding cells to enable the implant placement might lead to the 
dissemination of malignant tissue in the body. 

 4.6.3 Further research
Th is review focuses on the mechanical design of focal therapy instruments applying diff erent 
treatment types. Th e search was restricted to focal therapy instruments to treat cancer, thereby 
leaving out focal therapy instruments originally designed for the treatment of other medical 
causes. As focal therapy is not only of interest for cancer treatment but also for the treatment 
of for example, abnormal blood fl ow in the heart, the results from other medical technology 
fi elds could lead to other creative solutions for cancer treatment. Th e defi nition used for focal 
therapy in this review excludes instruments developed for resecting cancer cells. An example 
of such an instrument is an instrument that focally ablates cancer cells prior to the resection 
to prevent bleeding during the resection. Th e fi eld of instrumentations that use focal therapy 
prior to resection might illustrate new treatment types that could be applied to focal therapy 
instruments that do not apply this subsequent resection.

Th is review considers patents to provide a comprehensive overview of the patent literature 
on focal therapy instruments to treat localized cancer. For further research, it is of interest to 
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explore the corresponding scientific literature as well as to analyze the performance of the in-
struments described in the patents. For focal therapy to be viable, accurate imaging is required 
for proper diagnosis of cancer localization and to accurately reach the location of the cancer 
cells with the instrument [232]. Conventional imaging modalities comprise CT, ultrasound, 
and MRI, from which MRI enables the highest accuracy [232]. For MRI-guided focal therapy, 
the focal therapy instrument must be developed with special precautions regarding MRI 
compatibility [233]. For further research, it is important to integrate instrument development 
with the used imaging modality and its imposed requirements for the instrument, e.g., no 
metallic, ferromagnetic, or conductive materials for MRI-compatible instruments [234]. 

The IDEAL framework for surgical innovation (idea, development, exploration, assess-
ment, and long-term study) allows for an estimation of the clinical development phase of 
the medical instruments [235]. For future research, a contemplation of the selected patents 
against the IDEAL framework could be an interesting addition to this study.

4.6.4 Five-year view
The trend toward an equal distribution of the different groups of patented focal therapy 
instruments results in a wider range of possible focal therapy instruments to treat cancer. 
The commercial availability and the clinical use are the results of different steps in the design 
process. We expect that the trend of a wider range of patents on focal therapy instruments will 
extend to the instruments tested on their medical feasibility. These upcoming focal therapy 
instruments might broaden the existing spectrum of commercially available instruments that 
use energy to destroy and disable the cancer cell structure and function, respectively (Groups 
1 and 4), and instruments that destroy the cancer cell structure using combined energy and 
matter (Group 3). Focal therapy instruments focused on destroying the cancer cell structure 
using matter (Group 2), disabling the cancer cell function using both energy and matter 
(Group 6), and destroying the network structure using energy (Group 7) can be seen as a new 
generation of focal therapy instruments to treat cancer. 

As far as new focal cancer cell treatment mechanisms are concerned, we identified one 
unexplored, yet theoretically feasible treatment mechanism: to destroy the network structure 
using matter (Group 8). Instruments in this group would locally apply particles that destroy 
the vascular system of the cancer cells. The particles would function without the application 
of energy, and they would target the vascular system without directly affecting the individual 
cancer cells. The medical and mechanical feasibility of this treatment mechanism for cancer 
remains to be investigated.

4.7 Conclusion
This review chapter provides a comprehensive overview and classification of the patent 
literature on focal therapy instruments to treat localized cancer. We analyzed the different me-
chanical designs present in the instrument patents. The medical section of the Google Patents 
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database was reviewed, and 128 patents published in the last two decades (2000-2021) were 
discussed. We proposed a classifi cation of the possible treatment types applied by instruments 
for focal therapy based on the target, purpose, and means of treatment. At the fundamental 
level, the individual cancer cells and the network of cancer cells were distinguished as targets. 
Th e working mechanism can be based on destroying the structure or disabling the function. 
Based on the means of establishing this treatment mechanism, the means can be distinguished 
as energy, matter, or combined energy and matter. Th e most preferred treatments applied by 
the instruments were identifi ed as to destroy the cell structure using solely energy or com-
bined energy and matter, or to disable the cell function using energy. Th e description of the 
diff erent instrument functions may serve as a source of inspiration for new focal therapy 
instruments to treat localized cancer. 
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Chapter 5

Abstract
Percutaneous pancreatic core biopsy is conclusive but challenging due to large-diameter 
needles, while smaller-diameter needles used in aspiration methods suffer from buckling 
and clogging. Inspired by the ovipositor of parasitic wasps, which resists buckling through 
self-propulsion and prevents clogging via friction-based transport, research has led to the 
integration of these functionalities into multi-segment needle designs or tissue transport 
system designs. This study aimed to combine these wasp-inspired functionalities into a single 
biopsy needle by changing the interconnection of the needle segments. The resulting biopsy 
needle features six parallel needle segments interconnected by a ring passing through slots 
along the length of the needle segments, enabling a wasp-inspired reciprocating motion. 
Actuation employs a cam and follower mechanism for controlled translation of the segments. 
The needle prototype, constructed from nitinol rods and stainless steel rings, measures 3 mm 
in outer diameter and 1 mm in inner diameter. Testing in gelatin phantoms demonstrated 
efficient gelatin core transport (up to 69.9% ± 9.1% transport efficiency) and self-propulsion 
(0.842 ± 0.042 slip ratio). Future iterations should aim to reduce the outer diameter while 
maintaining tissue yield. The design offers a promising new avenue for wasp-inspired medical 
tools, potentially enhancing early pancreatic cancer detection and thus reducing healthcare 
costs and patient complications.
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 5.1 Introduction

 5.1.1 Pancreatic tissue sampling
Pancreatic cancer is increasingly common and highly fatal, necessitating eff ective detection 
methods [1-3]. Diagnosis relies heavily on histological and cytological analysis of masses or 
lesions [4-6], o en through percutaneous biopsy procedures [7-9].

Ideally, a biopsy needle should be thin to minimize complications like bleeding and pa-
tient discomfort while providing continuous sampling of intact tissue. Fine Needle Aspiration 
Biopsy (FNAB) and Core Biopsy (CB) are the primary percutaneous methods, with FNAB 
using thin needles (22-25 G) to retrieve cytological and fl uid samples using aspiration and CB 
employing thicker needles (19-13.5 G) to obtain an intact cylindrical tissue sample, called a 
core, via a discrete cutting action [10].

Despite their slenderness and ability for continuous sampling, FNAB needles for pancre-
atic biopsies have been associated with a higher incidence of false negatives compared to CB 
needles [11, 12]. Tikkakoski et al. [13] reported a 13% false negative rate in ultrasound-guided 
fi ne-needle pancreatic biopsy. Th is high rate may stem from needle defl ection due to buck-
ling, which can cause the needle to miss the target area, a known issue in breast biopsies [14]. 
Additionally, aspiration-based methods can result in device clogging, making them unreliable 
for obtaining intact tissue samples needed for histological evaluation [15]. Th e push toward 
smaller, less invasive tools highlights the need for improved biopsy methods that balance 
needle size with tissue sampling effi  cacy.

 5.1.2 Bio-inspiration: Ovipositor-based tools for minimally invasive surgery
In an attempt to overcome clogging problems in aspiration-based devices, devices that em-
ploy alternative mechanisms for tissue transport have been developed. For instance, Kortman 
et al. [16] developed a cable-actuated conveying mechanism for tissue transport that uses the 
friction between continuously rotating conveying cables and tissue. To overcome buckling 
problems in thin needles, extensive research is ongoing into lowering the needle's penetra-
tion load by optimizing the needle tip design, introducing needle vibrations, increasing the 
insertion speed, and increasing skin tension factors [17-19]. However, needle designs that can 
overcome both clogging and buckling problems have yet to be shown.

In nature, the ovipositor of parasitic wasps, used for depositing eggs deep into substrates 
[20, 21], is a remarkable biological structure resembling biopsy needles, as both are long, thin 
structures designed to penetrate a substrate while simultaneously transporting something 
(either an egg or tissue) through the lumen. Despite usually having a diameter of only 0.2 - 
0.3 mm, some ovipositors can penetrate up to 20 mm into trees to lay their eggs [22, 23]. Th e 
structure of the ovipositor is diff erent from traditional biopsy needles as it consists of three 
longitudinally connected valves, one dorsal and two ventral valves. Th ese valves surround 
the channel that the egg passes through, as can be seen in Figure 5.1a. Th e valves feature a 
tongue-and-groove mechanism called the olistheter mechanism, facilitating a longitudinal 
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sliding motion of the individual valves [24]. During insertion into substrates, the olistheter 
mechanism enables the valves to translate in a continuous reciprocating manner, with one 
valve advancing (i.e., push) whilst the other two valves retract (i.e., pull) in a continuous 
cycle [22, 25]. It has been hypothesized that this reciprocating movement gives rise to two 

Figure 5.1. Schematic representation of the wasp ovipositor structure and movement. (a) Cross-section of the 
ovipositor of the parasitic wasp, showing three valves, the egg channel, and the tongue-and-groove interconnection, 
with a simplified schematic of the valves. (b) Ovipositor’s reciprocating push-pull cycle for self-propulsion. In this 
cycle, one valve (orange) advances, encountering longitudinal cutting (Fcut,long) and external friction force (Ffric,ex), 
whilst the other two valves (blue) retract but remain stationary with respect to the surrounding substrate due to 
external friction force (Ffric,ex) applied on them by the surrounding substrate. (c) Ovipositor’s push-pull cycle for egg 
transport. In this cycle, one valve (orange) advances, creating internal friction (Ffric,in) with the egg, while the other 
two (blue) retract, generating greater internal friction force (Ffric,in), moving the egg downward. The dashed lines 
indicate forces applied by the back valve.
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functionalities: (1) self-propulsion and (2) friction-based egg transport. Th ese functionalities 
have inspired the designs of two distinct types of medical devices: self-propelling needles and 
friction-based tissue transporters.
Self-propelling needles
Self-propelling needles are inspired by the ovipositor's ability to propel through substrates 
without buckling. Th e self-propelling motion is achieved because the longitudinal forces on 
the advancing valve are counterbalanced by the longitudinal forces on the retracting valves 
[21, 26, 27]. Th e advancing valve is pushed into the substrate and experiences a cutting force 
from substrate deformation in front of the valve and an external friction force caused by 
contact with the surrounding substrate [28-30]. Similarly, the retracting valves experience 
a friction force in the opposite direction as they are retracted. Although a pulling force on 
the retracting valves would cause them to retract in free air, we assume that within a sub-
strate, external friction forces prevent relative sliding between the retracting valves and the 
surrounding substrate, causing the ovipositor to propagate into the substrate over one cycle. 
Figure 5.1b shows a schematic representation of the ovipositor and relevant forces during 
self-propulsion. Th e self-propelling motion and the lateral compressive forces applied by the 
tissue on the needle segments can result in the needle moving forward with a zero net push 
force on the needle, making it less prone to buckling as it propagates through a substrate. To 
achieve a net zero external push force, the forces on the valves or needle segments should be 
in balance, as indicated in Eq. 5.1.

(5.1)

where Ffric,ex,ad and Ffric,ex,re denote the friction forces on the external surfaces of the advancing 
and retracting valves interacting with the substrate in Newtons, respectively. Fcut,long represents 
the cutting force on the advancing valve in the longitudinal direction in Newtons. Inertial 
forces on the valves are considered negligible due to their minimal mass, and inter-valve 
friction forces are neglected.

Within the medical fi eld, multiple self-propelling needles inspired by the ovipositor have 
been developed. Studies by Oldfi eld et al. [31], Fransson et al. [32], and Leibinger et al. [27] 
demonstrated that multi-segment needles with reciprocating motion can self-propel, which 
reduces tissue displacement and tissue damage around the needle compared to traditional 
needles, which are pushed into the body. Due to challenges in scaling down the tongue-and-
groove interconnection method of the ovipositor while integrating fl exibility, Scali et al. [33] 
and Bloemberg et al. [34] used parallel-oriented nitinol rods of equal, circular cross-section to 
mimic the valves. A heat shrink tube was used to bundle the rods, resulting in sub-millimeter 
diameter needles in both designs. Self-propulsion of a wasp-inspired needle is accomplished 
by a set of parallel needle segments that can both advance and retract with respect to one 
another. Th e advancing needle segments experience both a cutting force due to the tissue's 
plastic deformation and stiff ness and a friction force along the length of the needle in contact 
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with the surrounding tissue [35]. The retracting needle segments, however, only experience 
a friction force. The needle self-propels through the tissue if the friction generated by the 
retracting needle segments counterbalances the friction and cutting forces of the advancing 
needle segments. This can be achieved by keeping the number of advancing needle segments 
lower than the number of retracting needle segments (as in Eq. 5.1). Therefore, at least three 
needle segments are required for the self-propulsion principle.

Tissue-transportation devices
Besides facilitating self-propulsion, the reciprocating translation of the ovipositor valves has 
also been hypothesized to facilitate egg transport from the body of the wasps to the ovipositor 
tip [36]. Friction forces between the egg and the internal surface of the ovipositor valves 
(Ffric,in) are thought to govern this transport as the ovipositor valves move in their reciprocat-
ing manner. The net longitudinal force on the egg (Fegg,long), measured in Newtons, to move 
the egg through the ovipositor equals the sum of internal friction forces (Ffric,in) in Newtons 
(Eq. 5.2).

(5.2)

For successful egg deposition, the frictional force between the advancing valves and the 
egg must exceed that of the retracting valve and the egg (Eq. 5.3). In this case, the egg will 
move with the advancing valves, toward the tip. Conversely, for movement in the opposite 
direction, in which the egg moves from the tip of the ovipositor toward the base, like a tissue 
sample being retrieved, this condition should be inverted (Eq. 5.4). In Figure 5.1c, a schematic 
representation of the ovipositor and the relevant forces during egg transport from the tip 
toward the base of the ovipositor are provided.

(5.3)

(5.4)

here, Ffric,in,ad and Ffric,in,re are the friction forces inside the ovipositor, between the egg and the 
advancing and retracting valves, respectively. All forces are measured in Newtons. Gravity's 
influence on egg transport is considered negligible due to the egg's small mass. 

Multiple friction-based tissue-transport designs have been inspired by the egg movement 
through the ovipositor. These designs are used to transport tissue samples from the distal 
end inside the body to the local base outside the body for extraction purposes. Sakes et al. 
[37] created a morcellator design (⌀outer: 7 mm, ⌀inner: 4.5 mm) resembling the ovipositor by 
mimicking its segments as blades. Instead of a tongue-and-groove mechanism, the intercon-
nection was facilitated using the stiffness of the blades and an external brass tube to prevent 
outward motion. De Kater et al. [38] replaced the blades with magnetic galvanized steel cables 
to integrate flexibility into the system (⌀outer: 10 mm, ⌀inner: 5 mm). To maintain an open cen-
tral lumen for tissue transport, ring magnets were placed around the cables, forming a tubular 
structure with a lumen, without internal protrusions.
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In order to initiate friction-based tissue transport, the tissue to be transported needs to 
experience a resultant friction force with the surrounding parallel cables in the desired trans-
port direction. Th e resultant friction force comprises advancing frictional components and 
retracting frictional components corresponding to the motion of the cables. If we assume that 
the gravity of the tissue that needs to be transported can be neglected, tissue transportation 
from the distal end to the local base can be achieved if the sum of the friction between the 
retracting cables and the tissue exceeds the sum of the friction between the advancing cables 
and the tissue. Th is can be achieved by keeping the number of advancing cables lower than 
the number of retracting cables (as in Eq. 5.4). Th erefore, at least three surrounding cables are 
required for the friction-based tissue transport.

 5.1.3 Combining self-propulsion and tissue transport
Integrating both self-propulsion and friction-based tissue transport into a single slender de-
sign, inspired by the ovipositor, could off er a novel alternative to current biopsy needles. Th is 
design could self-propel to a tissue of interest and use friction-based transport to move the 
tissue sample through the biopsy needle in two distinct phases: (1) the self-propulsion phase 
and (2) the tissue-transport phase. Th e phases and required needle cross-sections during the 
phases are illustrated in Figure 5.2a and 5.2b, respectively.

By combining both the self-propulsion and transport principles of the ovipositor of 
parasitic wasps, defl ection and clogging issues of current thin biopsy needles are negated 
by relying on friction for both needle insertion and tissue transport. However, combining 
these functionalities is challenging. A biopsy needle with multiple parallel segments forming 
a lumen, similar to the ovipositor structure, depends on external friction between the exter-

Figure 5�2� Biopsy phases� (a) Schematic illustration of functioning of a wasp-inspired biopsy needle in distinct 
phases: Insertion into tissue, Self-propulsion to the tissue of interest, Tissue-transport through the lumen (and 
removal of the tissue sample for examination), and Removal of the biopsy needle from the tissue. (b) Desired cross-
sections of the wasp-inspired biopsy needle during the diff erent phases: During the Insertion and the Self-propulsion 
phases, the central space remains closed to prevent the needle from inadvertently resecting the tissue. In the Tissue-
transport phase, a lumen is required to enable tissue transport through the needle.
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nal surface of the needle segments and surrounding tissue for self-propulsion, as well as on 
internal friction between the tissue sample and the internal surface of the segments for tissue 
transport. Any interconnecting structure must not interfere with both internal and external 
contact surfaces. As shown in previous designs, moving away from the ovipositor-inspired 
tongue-and-groove mechanism is necessary to miniaturize the needle dimensions [33, 34] 
and to introduce flexibility [38]. Former tissue-transport designs have maintained a lumen 
using external structures that interfere with external surface contact, whereas former self-pro-
pelling needles have no lumen to facilitate internal surface contact, highlighting the difficulty 
of integrating both wasp-inspired functionalities into a slender, flexible biopsy needle.

5.1.4 Goal of this study
This study aims to combine the two ovipositor-inspired functionalities, self-propulsion and 
friction-based tissue transport, into a single, slender biopsy needle design. This approach 
could offer a viable friction-based alternative to current biopsy needles, particularly for deep 
biopsies like pancreatic percutaneous biopsies that are currently limited by issues such as 
buckling and clogging in smaller, aspiration-based needles. Building on previous flexible 
needle and tissue-transport designs using parallel rods to mimic the valves of the ovipositor, 
this study will adapt the interconnection method of these needle segments and evaluate the 
potential of the integrated design as a biopsy needle.

5.2 Design

5.2.1 Needle
The proposed wasp-inspired biopsy needle design consists of six parallel needle segments 
that mimic the ovipositor valves. A total number of three outer needle segments would have 
been sufficient to ensure that the number of retracting needle segments exceeds the number 
of advancing needle segments. However, to enable a central lumen for tissue transport, we 
opted for six outer needle segments and a seventh central needle segment that can be removed 
before the tissue-transport phase. Each needle segment has an equal circular cross-section 
and a beveled tip. The six needle segments are held in a hexagonal arrangement by a ring 
passing through slots along the length of the segments, as shown in the cross-sectional view 
in Figure 5.3a. This ring-through-slot interconnection restricts the radial translation while 
allowing longitudinal translation of each needle segment for self-propulsion and tissue 
transport. The interconnection also prevents the rotation of the needle segments around their 
longitudinal axis, maintaining the orientation of the beveled tips toward the center. 

The individual longitudinal translation of the needle segments allows the biopsy needle to 
mimic the reciprocating movement of the ovipositor valves. Instead of using the 1:2 recipro-
cating movement sequence of the ovipositor, where one valve is advanced as two are retracted, 
a 1:5 motion sequence, as used in previous self-propelling designs [34] and tissue-transport 
designs [37, 38] is used. The six needle segments are longitudinally translated using this 
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Figure 5�3� Working principle of the ring-through-slots interconnection of the biopsy needle� (a) the ring (pink) 
constrains radial translation and rotation of six needle segments (N1-N6, blue), maintaining a hexagonal confi gu-
ration. Th is can be with or without a central needle segment to fi ll the lumen (green) depending on the correspond-
ing phase of the procedure. (b) 2D fl attened representation of the longitudinal translation of the individual needle 
segments over one cycle using a 1:5 motion sequence. In this motion sequence, the needle segments are advanced 
one-by-one over one stroke length (S) while retracting the other fi ve segments by one-fi  h of this stroke length. Th e 
vertical parallel lines (orange) indicate that this is a visualization of the tip of the needle and the segments extend 
further on this side.

motion sequence over a cycle of six steps. During each step, one needle segment moves for-
ward by a specifi ed distance, called the stroke length (S), while the other fi ve segments move 
backward by one-fi  h of this stroke length (1/5 S). A er one cycle, the needle segments return 
to their starting positions, as illustrated in Figure 5.3b.

Th e needle segments were designed to be 1 mm in diameter, allowing for the transport 
of a cylindrical tissue sample, or core, of 1 mm in diameter, which is a common diameter for 
biopsy samples [39]. Th e total diameter of the biopsy needle was 3 mm. A trade-off  existed 
in the number of slots introduced into the needle segments: introducing more slots along the 
length of the needle could potentially comprise the ability of each needle segment to resist 
the cutting forces, whilst this simultaneously is advantageous for maintaining the hexagonal 
arrangement of the entire needle. To balance this, we introduced two slots with a spacing 
of 100 mm. Th e fi rst slot was placed near the base of the needle and the second slot was 
positioned 4 mm from the needle tip to prevent the needle segments from diverging at the 
tip during self-propulsion. To facilitate the assembly of the needle segments and rings, the 
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slots were not designed to be rectangular but L-shaped to provide an entry point for the rings. 
Figure 5.4 shows the concept design and assembly of the needle. 

The six needle segments enclose the tissue transportation lumen, which must be either 
filled or unfilled depending on the biopsy procedure phase (Figure 5.2b). During the self-pro-
pelling phase, the biopsy needle travels to the tissue of interest. The lumen should be filled 
to prevent a cylindrical piece of tissue from being cut out as the biopsy needle travels into 
the tissue. To achieve this, a seventh needle segment (indicated in green in Figure 5.4a) was 
introduced in the design to fill the lumen when needed. This central needle segment ideally 
participates in the reciprocating movement during the self-propelling phase and should be 
able to be removed during the tissue-transport phase, when a lumen is needed. 

5.2.2 Actuation
To achieve the 1:5 motion sequence, the needle segments had to be actuated simultaneously 
and continuously. Two actuation systems were designed: (1) one motorized system for testing 
purposes (Figure 5.5a,b) and (2) one manual system for the final prototype to minimize com-
ponents and create a compact assembly (Figure 5.5c,d). A rotary cam-and-follower system 
was used for both actuators (Figure 5.5a,c, Part 4 in orange). The cams contained a groove, the 
cam path, guiding the followers (Figure 5.5a,c, Part 5 in green) to produce continuous linear 
translation (x-displacement) in the 1:5 motion sequence as the cam rotates. By attaching nee-
dle segments to the followers, the linear displacement was transferred to the needle segments, 
resulting in the 1:5 motion sequence of the biopsy needle overall. 

To allow for sufficient space to clamp the needle segments into the followers, the needle 

Figure 5.4. Conceptual design of the wasp-inspired biopsy needle. (a) Exploded view of the needle design, con-
sisting of six needle segments with slots (blue), two interconnecting rings (pink), and one central needle segment 
(green), indicating their respective diameters and slot sizes. (b) Assembly of the needle, indicating its total diameter 
and length of the needle segments with slots and the central needle segment. (c) Cross-section of the needle tip, indi-
cating the bevel angle of the needle segments, the width of the L-shaped slot, and ring length.
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Figure 5�5� Exploded views and cross-sections of the motorized actuation system (a, b) and manual actuation 
system (c, d) for the wasp-inspired biopsy needle� Th e motorized actuation system consists of a motor and gearbox 
(a.1), axle (a.2), cam connector piece (a.3), cam (bottom and top) (a.4), needle segment holders (followers) (a.5), 
supporting structures (a.6, a.7), inner and outer converging cone (a.8, a.9), outer cone opening (a.10) and needle 
segments (a.11). Th e manual actuation system consists of a central needle segment connector (c.1), a spinner knob 
(c.2), supporting structure (c.3), cam (bottom and top) (c.4), needle segment holders (followers) (c.5), inner and 
outer converging cones (c.6, c.8), screws (c.7), outer cone opening (c.9) and needle segments (c.10). (e) Th e x-dis-
placement of the followers over a 360° rotation of the cam, translating one stroke length (S) in the positive x-direction 
over 60° and one S in the negative x-direction over the following 300°. Th e graph shows linear (blue) and parabolic 
(red) displacement segments, ensuring a smooth cam path.

segments transition from a larger diameter at the actuation system to a smaller diameter at 
the needle tip. Similar to the design presented by Bloemberg et al. [34], a double cone at the 
distal end of the actuation system (Figure 5.5a, Part 8/Part 9 in blue/yellow, Figure 5.5c, Part 
6/Part 8 in blue, yellow) guides the segments through S-shaped channels, to ensure smooth 
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movement and prevent buckling. At the place where the needle segments diverge there is an 
opening in the outer cone (Figure 5.5a, Part 10, Figure 5.5c, Part 9) to allow the tissue core to 
exit the biopsy needle after transport.

For the motorized actuation system, a regular barrel cam was used, where the followers 
surround the cam path. However, for the manual actuation system, an inside-out cam design 
was chosen, with the cam path surrounding the followers. Furthermore, the cam used for 
manual actuation was star-shaped and approximately the size of a human palm (about 80 mm 
[40]) to allow for sufficient grip and, thus, easy manual actuation. Both cams shared the same 
cam path and thus the same stroke length, resulting in the identical motion sequence of the 
followers in the longitudinal direction (Figure 5.5e), and were designed following guidelines 
from the Machinery’s Handbook (30th Edition, [41]).

5.2.3 Prototype
The needle prototype consists of seven superelastic straightened nitinol rods, each 1 mm in 
diameter and 250 mm in length (Titaniumshop, Overijssel, the Netherlands). For the slot 
extrusion, Wire Electrical Discharge Machining (WEDM), known for its non-contact ma-
terial removal process, was employed. This method allows for precise slot creation without 
imposing cutting forces on the segments [42, 43]. WEDM was used to create two L-shaped 
slots (10.25 mm x 0.40 mm) in the distal end of five needle segments. Additionally, a sixth 
needle segment, i.e., the carrier needle segment, featured smaller L-shaped slots (4.25 mm x 
0.40 mm) to carry the rings forward. The length of these slots determines the maximum pos-
sible stroke length, which is equal to 4 mm. The seventh central needle segment can simply 
be inserted and removed easily when necessary. An additional 150 mm of length was added 
to the central needle segment for this purpose. Furthermore, WEDM was utilized to create 
the beveled tips of the needle segments (40°). The two interconnecting rings (outer diameter 
2.1 mm, inner diameter 1.9 mm, length 2.0 mm) were made of stainless steel. Figure 5.6a 
shows the assembled needle excluding the central needle segment and Figure 5.6b shows the 
assembled needle including the central needle segment.

The motorized actuation system integrated off-the-shelf LEGO Technic parts and 
3D-printed parts using Silver Metallic PLA on the Fused Deposition Modeling (FDM) print-
er Ultimaker S5 (Ultimaker, Utrecht, the Netherlands). A LEGO Technic Power Functions 
Medium motor with a rotational speed of 405 RPM (9V) in a no-load situation was used. A 
gearbox, created with LEGO gears, was used to adjust the rotational speed of the motor to the 
desired rotational speeds of the cam for the experiments. The manual actuation system was 
entirely 3D printed out of Onyx (Markforged, Waltham, MA, USA), using the FDM printer 
Markforged Mark Two (Markforged, Waltham, MA, USA). For both actuators, the needle 
segments were glued into the followers using Loctite 401 Instant Adhesive (Loctite, Westlake 
OH, USA). Figure 5.6c and Figure 5.6d show the assemblies of the motorized and manual 
actuation systems, respectively. Figure 5.7 illustrates the 1:5 motion sequence of the needle 
segments during actuation over one cycle.
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Figure 5�6� Prototype of the wasp-inspired biopsy needle� (a) Close-up of the needle tip, made of six nitinol rods in-
terconnected using rings guided through slots in the needle segments. Th e stainless-steel rings keep the segments in 
a hexagonal arrangement, resulting in a central lumen of 1 mm in diameter. (b) Th e lumen can be fi lled by a seventh 
needle segment. (c) Motorized actuation system, which utilizes a regular (barrel) cam, created using 3D printing and 
off -the-shelf LEGO parts, to create the 1:5 motion sequence of the biopsy needle. (d) Manual actuation system, which 
utilizes an inside-out cam, fully produced using 3D printing, to create the 1:5 motion sequence of the biopsy needle.

 5.3 Evaluation

 5.3.1 Experimental goal
Th e goal of the evaluation of the wasp-inspired biopsy needle was twofold: (1) assessing 
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Figure 5.7. One cycle of needle segment translations without the central needle segment. Each 60-degree rotation 
of the cam results in the advancement of one needle segment over the stroke length, while retracting the other five 
segments over one-fifth of this stroke length. (a–f) correspond to the rotation of the cam over 60°, 120°, 180°, 240°, 
300° and 360°, respectively.

the core-transport capability and (2) assessing the self-propulsion ability. These objectives 
were addressed in two separate experiments. Experiment 1 focused on core transport while 
Experiment 2 focused on self-propulsion. Figure 5.8 gives a schematic overview of both ex-
periments. During testing, the setup involved moving tissue phantoms toward the prototype 
to enable keeping the prototype stationary. This contrasts a realistic scenario where the needle 
would advance through tissue, but since the relative movement between the needle and the 
tissue phantom is the same, it was assumed that this would not influence the test results. Data 
analysis and visualization were conducted using Python in PyCharm Community Edition 
2024.1.1 (JetBrains, Prague, Czech Republic).

5.3.2 Experiment 1: Core-transport capability

Experimental variables
Independent variables

Core length: Core sample lengths typically range from 8 mm to 20 mm for pancreatic bi-
opsies, with specific size requirements varying based on testing types, methods, and platforms 
[44-46]. The capability of the prototype to transport tissue cores of different lengths (5 mm, 10 
mm, 15 mm) was tested to validate its use for different core sizes.

Stroke length: Larger stroke lengths theoretically lead to quicker core transport, as the 
core transport per cycle is dependent on the stroke length. To evaluate the effects of different 
stroke lengths on the efficiency and rate of transport, experiments were conducted using 
varying stroke lengths, up until the maximum allowable stroke length possible for the slot 
lengths of the prototype (2 mm, 3 mm, 4 mm).
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Figure 5�8� Schematic representation of Experiments 1 and 2 to test core-transport and self-propulsion princi-
ples� (a) Graphical overview of the experimental protocol of Experiment 1 “Core-transport capability”. Step 1: A gel-
atin block with width C in a gelatin holder is translated over the needle by a distance dpush. Step 2: Th is leaves a gelatin 
core of length C in the needle. Step 3: Th e motor is turned on, causing the needle to transport the gelatin core over a 
distance dtransport within tmeasured. (b) Graphical overview of the experimental protocol of Experiment 2 “Self-propul-
sion capability”. Step 1: A piece of gelatin in a frictionless gelatin holder is slid over the needle by a distance dinsert with 
the motor off . Step 2: Th e motor is turned on, allowing self-propulsion to occur.

Rotational velocity: Th e rotational velocity of the cam determines the frequency of needle 
segment cycles per unit time. Higher rotational speeds could potentially accelerate tissue 
transport, optimizing biopsy procedure effi  ciency. Th eoretical rotational speeds of 10.1 RPM, 
24.3 RPM, and 50.6 RPM would be achieved using gearbox ratios of 0.025, 0.06, and 0.125, 
respectively.

Tissue phantom elasticity: Gelatin was chosen as a tissue phantom due to its ability to 
mimic the mechanical properties of human tissue [47, 48]. Gelatin samples were prepared 
at diff erent concentrations (5 wt%, 10 wt%, 15 wt%) by mixing porcine gelatin powder with 
boiled tap water, a er which they were allowed to set for about 15 hours in slab molds measur-
ing 25 mm x 25 mm x 18 mm. Th e chosen concentrations correspond to moduli of elasticity 
of approximately 5.3 kPa, 17 kPa, and 31 kPa, respectively [33]. Th is range was selected to 
approximate the mechanical properties of healthy pancreatic tissue, perilesional regions, and 
solid pancreatic tumors, with moduli of elasticity of 4 kPa, 23.9 kPa, and 42.9 kPa, respectively 
[49].
Dependent variables

Transport effi  ciency: Th e transport effi  ciency (TE), measured in percentages, is crucial 
as it impacts procedural time and potentially the tissue sample quality. TE was quantifi ed 
by comparing the measured core-transport duration (tmeasured) to the theoretical duration 
(ttheoretical) over the transport distance (dtransport) (Eq. 5.5). Th e transport distance (dtransport), in 
mm, was calculated as the total needle length (120 mm), measured from the distal tip of the 
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needle to the opening in the outer cone of the actuator, minus the core length. The measured 
transport time (tmeasured) in seconds, was visually assessed from video footage, where the 
starting time (tstart) was the point at which the core was completely enclosed in the distal tip 
of the biopsy needle and the motor was turned on. The end time (tend) was the first moment 
the core could be seen entering the opening in the outer cone of the actuator. The theoretical 
transport time (ttheoretical), in seconds, was calculated by dividing the transport distance by the 
rotational speed of the cam (ω), in RPM, which was assessed from the video footage, multi-
plied by the stroke length (S), in mm (Eq. 5.6). The numerator was multiplied by a factor of 
60 for conversion to seconds. Because we assume for our continuous mode of actuation that 
the tissue phantom core remains stationary with respect to the retracting needle segments, a 
factor of 6/5 was used in the denominator.

(5.5)

(5.6)

Transport rate: To evaluate overall system performance, the transport rate (TR), mea-
sured in mm/s, was included as a dependent variable. It quantifies the biopsy core-transport 
distance within one second (Eq. 5.7).

(5.7)

Experimental facility
The experimental setup included the motorized actuator assembly, held stationary, and a 
PolyMethyl MethAcrylate (PMMA) gelatin holder (with inner dimensions of 17 mm x 17 
mm x 17 mm), which could translate linearly toward the prototype. To create the desired core 
length (C), the gelatin samples were cut to the appropriate size before use (17 mm x 17 mm x 
C mm). Unless indicated otherwise, a 0.06 gear ratio and 10 wt% gelatin were used. 

Experimental procedure
The core-transport assessment was split into two sub-experiments. Table 5.1 provides the 
experimental conditions for the different sub-experiments. Experiment 1A evaluated the 
effect of the gelatin core length and stroke length on the transportation efficiency and rate 
in a 3x3 factorial design, exploring potential interaction effects between the parameters. In 
Experiment 1B, the impact of the rotational velocity and gelatin elasticity on the transport 
efficiency and transport rate was assessed, using the core and stroke length combination that 
achieved the highest transport efficiency in Experiment 1A.

For both sub-experiments, the same procedure was followed. To create a transportable 
core, the needle self-propelled through the gelatin until the holder had translated 30 mm. 
During this translation, the biopsy needle cut out a core with a diameter of 1 mm (⌀inner). After 
this translation, the motor was turned off and the gelatin holder was removed. The motor was 
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Table 5�1� Experimental conditions for Experiments 1A and 1B�

Condition Stroke length [mm] Core length [mm] Gear ratio Gelatin concentration [wt%]

Experiment 1A

A1 2 5 0.06 10

A2 2 10 0.06 10

A3 2 15 0.06 10

A4 3 5 0.06 10

A5 3 10 0.06 10

A6 3 15 0.06 10

A7 4 5 0.06 10

A8 4 10 0.06 10

A9 4 15 0.06 10

Experiment 1B

B1 From 1A* From 1A* 0.025 10

B2 From 1A* From 1A* 0.125 10

B3 From 1A* From 1A* 0.06 5

B4 From 1A* From 1A* 0.06 15
*Th e stroke length and core length that yielded the highest transport effi  ciency in Experiment 1A were used in 
Experiment 1B.

then turned on again, leading to the transportation of the gelatin core from the distal tip of the 
biopsy needle to the opening in the outer cone of the actuator. Each experiment was recorded 
using a video camera focused on the outer cone opening. Th e experiment concluded when the 
core became visible in the opening. Th e core was then removed using tweezers, and the needle 
was cleaned with lukewarm water and tweezers to ensure the removal of gelatin debris from 
the inside. Each condition was repeated fi ve times. Figure 5.8a shows a schematic overview 
of this protocol.

Results
Table 5.2 shows the mean and Standard Deviation (SD) of the TE and TR per condition of 
Experiment 1A. Th e combination of a stroke length of 4 mm and a core length of 15 mm 
yielded the highest mean transport effi  ciency (69.9% ± 9.1%) and transport rate (1.16 mm/s 
± 0.17 mm/s). Th ese parameters were, therefore, used in Experiment 1B. Th e lowest mean 
transport effi  ciency (18.6% ± 2.4%) and mean transport rate (0.15 mm/s ± 0.02 mm/s) was 
achieved by the combination of a 2-mm stroke length and 10-mm core length. Th e results of 
Experiment 1A are visualized in separate grouped strip plots (Figure 5.9).

Table 5.3 shows the mean and SD of the TE and TR per condition of Experiment 1B. 
Additionally, the measured angular velocity (ω) of the cam is noted, as this diff ers from the 
theoretical value. Th e 0.06 gear ratio with 10 wt% gelatin concentration group presented the 
highest mean transport effi  ciency (69.9% ± 9.1%) and transport rate (1.16 mm/s ± 0.17 mm/s). 
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Condition TETE [%] TRTR [mm/s]

A1 (S2-C05) 21.6 ± 7.9 0.17 ± 0.06

A2 (S2-C10) 18.6 ± 2.4 0.15 ± 0.02

A3 (S2-C15) 20.6 ± 8.8 0.17 ± 0.07

A4 (S3-C05) 42.7 ± 11.2 0.47 ± 0.14

A5 (S3-C10) 37.6 ± 8.6 0.41 ± 0.10

A6 (S3-C15) 38.2 ± 7.7 0.43 ± 0.09

A7 (S4-C05) 58.1 ± 1.9 0.96 ± 0.03

A8 (S4-C10) 62.1 ± 2.9 1.03 ± 0.05

A9 (S4-C15) 69.9 ± 9.1 1.16 ± 0.17

Table 5.2. Test results of Experiment 1A, showing the conditions (S = stroke length [mm], C = core length [mm]), 
and the resulting mean and Standard Deviation (SD) of the Transport Efficiency (TE) and the Transport Rate (TR). 
Each condition was tested five-fold. The maximum and minimum TE and TR are indicated in bold.

Figure 5.9. Grouped strip plots displaying (a) the transport efficiency [%] and (b) the transport rate [mm/s] for 
different test conditions; using stroke lengths of 2 mm, 3 mm, and 4 mm and core lengths of 5 mm, 10 mm, and 15 
mm, respectively. The mean is indicated by a translucent diamond.

The lowest mean transport efficiency (44.6% ± 1.4%) was achieved by the combination of a 
gear ratio of 0.06 and a gelatin concentration of 5 wt%. The lowest mean transport rate (0.40 
mm/s ± 0.02 mm/s) was achieved by the combination of a gear ratio of 0.025 and a gelatin 
concentration of 10 wt%. The results of Experiment 1B are visualized in separate strip plots 
(Figure 5.10).

5.3.3 Experiment 2: Self-propulsion capability

Experimental variables
The experiment did not have any independent variables. 
Dependent variables

Self-propelling rate: The self-Propelling Rate (PR), measured in mm/s, directly affects the 
procedural duration. It is defined as the distance (dtravel), in mm, the needle self-propels within 
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Table 5�3� Test results of Experiment 1B, showing the conditions (S = stroke length [mm], C = core length [mm], 
GR = gear ratio, GC = gelatin concentration [wt%]), as well as the mean and standard deviation (SD) of the angular 
velocity of the cam (ω), the Transport Effi  ciency (TE), and the Transport Rate (TR).

Condition ωω [RPM] TETE [%] TRTR [mm/s]

A9 (S4 - C15)* 20.8 ± 0.3 69�9 ± 9�1 1�16 ± 0�17

B1 (GR025 - GC10) 8.5 ± 0.07 58.4 ± 2.8 0�40 ± 0�02

B2 (GR125 - GC10) 38.0 ± 0.9 58.0 ± 1.8 1.76 ± 0.06

B3 (GR060 - GC05) 20.6 ± 0.3 44.6 ± 1.4 0.73 ± 0.03

B4 (GR060 - GC15) 20.7 ± 0.1 55�9 ± 3�6 0.92 ± 0.06

*Th ese results are taken from Experiment 1A.

Figure 5�10� Strip plots showing the Transport effi  ciency (TETE) and Transport rate (TRTR) for diff erent gear ratios (a, 
b) and gelatin concentrations (c, d)� Th e mean per conditional group is indicated by a red diamond. Th e results from 
the 0.06 (24.3 RPM) gear ratio and 10 wt% (17 kPa) gelatin concentration condition are taken from Experiment 1A.

a set time (ttravel), in seconds (Eq. 5.8). Variable ttravel was fi xed at 120 seconds, and millimeter 
paper was used to measure dtravel.

(5.8)
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(5.9)

(5.10)

Experimental facility
The motorized actuator prototype was aligned with a PMMA gelatin holder (with inner 
dimensions of 80 mm x 20 mm x 20 mm). Gelatin of 10 wt% was used after it had been 
allowed to set for about 15 hours. The gelatin holder fit on an air track (Eurofysica), which 
facilitated near-frictionless linear translation of the gelatin holder toward the actuation 
system. The central needle segment filled the lumen during testing. The gelatin holder was 
translated manually over a distance of 20 mm (dinsert). This manual insertion was done to en-
sure there was sufficient initial contact between the needle surface and the gelatin to facilitate 
friction-based self-propulsion. The stroke length used was 4 mm and the gear ratio was 0.06, 
yielding a theoretical rotational speed of 24.3 RPM.

Experimental procedure
Figure 5.8b illustrates the experimental procedure, which was repeated five times. After 
manual insertion, the motor was turned on, allowing the gelatin to translate toward the 
prototype. After 120 seconds, the motor was turned off and the exact traveled distance was 
determined from the video footage. Finally, the needle was cleaned with lukewarm water to 
remove potential gelatin debris.

Results
Within the experimental group, the mean PR and SR, including SD, were, respectively, PR = 
0.247 mm/s ± 0.061 mm/s and SR = 0.842 ± 0.042. 

5.3.4 Proof-of-principle sequential functioning
As a proof of principle, it was assessed whether the self-propulsion and core transport could 
be performed sequentially. Using the setup of Experiment 2, the wasp-inspired biopsy needle 
was inserted 20 mm into a gelatin block (10 wt%), measuring 80 mm in total length. The 

Self-propelling efficiency: The efficiency of self-propulsion was assessed by the Slip Ratio 
(SR). The SR quantifies the relative slip of the needle as it propels. We assumed that slip was the 
sole reason that the measured self-Propelling Rate (PRmeasured) was lower than the theoretical 
self-Propelling Rate (PRtheoretical). The SR is calculated using the PRmeasured and PRtheoretical in mm/s 
(Eq. 5.9). The measured self-propelling rate was determined experimentally by assessing how 
far the needle could self-propel within a given time. The theoretical self-propelling rate was 
derived from the rotational velocity of the cam (ωactual) in RPM, measured from video footage 
and divided by 60 to get the rotations per second, and the stroke length in mm, multiplied by a 
factor of 6/5 to account for the continuous actuation of the needle segments where we assume 
for the self-propelling motion that the retracting needle segments remain stationary with 
respect to the tissue phantom, while the advanced needle segment moves forward (Eq. 5.10).
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motor was turned on, allowing the needle to self-propel over a distance of 45 mm, a er which 
the central needle segment was removed by pulling it out to allow for core extraction over 
the remaining 15 mm, yielding a core of 15 mm. Th e near-frictionless air track was then 
deactivated, immobilizing the gelatin block as the gelatin core was transported from the distal 
tip to the opening in the outer cone of the actuator. A video showing the proof-of-principle of 
sequential functioning can be found in the Supplementary material.

 5.4 Discussion

 5.4.1 Main fi ndings
Th e proof-of-principle evaluation implied two main fi ndings. It showed that the wasp-inspired 
biopsy needle was: (1) able to transport a gelatin core, mimicking tissue, using friction-based 
transport and (2) was able to self-propel. Additionally, it showed that self-propulsion and core 
transport could be performed sequentially.

Th e optimal conditions for core transport in our needle design included a 4-mm stroke 
length, 15-mm core length, theoretical rotational velocity of 24.3 RPM (actual 20.8 RPM), 
and 10-wt% gelatin composition, achieving a transport effi  ciency of 69.9% ± 9.1% and a 
transport rate of 1.16 mm/s ± 0.17 mm/s. Increasing the stroke length not only enhanced the 
transport rate as expected but also improved effi  ciency, resulting in a positive impact on the 
overall transport rate. Th is phenomenon might be attributed to the advancing needle segment 
having a higher velocity as the stroke length is increased. A higher velocity could lead to 
relatively lower friction forces between the advancing needle segment and the gelatin core, 
leading to more effi  cient core transport. Th e fl exible wasp-inspired tissue transport design 
of de Kater et al. [37] was able to transport tissue with a similar transport rate of 0.83 mm/s 
± 0.08 mm/s under similar circumstances (horizontal orientation, 10-wt% gelatin, 25 RPM, 
stroke length of 5.2 mm), despite the larger lumen (3.8 mm). During current CB procedures, 
tissue cores measuring 1-2 cm in length are typically obtained [14], which is similar to the 
core lengths retrieved during our core-transport assessment. Moreover, our needle design can 
theoretically transport tissue cores up to the entire length of the needle, which is challenging 
for aspiration-based devices due to clogging issues.

Th e self-propulsion capability evaluation showed the needle achieving a slip ratio of 
0.842 ± 0.042 and a self-propelling rate of 0.257 mm/s ± 0.0611 mm/s. In comparison, the 
self-propelling needle by Scali et al. [33] (diameter 0.8 mm), also using 10-wt% gelatin, ex-
hibited a lower mean slip ratio of 0.3. Th e larger diameter of our prototype (⌀outer: 3 mm) may 
contribute to increased gelatin displacement and rupturing around the needle, leading to the 
formation of a cavity around the needle, thereby reducing the contact area between the needle 
and surrounding gelatin. A reduction in the contact area between the needle segments and 
the gelatin will reduce the overall friction force, making it less likely that the friction force 
of the retracting needle segments can counterbalance the cutting and friction force on the 
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advancing needle segment, causing slip. Miniaturizing the outer dimensions of the needle 
could potentially mitigate this phenomenon.

The wasp-inspired biopsy needle offers significant advantages over conventional biopsy 
needles for percutaneous biopsy procedures. It avoids buckling and clogging due to its fric-
tion-based propulsion and core-transport methods, allowing for downsizing while maintain-
ing the capability to transport intact tissue samples for histological examination. 

5.4.2 Limitations and future research
During the evaluation, gelatin was chosen as a suitable tissue phantom due to its elasticity that 
can resemble human tissue, cost-effectiveness, and accessibility. However, gelatin phantoms 
do not fully capture the complexity of real tissues, particularly concerning the heterogeneity 
of human tissue, in specific tumor tissue [50]. Due to its homogeneity, gelatin exhibits brittle 
fracture behavior, leading to sudden rupturing when subjected to mechanical stress [51]. 
This could lead to increased fragmentation during core transport and could lead to cavity 
formation around the needle during self-propulsion. Furthermore, for needle propulsion 
experiments, other mechanical properties than the elasticity, for example, the friction coeffi-
cient between needle and tissue and the tissue's shear modulus and ultimate strength, could 
also be of interest. Transitioning to human tissue poses challenges such as variable stiffness 
between tissue types [28], complicating self-propulsion. For instance, Bloemberg et al. [34] 
reported slip ratios ranging from 0.82 to 0.96 in ex vivo prostate tissue. An interesting next 
step would, therefore, be to validate the wasp-inspired biopsy needle in complex tissue models 
like multi-layered phantoms and ex vivo tissue. When moving toward ex vivo tissue studies 
and clinical trials, developing protocols in compliance with the ISO 13485 standard and the 
Medical Device Regulation 2017/745 will enable us to compare our needle with commercially 
available alternatives.

The self-propulsion principle of the wasp ovipositor that was implemented in our needle 
design allowed the needle to self-propel through different gelatin substrates. In order for the 
self-propulsion principle of the needle to hold, continuous contact between the outer needle 
surface and the substrate is required. Therefore, during our self-propulsion evaluation, the 
needle was manually inserted by 20 mm in the gelatin phantom before being actuated. In 
clinical practice, the needle first has to puncture the skin of the patient, before being able to 
self-propel through the tissue. The skin introduces a surface stiffness force due to the needle 
puncturing the skin until the moment of puncture [28]. To overcome this, manual insertion 
of the needle through the skin could be an option using an initial puncture needle, ensuring 
sufficient contact between the outer needle surface and the surrounding tissue.

The current 3-mm outer diameter of the wasp-inspired biopsy needle prototype represents 
an improvement over larger former tissue-transport designs ((⌀outer: 7 mm, ⌀outer: 10 mm) [37, 
38]) for use in biopsy procedures, but falls short of standard biopsy needles (18 G, outer 
diameter of 1.27 mm). Future efforts should, therefore, focus on the miniaturization of the 
needle. The current slot manufacturing method could allow for prototype production on a 
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smaller scale using nitinol rods and stainless-steel capillary tubes with smaller diameters. 
However, further miniaturization may be limited by WEDM, typically using wires of 0.15 - 
0.3 mm [43]. High precision WEDM, capable of handling wires as fi ne as 0.025 - 0.1 mm [52] 
could, in theory, produce smaller slots and, therefore, aid in further miniaturizing the needle 
dimensions.

Additionally, given the hexagonal arrangement, reducing the outer diameter will also 
decrease the lumen diameter, thereby decreasing the amount of tissue that can be retrieved. 
Since the required amount of tissue diff ers per diagnostic test [45], to enhance functionality, 
a relatively large lumen is preferred. To increase the lumen diameter, we propose employing 
multiple central needle segments or a single central needle segment with a larger diameter. 

Navigating around vital structures during percutaneous biopsy procedures, especially 
near the pancreas where structures like the bowel, liver, kidney, or major vessels can block 
direct access [53], is challenging. Incorporating steerability into biopsy needles can aid in 
overcoming this challenge. Bevel tips, commonly used in intravascular injections [54], prove 
eff ective for maneuvering within the body. Research by Scali et al. [33] shows successful needle 
steering using six nitinol rods by simulating an approximated bevel-shaped tip. Alternatively, 
a prebend central needle segment could be employed to facilitate needle steering. Incorpo-
rating either approach into our biopsy needle design could further enhance its functionality. 

Our current needle design showcases two use scenarios: (1) needle propulsion, and (2) 
substrate transportation from the needle tip to the needle base. On top of that, the function-
ality of our biopsy needle could inspire designs beyond its scope as the motion sequence 
could also be reversed to facilitate the delivery of substances from the needle base to the 
needle tip, such as the delivery of medicine, radioactive particles, or high-viscosity hydrogels 
for cartilage repair, to enhance the delivery of low-viscosity samples compared to current 
expulsion-based delivery methods [55].

 5.5 Conclusion
In conclusion, our study introduces a wasp-inspired biopsy needle capable of both self-pro-
pulsion and friction-based core transport. Drawing from previous wasp-inspired designs, 
we integrated these functionalities by transitioning from external interconnecting structures 
to a ring passing through slots along the needle segments. Th e prototype demonstrated the 
ability to perform these functionalities separately and sequentially, off ering a viable alterna-
tive to current biopsy needles that are prone to buckling and clogging during downsizing. 
Th is innovation is particularly promising for procedures requiring long, thin, and precise 
biopsy needles, such as in percutaneous pancreatic biopsies. Further advancements, including 
miniaturization and the integration of steering, could expand the biopsy needle's application 
scope, potentially improving tissue sampling accuracy and reducing patient complications.
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Supplementary material
The appendices and data underlying this study are available at: frontiersin.org/articles/10.3389/
fbioe.2024.1497221/full#supplementary-material. 
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Chapter 6

Abstract
Positioning a thin needle into a solid substrate near a target region is difficult because the 
needle can easily bend and buckle. Nevertheless, in nature, female parasitic wasps can do 
this by using buckling prevention and steering mechanisms. This study presents a self-
propelled needle that incorporates wasp-inspired steering mechanisms, specifically, the use 
of pretension and asymmetry within the needle segments. The needle with an outer diameter 
of 0.89 millimeters comprises seven parallel needle segments, with the central needle segment 
being either straight for a forward trajectory or prebent for steering purposes. By retracting 
and rotating the prebent central needle segment, the needle is capable of omnidirectional 
steering. The performance of the needle in tissue-mimicking phantoms was evaluated in 
terms of its propulsion efficiency and steering performance. The propulsion efficiency, 
affected by slippage of the needle segments with respect to the tissue-mimicking phantoms, 
was, on average, 63% ± 4% for forward motion and 55% ± 7% for steering motion. Moreover, 
the needle successfully steered with a mean deflection-to-insertion ratio of 0.41 ± 0.11 (i.e., 
radius-of-curvature of 44 mm). The proposed bioinspired needle design is a relevant step 
toward developing steerable needles for percutaneous interventions. 
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 6.1 Introduction
From a mechanical standpoint, positioning a thin needle into a solid substrate is diffi  cult be-
cause the needle can easily bend and buckle. However, female parasitic wasps do this regularly 
when they use their long and thin needle-like organ, called the ovipositor, to deposit eggs in 
a host hidden in wood (e.g., Megarhyssa atrata Fabricus (Hymenoptera: Ichneumonidae) [1]) 
or fruit (e.g., Diachasmimorpha longicaudata Ashmead (Hymenoptera: Braconidae) [2]). Th e 
wasp ovipositor consists of three parallel segments, called “valves”, which are longitudinally 
connected by the olistheter mechanism, a jigsaw puzzle-like structure, which allows for 
sliding of the valves while preventing their separation [3]. Th e egg channel runs through the 
center of the three valves [4]. Using its abdominal musculature, the wasp can move the valves 
longitudinally relative to each other [3]. 

Th e exact mechanisms the parasitic wasp uses for ovipositor insertion and buckling pre-
vention are still being studied. However, Cerkvenik et al. [5] identifi ed two main mechanisms 
of ovipositor insertion: (1) pushing the ovipositor into the substrate as a whole, which was 
observed only in so  substrates, and (2) inserting with alternating valve movements, which 
was observed in both so  and solid substrates. In the second mechanism, the wasp moves the 
valves alternately to achieve a so-called “self-propelled motion” [5, 6]. First, one of the valves 
advances deeper into the tissue, whereas the other valves are held stationary [6, 7]. Th e fric-
tion forces of the stationary valves in contact with the surrounding substrate counteract the 
friction and cutting forces of the advancing valve in contact with the surrounding substrate 
because of the diff erence in surface area between the stationary and advancing valves [7]. 
Th e wasp alternates the advancing movements between the valves to propel the ovipositor 
through the substrate incrementally. Th is alternating valve mechanism enables ovipositor in-
sertion while avoiding net push forces and axial loads that would otherwise result in the wasp 
being pushed away from the substrate, given the wasp’s small mass, and bending, buckling, or 
breaking of the ovipositor [5, 6].

In addition to ovipositor insertion along a straight path without buckling, the female 
parasitic wasp can also curve and steer its ovipositor to reach the desired target (Figure 6.1a) 
[5]. In the scientifi c literature, several hypotheses attempt to explain the steering mechanism 
of the wasp ovipositor. According to one prevalent hypothesis, a parasitic wasp can steer 
its ovipositor because of its asymmetric beveled tip [5]. When moving such an asymmetric 
beveled tip through a substrate, the off -axis reaction forces applied by the substrate on the tip 
cause the ovipositor to bend [8], resulting in a curved path [9]. Moreover, the bevel shape can 
presumably be enhanced by changing the relative position of the valves, creating an off set at 
the tip in the required direction. On the other hand, it is hypothesized that the valves of the 
ovipositor exhibit pretension and tend to curve to one side when not opposed by the other 
valves [5]. When the valves are aligned with their tips, the pretensions in the valves counteract 
each other, resulting in a straight structure. In contrast, when a valve protrudes, its tip curves 
inward toward the other valves. For both ovipositor steering hypotheses, the ability to steer 
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Figure 6.1. Interlocking and steering in (a) female parasitic wasp ovipositors, (b-f) state-of-the-art wasp-in-
spired needles, and (g-i) our proposed wasp-inspired needle. (a) The ovipositor of female parasitic wasps consists 
of “valves” (green, yellow, and blue) that are interlocked by the olistheter mechanism, a jigsaw puzzle-like structure. 
The wasps are hypothesized to steer their ovipositor by asymmetry and pretension of their ovipositor valves (based 
on Cerkvenik et al. [5]). (b) Four wedge-shaped sections with a puzzle-like interlocking mechanism that mimics the 
wasp’s olistheter mechanism (based on Burrows et al. [27]). (c) Flower-shaped interlocking ring (blue) around seven 
needle segments (gray) (based on Scali et al. [14]), (d) photo of the interlocking ring (from [14]). (e) Ultrathin-walled 
heat shrink tube (blue) that bundles six needle segments (gray) (based on Scali et al. [13]), (f) photo of several needle 
segment tips with the heat shrink tube (from [13]). (g) Our proposed needle consists of six needle segments with 
indentations (gray), a hexagonal interlocking ring (blue), and a central needle segment (gray), (h) photo of our 
proposed needle, (i) our proposed needle in the steering configuration with a prebent bevel-shaped central needle 
segment.
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off ers a means to control the ovipositor trajectory during insertion. 
Inspired by the ovipositor of the parasitic wasps, a variety of self-propelled and steerable 

needles consisting of multiple parallel needle segments have been proposed in the scientifi c 
literature [10-20]. Th e self-propelled motion in these needles is achieved by advancing a 
smaller number of needle segments than the number of stationary needle segments, thereby 
counterbalancing the cutting and friction force of the advancing needle segments by the 
friction force generated by the remaining stationary segments [19]. Research has shown that 
tissue motion and damage in the needle vicinity are reduced when a multisegmented needle 
actuated with a reciprocal advancing motion is used as compared to merely pushing the 
needle through the tissue [10, 11, 21].

Inspired by the bevel shape of the wasp ovipositor, omnidirectional steering of wasp-in-
spired needles was reported in the scientifi c literature by inducing an off set between the 
needle segments, creating a discrete bevel-shaped tip [10, 12, 14, 20]. However, the steering 
curvature achieved with bevel-shaped needles is limited and dependent on the needle-tissue 
interaction forces [22]. We hypothesize that implementing prebending in the needle, similar 
to the pretension in the ovipositor of the parasitic wasp, could sharpen the steering curvature. 
A comparable steering strategy has been successfully applied in concentric tube needles 
using precurved outer tubes and inner wires [23]. However, these tubes are not capable of a 
self-propelled motion to prevent needle buckling.

For the wasp-inspired self-propelling and steering mechanisms to work, the needle seg-
ments must be interlocked at the tip to avoid separation. A common interlocking mechanism 
described in the scientifi c literature mimics the ovipositor’s olistheter mechanism (Figure 6.1b) 
[10, 20, 24-28]. For example, Burrows et al. [27] and Aktas et al. [28] developed 3D-printed 
4-mm and thermally-drawn 1.3-mm diameter needles, respectively, consisting of wedge-
shaped parallel needle segments, which slide alongside one another, using jigsaw puzzle-like 
structures that interlock the needle segments along their entire length. A disadvantage of this 
interlocking mechanism is that it is diffi  cult to miniaturize. In order to miniaturize the needle 
diameter to submillimeter dimensions, Scali et al. [12, 14] stepped away from the wasp-in-
spired interlocking mechanism and used a fl ower-shaped ring as the interlocking mechanism 
(Figures 6.1c,d). However, the increased cross-sectional area caused by the fl ower-shaped 
ring allows for potential tissue accumulation between the needle segments and increases the 
cutting forces, thereby hindering the self-propelled motion of the needle. Furthermore, the 
fl ower-shaped ring does not constrain the axial rotation of individual needle segments. Nee-
dle segment rotation is not a problem when we use blunt needle segments. However, when 
we use bevel-shaped needle segments to sharpen the needle or to allow for steering, rotation 
of the needle segments can cause these segments to misalign and not point toward the center. 
Th is misalignment may lead to divergence of the bevel-shaped segments and potentially allow 
tissue accumulation between them.

In follow-up designs, Scali et al. [13] and Bloemberg et al. [15, 16, 29] replaced the fl ow-
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er-shaped ring with an ultrathin-walled heat shrink tube as the interlocking mechanism (Fig-
ures 6.1e,f). The heat shrink tube is glued to one of the needle segments to bundle the needle 
segments at the tip. This solution only minimally increases the needle diameter. However, the 
heat shrink tube does not constrain the axial rotation of the needle segments.

Previous research has demonstrated the efficacy of using wasp-inspired mechanisms in 
the development of self-propelled and steerable needles [10, 12-16, 20, 24-29]. To date, their 
steering capabilities have been attained by mimicking the asymmetric bevel shape of the wasp 
ovipositor. Furthermore, the parallel needle segments were interlocked via a hard-to-min-
iaturize jigsaw puzzle-like structure, a flower-shaped ring that hinders the self-propelled 
motion of the needle, or a heat shrink tube that does not constrain axial rotation. 

This study explores an alternative steering system inspired by the parasitic wasp comple-
mented by a novel interlocking mechanism. The steering system incorporates prebending 
and asymmetry within the centrally positioned needle segment (Figures 6.1g-i). Our novel 
interlocking mechanism constrains axial rotation of the needle segments without locally in-
creasing the overall needle diameter. Accordingly, we present a submillimeter needle suitable 
for insertion via a self-propelled motion and omnidirectional steering. 

6.2 Design

6.2.1 Needle

Interlocking
In this study, we present a new design of a submillimeter-diameter self-propelled steerable 
needle, the Prebent Ovipositor Needle, with an improved interlocking mechanism. The 
Prebent Ovipositor Needle has an outer diameter of 0.89 mm, making it suitable for percuta-
neous interventions. To prevent separation of the needle segments at the tip, our interlocking 
mechanism consists of a hexagonal interlocking ring (in blue) and six outer needle segments 
(in gray) arranged in a circle around a central needle segment (in gray) (Figures 6.1g,h). The 
outer needle segments contain lancet-shaped tips that face inward toward the central needle 
segment, whereas the central needle segment has a triangular sharp tip, resulting in an assem-
bled needle with a symmetric sharp tip (Figure 6.1g). Additionally, the outer needle segments 
contain indentations that leave a semicircular cross-section over a distance of 12 mm. The 
interlocking ring fits around the needle segments at the position of the indentations. As a 
result, the wall thickness of the interlocking ring is equal to the radius of the outer needle 
segments, ensuring that the interlocking ring neither enlarges the overall needle diameter nor 
allows for potential tissue accumulation between the needle segments. 

Our interlocking ring design ensures that the lancet-shaped tips of the outer needle seg-
ments always point toward the central needle segment. The length of the interlocking ring 
is shorter than the length of the indentations, allowing relative translation of the six outer 
needle segments along the axial direction to initiate wasp-inspired self-propelled motion. The 
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indentations allow needle assembly through two sequential steps: (1) individually threading 
the outer needle segments through the interlocking ring and (2) guiding the central needle 
segment through the center to align the indentations of the outer needle segments with the 
internal surfaces of the interlocking ring. 

Self-propelling
Th e resulting Prebent Ovipositor Needle design enables a self-propelled motion through the 
relative movement of the outer needle segments. Th is self-propelled motion is achieved by 
counterbalancing the cutting and friction forces perceived by the advancing segments with 
the friction force generated by the stationary segments [19]. For eff ective self-propulsion, 
the friction forces between the substrate and the stationary needle segments must be equal 
to the combined friction and cutting forces perceived by the advancing needle segments. 
Consequently, we decided on a motion sequence where one outer needle segment advances 
while fi ve outer needle segments remain stationary with respect to the substrate. Th is motion 
sequence can be actuated by a control and actuation system.

Th e needle’s self-propelled motion relies on sequentially translating the six outer needle 
segments in seven steps per actuation cycle. During Steps 1-6 (Figure 6.2a), one outer needle 
segment is advanced by a defi ned distance of “6/5 stroke length” with respect to the substrate, 
whereas the other fi ve outer needle segments remain stationary relative to the substrate. 
Step 7 of the actuation cycle is a reset step, in which the interlocking ring is moved forward 
to the tip of the needle segments by consecutively advancing and retracting one of the outer 
needle segments. When there is no slippage of the stationary needle segments with respect to 
the substrate, the needle self-propels step by step into the substrate.

Steering
Th e parasitic wasp is hypothesized to steer its ovipositor through the pretension and asym-
metry in its valves [5]. We decided to implement these mechanisms in our Prebent Ovipos-
itor Needle. Th e central needle segment can be either a straight triangular needle segment 
(Figure 6.1g) or a prebent bevel-shaped needle segment (Figure 6.1i). When a central needle 
segment with a triangular sharp tip is used, the needle follows a straight trajectory during 
insertion into a substrate. In contrast, using the prebent bevel-shaped needle segment enables 
the needle to steer. Th e curvature of the prebent infl uences the extent of needle bending and 
the sharpness of the generated curve. By axially rotating the central needle segment, the 
steering direction can be changed to achieve omnidirectional steering. 

Multiple versions of the interlocking ring were developed throughout the design process 
to optimize the interlocking mechanism for both the self-propelled motion and the steering 
motion. Th e initial design featured an interlocking ring with a length of 5 mm (Figure 6.2b, 
referred to as “1R5” from hereon). In the other designs, we split the 12-mm indentation 
length of the outer needle segments into four parts of equal length. Consequently, we opted 
to develop a range of confi gurations, including three interlocking rings of 3 mm each (Fig-
ure 6.2c, referred to as “3R3” from hereon), resulting in a minimal stroke length of 3 mm, two 
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3-mm interlocking rings (Figure 6.2d, referred to as “2R3” from hereon), and a single 3-mm 
interlocking ring (Figures 6.2e,f, referred to as “1R3” from hereon). This variety allowed us to 
evaluate the balance between stability and flexibility within the needle design during both the 
self-propelled and steering motion.

6.2.2 Prototype
Our needle prototype comprises seven parallel-positioned nitinol segments, which are 
superelastic and straight-annealed, and an interlocking ring that constrains needle segment 
rotation. The interlocking ring was produced out of a stainless-steel capillary tube (outer 

Figure 6.2. Self-propelled steerable needle tip designs. (a) Self-propelled motion sequence: during Steps 1-6 of the 
actuation cycle, one outer needle segment moves forward over 6/5 stroke length with respect to the surrounding sub-
strate (pink). (b) A single interlocking ring measuring 5 mm in length. (c-e) Three, two, and one interlocking ring(s) 
measuring 3 mm in length each. (f) Divergence of the outer needle segments with a single 3-mm interlocking ring.
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diameter of 0.89 mm). To create the hexagonal-shaped hole (inradius of 0.32 mm), we used 
wire Electrical Discharge Machining (EDM). Th e hexagon has rounded corners with a radius 
of 0.075 mm, corresponding to the wire radius used in the wire EDM process. Th e needle 
segments consist of a single central needle segment with a diameter of 0.35 mm and six outer 
needle segments with a diameter of 0.25 mm, each with a length of 200 mm. 

Th e needle segments were sharpened by wire EDM to increase the tip’s cutting effi  ciency 
and minimize the required insertion force. Th e straight central needle segment was sharp-
ened to a triangular angle of 20°, whereas the prebent central needle segment was sharpened 
to an asymmetric bevel angle of 20°. Th e outer needle segments were sharpened to form 
lancet-shaped tips with an angle of 20°, similar to previously described wasp-inspired needles 
[20, 29]. In the assembled needle, the sharpened tips of the outer needle segments point toward 
the center, with their bevels facing outward. Additionally, to accommodate the interlocking 
ring, 12-mm indentations were created in the outer needle segments by wire EDM, starting 
2 mm from the tip of the needle segment. At the location of the indentation, the cross-section 
of the outer needle segment resembles half a cylinder, with the fl at surface facing outward. 
Th is results in a radial clearance between the outer needle segments and the inner surface of 
the hexagonal-shaped hole of the interlocking ring of 20 µm.

In order to create a prebent shape at the tip of the central needle segment, we used a heat 
treatment method that defi nes the shape of the superelastic nitinol needle segment while 
retaining its superelastic properties [30]. Th e nitinol needle segment was constrained in an 
aluminum fi xture, secured with bolts to achieve a shape featuring a 30° bending angle and 
an 8-mm curvature length at the needle tip. Th e thermal treatment involved placing the 
mold with the nitinol needle segment in a small chamber furnace, where it was heated to a 
temperature of 550 °C for 20 minutes. During this process, the needle segment was kept in its 
deformed shape. Following the heating period, the mold with the needle segment, was rapidly 
cooled by quenching it in room-temperature water. As a result, the nitinol acquired a prebent 
austenitic shape at room temperature while retaining its superelastic characteristics. 

 6.3 Evaluation

 6.3.1 Experimental goal
For the performance evaluation, we assessed the performance of the Prebent Ovipositor 
Needle in so  tissue-mimicking phantoms made of gelatin with a gelatin weight ratio (wt) 
of 5 wt%. Th e use of 5-wt% gelatin results in a modulus of elasticity of 5.3 kPa as determined 
by Scali et al. [13], this modulus of elasticity approximates healthy liver tissue (< 6 kPa) [31]. 
Th e performance of the Prebent Ovipositor Needle was evaluated based on its propulsion and 
steering performance. Th e propulsion performance was quantifi ed in terms of the propulsion 
effi  ciency (η [%]), slip ratio (sr [-]), and insertion speed (v [mm/s]):

(6.1)
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(6.2)

(6.3)
where dm [mm] is the measured insertion distance of the needle with respect to the tis-
sue-mimicking phantom, de [mm] is the expected insertion distance, and t [s] is the measured 
insertion time. For η = 100% and sr = 1, the advancing needle segment moves forward into the 
tissue-mimicking phantom while the remaining needle segments remain stationary relative 
to the tissue-mimicking phantom, meaning that there is no slip between stationary needle 
segments and the tissue-mimicking phantom, creating a forward needle motion at maximum 
speed. Variable de was calculated via Eq. 6.4:

(6.4)

where S [mm] is the stroke length, which was set to 2 mm, and C [-] is the number of actuation 
cycles, which was set to 25, resulting in de = 60 mm; for more details on the expected insertion 
distance, see Appendix 6.A. The 2-mm stroke length, approximately twice the needle’s 0.89-
mm diameter, facilitates incremental movement of the outer needle segments through the 
substrate while following the central needle segment trajectory and minimizing the risk of 
needle segment buckling. The number of actuation cycles is constrained by the total needle 
length and the experimental setup. 

To quantify the steerability of the needle, we evaluated the measured straight insertion 
distance, ds, and the deflection of the needle from a straight path, dd. The ratio of distance dd 
to distance ds is called the deflection-to-insertion ratio (dr [-]) and was calculated via Eq. 6.5: 

(6.5)
where dd [mm] represents the difference between the needle’s initial and final distances 
relative to its centerline. These distances were measured as the deviation of the needle tip 
perpendicular to the imaginary straight line that the needle would have followed if it had 
not been steered. Besides dr, the needle’s steerability was quantified by its achieved curvature 
(κ [mm-1]), which is the amount by which a curve deviates from a straight line. In the case of a 
circle, the curvature is the reciprocal of its radius. To calculate κ, we approximated the needle's 
final trajectory as a segment of a circle with a radius R [mm] that was fitted to the needle’s final 
trajectory via Eq. 6.6:

(6.6)
where variables κ and dr are large when the radius of curvature is small, indicating that the 
needle makes a sharp curve. Both dr = 0 and κ = 0 mm-1 indicate a straight needle insertion 
trajectory.

6.3.2 Experimental facility
In order to achieve the required self-propelled motion sequence, the needle was connected 
to a control and actuation system (Figures 6.3a,b). The control system comprises an Arduino 
board (MEGA 2560) in conjunction with six stepper drivers (Moons’ SR3-MINI). The control 
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Figure 6�3� Experimental setup for the evaluation of the Prebent Ovipositor Needle performance� (a) Th e control 
and actuation system was mounted on an aluminum base plate. Th e needle, connected to the control and actuation 
system, is propelled and steered into a tissue-mimicking phantom carried by a cart on an air track. (b) Top view of the 
control and actuation system comprising an Arduino board, six stepper drivers, and six linear actuators. (c) Each lin-
ear actuator and outer needle segment was clamped to a slider using set screws. (d) Self-propelled motion sequence: 
during Steps 1-6 of the actuation cycle, one outer needle segment moves forward over the stroke length while the 
other outer needle segments move slowly backward over one-fi  h of the stroke length thereby self-propelling the 
needle step by step into the substrate by pulling the substrate (pink) on the cart on the air track (illustrated by black 
wheels) toward the control and actuation system.
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system controls the actuation system, which actuates the six outer needle segments to achieve 
the required self-propelled motion sequence. This actuation system contains six linear actua-
tors (Thomson MLAX8A05-0157S0039-E4-S01, displacement resolution 1.57 µm) that enable 
the back-and-forth movement of the six outer needle segments. The linear actuators were 
arranged in a circular configuration to correspond with the positions of the six outer needle 
segments. 

As the linear actuators run at a larger diameter than the six needle segments do, sliders 
and capillary tubes are used to guide the needle segments toward the central needle segment 
and ensure that they reach their final insertion diameter. Each linear actuator is connected to 
a slider that points toward the center (Figure 6.3c). The outer portion of the slider is securely 
clamped to an actuator rod via a set screw. Each outer needle segment is fastened to the central 
portion of a slider with another set screw, ensuring parallel alignment of the needle segments 
during actuation. Finally, the capillary tubes further guide the outer needle segments toward 
the central needle segment and their final insertion diameter. In order to prevent buckling of 
the needle between the actuation system and the tissue-mimicking phantom, the needle is 
fed through four capillary tubes (T1, T2, T3, and T4) arranged in a telescopic manner. The tube 
diameters are T1 = 2.5 mm, T2 = 2.0 mm, T3 = 1.6 mm, and T4 = 1.2 mm. The lengths of T1-T3 
are 30 mm and that of T4 is 40 mm. Within the substrate, the substrate exerts an inward force 
toward the needle’s centerline on the needle segments, thereby preventing the buckling of the 
individual needle segments.

The experimental setup consisted of the Prebent Ovipositor Needle connected to the con-
trol and actuation system, mounted to a solid aluminum breadboard (MB2530/M, Thorlabs, 
Inc., Newton, NJ), and a tissue-mimicking phantom placed on a customized Perspex cart on 
an air track (Eurofysica, ‘s-Hertogenbosch, The Netherlands) (Figure 6.3a). Rather than mov-
ing the needle toward the tissue-mimicking phantom, we chose to move the tissue-mimicking 
phantom toward the stationary needle. This setup involved keeping the needle stationary and 
connected to the control and actuation system that facilitates the relative motion of the needle 
segments for the self-propelled motion. The tissue-mimicking phantom was placed on the 
cart on the air track to allow a near-frictionless horizontal translation of the tissue-mimicking 
phantom. The Prebent Ovipositor Needle self-propels if it pulls the tissue-mimicking phantom 
toward the control and actuation system by pulling itself deeper into the tissue-mimicking 
phantom (Figure 6.3d). 

The needle’s self-propelled motion relies on the control and actuation system that sequen-
tially translates the six outer needle segments in seven steps per actuation cycle. During Steps 
1-6, each outer needle segment is advanced once by the stroke length in a single step and 
slowly retracted with respect to the actuation system during five steps, with each retraction 
step covering one-fifth of the stroke length. When there is no slip, the retracting needle seg-
ments remain stationary with respect to the substrate and during each actuation cycle, the 
outer needle segments are advanced by 6/5 stroke length with respect to the substrate. This 
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continuous motion of the outer needle segments applies a constant strain to the surrounding 
substrate. 

For the tissue-mimicking phantoms, gelatin powder of type Dr. Oetker 1-50-230004 (Dr. 
Oetker Professional, Amersfoort, Th e Netherlands) was mixed with water with a gelatin 
weight ratio of 5 wt%. Th e gelatin/water mixture was poured into molds and stored overnight 
at 5 °C for solidifi cation. A erward, the solidifi ed gelatin/water mixture was cut to its fi nal 
dimensions with a stamping die (width 40 mm, length 110 mm, height 20 mm) and placed 
on the cart. Millimeter graph paper attached at the bottom of the cart and the ruler of the air 
track were used as a reference to measure variables dm, ds, and dd during needle propulsion 
with an approximative accuracy of 0.5 mm. To ensure the repeatability of the measurement 
method, the experimental setup was not moved in between the measurements.

 6.3.3 Experimental procedure
For each measurement, a new gelatin phantom was placed on the cart. Before each measure-
ment, the Prebent Ovipositor Needle was inserted over an initial distance of 30 mm inside 
the tissue-mimicking phantom to ensure initial contact between the needle segments and the 
phantom. During every measurement, a camera, vertically positioned on a tripod, captured 
the position of the needle inside the tissue-mimicking phantom to measure variables dm, 
ds, and dd. Every measurement was performed with an actuated speed of 10 mm/s for the 
advancing needle segments, the stroke length, S, set to 2 mm, and the number of actuation 
cycles, C, set to 25. Each condition was repeated six times. 

 6.3.4 Data analysis
To statistically compare our evaluated conditions (i.e., 1R5 forward versus 1R5 down, 1R5 
down versus 1R5 up, and 1R5 up versus 2R3 up) for η and dr, Mann-Whitney U tests with 
exact two-tailed p-values were performed. Due to the small sample sizes (n = 6 per condition) 
and the presence of non-normal distributions in one of the dependent variables for one 
condition (i.e., η for 1R5 up), Mann-Whitney U tests were chosen for all pairwise condition 
comparisons. Th is type of nonparametric test does not assume normality and is more appro-
priate and robust for small samples with potential parametric assumption violations. Th is led 
to a total of six statistical comparisons. To control the risk of Type I error from multiple com-
parisons, a Bonferroni correction was applied, resulting in an adjusted signifi cance threshold 
of α = 0.0083 (0.05 divided by six tests). Only p-values below this threshold were considered 
statistically signifi cant. Th e analysis was done in IBM SPSS Statistics 29.0.0. 

 6.3.5 Results
We conducted three consecutive experiments to evaluate the eff ects of (1) the central needle 
design, (2) the steering direction, and (3) the interlocking ring confi guration on the perfor-
mance of the Prebent Ovipositor Needle. Th e results for η, sr, v, dr, and κ are summarized in 
Table 6.1 and Figure 6.4 and example measurements of variables dm, ds, dd, and κ are visualized 
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in Figures 6.5a-d. First, we compared the downward-steering prebent bevel-shaped central 
needle design (1R5 down) to the straight triangular central needle design (1R5 forward). No 
statistically significant difference was found for η between the 1R5 forward (median = 63%) 
and 1R5 down (median = 60%) conditions (U = 11.5, p = 0.310), indicating no statistically 
significant difference in propulsion efficiency between straight and steering trajectories. 
However, the 1R5 down condition (median = -0.54) showed a significantly difference in dr 
as compared to the 1R5 forward condition (median = -0.07, U = 0, p = 0.002), indicating 
effective downward steering.

Second, we evaluated whether the steering performance was consistent across different 
steering directions by comparing the propulsion and steering performance when the prebent 

Table 6.1. Experimental results of self-propelling and steering performance evaluations of the Prebent Ovi-
positor Needle in a 5-wt% gelatin phantom mimicking healthy liver tissue, showing the condition, number of 
repetitions (i.e., how often the condition was evaluated in a new gelatin phantom), propulsion efficiency, slip 
ratio, insertion speed, deflection-to-insertion ratio, and curvature, with mean values and standard deviations. A 
positive deflection-to-insertion ratio and curvature correspond to upward steering, and a negative deflection-to-in-
sertion ratio and curvature correspond to downward steering. Meaning of abbreviations of the different conditions: 
1R5 forward = straight triangular central segment and a single 5-mm interlocking ring, 1R5 down = prebent bev-
el-shaped central segment steering downward and a single 5-mm interlocking ring, 1R5 up = prebent bevel-shaped 
central segment steering upward and a single 5-mm interlocking ring, 3R3 up = prebent bevel-shaped central needle 
segment steering upward and three 3-mm interlocking rings, 2R3 up = prebent bevel-shaped central segment steer-
ing upward and two 3-mm interlocking rings, and 1R3 up = prebent bevel-shaped central needle segment steering 
upward and a single 3-mm interlocking ring.

Propulsion performance Steering performance

Condition

Num-
ber of 
repeti-
tions, 
nn

Propulsion 
efficiency 
[%], ηη (mean 
± SD)

Slip ratio, ssr 
(mean ± SD)

Insertion 
speed 
[mm/s], vv 
(mean ± SD)

Deflec-
tion-to-inser-
tion ratio, ddr 
(mean ± SD)

Curvature 
[mm-1], κκ 
(mean ± SD)

1R5 forward
6 63 ± 4 0.37 ± 0.04 0.85 ± 0.06 -0.07 ± 0.02 -0.003 ± 0.001

1R5 down
6 60 ± 3 0.40 ± 0.03 0.79 ± 0.06 -0.51 ± 0.09 -0.026 ± 0.005

1R5 up
6 57 ± 5 0.43 ± 0.05 0.76 ± 0.07 0.40 ± 0.02 0.023 ± 0.002

3R3 up*
2 3

0
0.97
1.00

0.04
0.00

0
n/a

0
n/a

2R3 up
6 47 ± 3 0.53 ± 0.03 0.62 ± 0.03 0.32 ± 0.10 0.022 ± 0.006

1R3 up*
2 30

57
0.70
0.43

0.40
0.76

0.35
0.25

0.037
0.015

*For the 3R3 and 1R3 conditions, the values of individual repetitions are provided instead of mean ± standard devi-
ation, as the conditions were only evaluated twice.
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Figure 6�4� Experimental results of (a) propulsion and (b) steering performance evaluations of the Prebent Ovi-
positor Needle in a 5-wt% gelatin phantom mimicking healthy liver tissue� Th e circles represent single trials, the 
crosses represent mean values, and the error bars represent the standard deviation. A positive defl ection-to-insertion 
ratio corresponds to steering upward, and a negative defl ection-to-insertion ratio corresponds to steering downward. 
Meaning of abbreviations of the diff erent conditions shown at the x-axes: 1R5 forward = straight triangular central 
segment and a single 5-mm interlocking ring, 1R5 down = prebent bevel-shaped central segment steering downward 
and a single 5-mm interlocking ring, 1R5 up = prebent bevel-shaped central segment steering upward and a single 
5-mm interlocking ring, and 2R3 up = prebent bevel-shaped central segment steering upward and two 3-mm inter-
locking rings. Annotations in the fi gure denote the p-values of the Mann-Whitney U (MWU) test. A p-value less than 
0.0083 indicates a signifi cant diff erence. 
*Th e Mann-Whitney U test was performed on the absolute values of drbetween the 1R5 up and 1R5 down conditions. 
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Figure 6.5. Images of the needle inside the gelatin-based tissue-mimicking phantom. Images of a needle with a 
single 5-mm interlocking ring steering upward: (a) the initial frame and (b) the final frame showing variable dm [mm] 
(green), the measured insertion distance of the needle with respect to the tissue-mimicking phantom. Close-ups 
of (c) the initial frame and (d) the final frame showing variables ds [mm] (blue), the measured straight insertion 
distance, and dd [mm] (yellow), the deflection of the needle from a straight path, and an overlay of the computed 
curvature (red dashed). (e) Final position of the needle after changing the steering direction. The arrows show the 
direction of steering. The steering direction changed from downward to upward.
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bevel-shaped central segment was directed upward (1R5 up) and downward (1R5 down). 
No statistically signifi cant diff erence was found for η between the 1R5 up (median = 54%) 
and 1R5 down (median = 60%) conditions (U = 10, p = 0.240). Furthermore, no statistically 
signifi cant diff erence was found for the absolute dr between the 1R5 up (median = 0.40) and 
1R5 down (median = 0.54) conditions (U = 6.5, p = 0.065). Th ese results indicate no statisti-
cally signifi cant diff erences in either propulsion or steering performance for equal prebents in 
diff erent steering directions.

Finally, we investigated the impact of diff erent interlocking ring confi gurations by com-
paring the 1R5, 3R3, 2R3, and 1R3 designs. Since the second experiment demonstrated that 
the steering direction did not aff ect the propulsion and steering performance, we focused 
solely on the eff ects of the interlocking ring design in a single steering direction: upward 
steering. Th e 3R3 confi guration (Figure 6.2c) hindered needle advancement within the 
tissue-mimicking phantom due to its 9-mm interlocking ring length. During the reset step 
(Step 7), the overall friction force perceived by the three interlocking rings moving forward as 
a single, 9-mm long unit exceeded the friction between the fi ve stationary outer needle seg-
ments and the substrate, causing the stationary needle segments to be pushed backward and 
start slipping relative to the substrate. Th e 1R3 confi guration (Figure 6.2e) led to divergence 
of the needle segments within the tissue-mimicking phantom (Figure 6.2f) because the 3-mm 
ring allows the needle segments to protrude by 11 mm beyond the ring. Th is divergence 
strongly increases the force required to advance the ring over the needle segments, ultimately 
blocking the needle’s advancement within the substrate. Th erefore, the 3R3 and 1R3 designs 
are not feasible for a self-propelled steerable motion. A statistical analysis of the remaining 
interlocking ring confi gurations, 1R5 (Figure 6.2b) and 2R3 (Figure 6.2d), resulted in the 1R5 
up condition (median = 0.40) showing a statistically signifi cant diff erence in η as compared 
to the 2R3 up condition (median = 0.31, U = 0, p = 0.002). However, no statistically signifi cant 
diff erence was found for dr between the 1R5 up (median = 0.40) and 2R3 up (median = 0.31) 
conditions (U = 12, p = 0.394). Th ese results suggest an advantage of the single 5-mm ring 
design in terms of the propulsion performance over the double 3-mm ring design, while no 
statistically signifi cant diff erence in steering performance was found. 

 6.3.6 Explorative experiments
We conducted a set of additional tests to explore the behavior of the Prebent Ovipositor 
Needle in diff erent settings. First, we performed a qualitative test to evaluate the ability of 
the needle to change its steering direction during insertion in a 5-wt% gelatin phantom 
mimicking healthy liver tissue. In this test, the needle segments were actuated over twenty ac-
tuation cycles while steering downward, followed by another twenty actuation cycles steering 
upward. Th e steering direction was changed by slightly retracting the central needle segment, 
axially rotating it over 180°, and slightly advancing it again. Th e measurement revealed that 
the needle was able to change direction during the self-propelled insertion (Figure 6.5e).

Second, we investigated the behavior of the Prebent Ovipositor Needle in its 1R5 down 
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and 1R5 up configurations in terms of its propulsion and steering performance using a 
shorter stroke length, S, of 1 mm instead of 2 mm. For each configuration, we conducted two 
tests over 50 actuation cycles. The results revealed propulsion efficiency, η, percentages of 
38% and 44% to 45% for the 1R5 down and 1R5 up conditions, respectively. Although these 
efficiencies are comparable to each other, they are smaller than those achieved for S = 2 mm, 
with mean η percentages of 60% ± 3% and 57% ± 5%, respectively. These preliminary results 
suggest that the needle may propel more efficiently when actuated at a longer stroke length, 
S, as compared to a shorter stroke length. However, further research with additional stroke 
lengths is required to confirm this trend. The deflection-to-insertion ratio, dr, values for S = 1 
mm were -0.58 to -0.54 for the 1R5 down condition and 0.41 to 0.7 for the 1R5 up condition, 
both of which are comparable to those achieved for S = 2 mm, with mean dr values of -0.51 ± 
0.09 and 0.40 ± 0.02 (Table 6.1), respectively. This suggests that the needle steers with equal 
efficiency regardless of whether it is actuated at longer or shorter stroke lengths.

Finally, we investigated the behavior of the Prebent Ovipositor Needle in its 1R5 forward 
configuration in stiffer substrates. For this purpose, we used 10-wt% gelatin for the tis-
sue-mimicking phantoms, which resulted in a modulus of elasticity of 17 kPa as determined 
by Scali et al. [13], approximating healthy prostate or cirrhotic liver tissue [31, 32]. We con-
ducted two tests with the 1R5 forward configuration actuated with stroke length, S, of 2 mm 
and number of actuation cycles, C, of 25. The results revealed that the Prebent Ovipositor 
Needle self-propelled through the stiff substrate with a propulsion efficiency, η, of 52% to 58% 
and deflection-to-insertion ratio, dr, of -0.05 to 0.00. Both the measured propulsion efficiency, 
η, and deflection-to-insertion ratio, dr, in the 10-wt% tissue-mimicking phantoms are slightly 
smaller than those reported for the 5-wt% tissue-mimicking phantoms, which are 63% ± 4% 
and -0.07 ± 0.02 (Table 6.1), respectively. This indicates that the needle propels slightly faster 
and steers with slightly sharper curves in soft substrates as compared to stiff substrates. The 
reduced propulsion efficiency in stiff substrates can be attributed to the increased cutting 
force, which arises from the plastic deformation of the substrate and the resistance due to the 
substrate stiffness at the needle tip [33]. 

6.4 Discussion and conclusion
In contrast to previously developed wasp-inspired self-propelled and steerable needles that 
rely on inducing an offset between the needle segments to create a discrete bevel-shaped tip for 
steering [10, 12, 14, 20], we presented a steerable needle that incorporates an alternative steer-
ing mechanism inspired by the parasitic wasp, specifically, the use of prebending combined 
with a bevel-shaped tip within the needle segments. Additionally, our needle features a new 
needle interlocking mechanism that constrains needle segment rotation. Our needle compris-
es seven parallel needle segments, with the central needle segment tip being either straight 
and triangular for a forward trajectory, or prebent and bevel-shaped for steering purposes. By 
rotating the prebent needle segment, our needle is capable of omnidirectional steering, allow-
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ing for trajectory changes without the need for axial rotation of the entire needle. Changing 
the steering direction without axial rotation prevents the generation of torsional stress by the 
surrounding tissue on the needle, thereby preventing angular lag between the orientation of 
the needle base and tip [34]. Consequently, our prebending steering method can enhance the 
controllability of the needle trajectory while potentially reducing the risk of tissue damage as 
compared to steerable needles that require axial rotation of the entire needle [35].

In our data analysis, we performed statistical comparisons with nonparametric tests and 
corrections for multiple comparisons. However, the low number of repetitions per condition 
(i.e., n = 6) is a limitation of this study. Th is may have impacted the ability to detect small but 
potentially meaningful diff erences in propulsion or steering performance between interlock-
ing ring design and steering conditions. Consequently, non-statistically signifi cant fi ndings 
should be interpreted with caution. 

For the forward self-propelled motion, the mean slip ratio, sr, measured in 5-wt% tissue-
mimicking phantoms was 0.37 (number of repetitions, n, of 6, for the 1R5 up condition) for 
our needle consisting of six 0.25-mm diameter outer needle segments and a 0.35-mm central 
needle segment. Th is value is considerably larger than the slip ratio reported by Scali et al. [14] 
for a needle consisting of seven 0.25-mm diameter needle segments connected with a fl ower-
shaped ring evaluated in 4-wt% tissue-mimicking phantoms, which has a mean sr of 0.21 
(n  =  5). Th e diff erent slip ratios can be attributed to the use of a so er tissue-mimicking 
phantom (4 wt% compared with 5 wt%) by Scali et al. [14], which contributes to reduced 
cutting forces at the tip of the needle, leading to a smaller sr. Our slip ratio is also larger 
than the slip ratio reported by Scali et al. [13] for a discrete bevel-tip needle consisting of six 
0.25-mm segments connected with a heat shrink tube evaluated in 5-wt% tissue-mimicking 
phantoms, which has a mean sr of 0.28 (n = 10). Th is diff erence may be explained by the 
fact that Scali et al. [13] used fewer needle segments (six compared with seven) than we 
did, resulting in a smaller overall needle diameter than our needle (0.8 mm compared with 
0.89 mm). In our needle, the central needle segment does not contribute to the friction forces 
that help the self-propelled motion but does increase the cutting forces at the tip of the needle. 
Previous work confi rmed that the peak axial needle insertion force increases with increasing 
needle size [36]. 

For the steering motion, the mean defl ection-to-insertion ratio, dr, for our 1R5 up con-
fi guration in 5-wt% tissue-mimicking phantoms was 0.40 (n = 6). Th is value is considerably 
larger than the defl ection-to-insertion ratios reported by Scali et al. [12, 14] for discrete 
bevel-tip needles with mean dr values of 0.0686 (n = 5) and 0.097 (n = 8). Th e diff erent defl ec-
tion-to-insertion ratios indicate more eff ective steering with a prebent bevel-shaped needle 
tip than with a discrete bevel tip.

Returning to the source of inspiration for our needle, the parasitic wasp, Cerkve-
nik et al.  [5] reported a median insertion speed, v, of 0.73 mm/s for the fruit-fl y parasitic 
wasp (Diachasmimorpha longicaudata Ashmead (Hymenoptera: Braconidae)) probing in a 
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gel with an elastic modulus of 36 kPa. This reported speed is comparable to the mean v of the 
Prebent Ovipositor Needle, which is 0.75 mm/s (n = 24). Additionally, the wasp demonstrated 
complex insertion trajectories characterized by multiple bends in different directions, similar 
to the capabilities of our needle (Figure 6.5). However, differences arise when comparing the 
curvature, κ, of the wasp ovipositor and the Prebent Ovipositor Needle. Cerkvenik et al. [5] 
reported a median κ of 0.2 mm-1 for the parasitic wasp, whereas the Prebent Ovipositor 
Needle in the 1R5 configuration demonstrated absolute mean κ of 0.023 mm-1 (n = 6) and 
0.026 mm-1 (n = 6), for steering upward and downward, respectively, indicating the wasp 
ovipositor achieved much sharper curves than our needle. Nevertheless, when we correct for 
the diameter of the ovipositor and needle by calculating the dimensionless curvature (i.e., |κ| 
multiplied by the ovipositor width or needle diameter), our Prebent Ovipositor Needle in the 
1R5 configuration showed larger mean dimensionless curvatures, ranging from 0.010 (n = 6) 
to 0.012 (n = 6), than the reported median dimensionless curvature of the parasitic wasp, 
which is only 0.0060 [5]. This indicates that, after correcting for the needle diameter, our 
needle achieved curvatures that go beyond those attained by the parasitic wasp.

In the current prototype, we developed and evaluated a steerable needle with a prebent tip 
of a single length. Adebar et al. [37] demonstrated that an increase in the length of the prebent 
tip in an articulated-tip needle results in a larger curvature, κ. In future work, the achievable 
κ of the Prebent Ovipositor Needle can be enhanced by increasing the length of the prebent 
tip. We hypothesize that an increase in the prebent angle and length of the prebent tip results 
in more pronounced needle bending, leading to a sharper curve, which can be used to control 
needle steering. 

During the experiments, we observed that the needle segments occasionally diverged at 
the tip. This divergence may be attributed to our interlocking mechanism, which interlocks 
the needle segments at the indentation rather than at the tip of the needle. The absence 
of interlocking support at the needle tip can lead to the diverging of the needle segments 
because of the needle-tissue interaction forces encountered during insertion, compromising 
the propulsion efficiency, η, and the effectiveness of the steering mechanism. Moreover, the 
divergence may cause potential tissue damage, making it an important research topic for fu-
ture wasp-inspired needles. This divergence of the needle segments was not observed during 
the evaluations of the Prebent Ovipositor Needle with a single 5-mm interlocking ring and 
with two 3-mm interlocking ring. However, needle segment divergence was observed in the 
preliminary evaluation of the Prebent Ovipositor Needle with a single 3-mm interlocking 
ring. To address this limitation in future designs, we recommend repositioning the inden-
tations and, thereby, the interlocking ring closer to the needle tip or exploring alternative 
interlocking designs that provide interlocking support along the entire needle length, from 
the base to the tip, inspired by the olistheter mechanism of the wasp’s ovipositor.

One of the consequences of needle insertion into soft tissue is tissue displacement [38]. 
Leibinger et al. [11] demonstrated that wasp-inspired self-propelled motion can reduce tissue 
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motion and deformation. Th e outer needle segments continuously push and pull the tissue 
around them, applying a constant strain to the tissue. As a result, viscoelastic materials such 
as tissue show stress relaxation, meaning that the internal stress within the material does not 
remain constant but rather decreases [39]. Th is stress relaxation may help mitigate the extent 
of tissue trauma during needle insertion. In future ex vivo experiments with our Prebent 
Ovipositor Needle, tissue damage can be assessed through histological evaluation [40], allow-
ing for detailed analysis of cellular integrity, tissue morphology, and any potential structural 
changes induced by the needle insertion. 

Our experiments demonstrated the ability of the Prebent Ovipositor Needle to self-propel 
and steer in tissue-mimicking phantoms. We assessed the steering performance based on the 
defl ection-to-insertion ratio, dr, and the curvature, κ. However, for a critical evaluation of the 
needle’s steering performance in a clinical setting, future studies should assess the endpoint 
error [41]. Furthermore, image guidance techniques can be used to visualize the trajectory 
of the needle inside the tissue, and implementing a feedback control mechanism within the 
actuation system can enable real-time correction of this trajectory. Moreover, we evaluated 
our needle in a controlled environment using tissue-mimicking phantoms. To develop a com-
plete picture of the propulsion and steering performance of the needle in a clinical setting, ex 
vivo and in vivo tissue experiments are required. Previous studies have already successfully 
demonstrated the ability of similar wasp-inspired needles to self-propel through ex vivo tissue 
[15, 16]. Th ese previous studies suggest that our needle can perform similarly. 

Th e needle presented in this study represents just one of many potential designs that can 
be derived from our steerable needle concept. Th e number, diameter, and length of the needle 
segments can be changed to accommodate specifi c medical applications. Additionally, the 
central needle segment can be replaced with a hollow tube, enabling tissue sample extraction 
or the insertion of functional elements, such as an optical fi ber for optical biopsy or for focal 
laser ablation to treat prostate cancer [42]. 

Supplementary material
Th e data underlying this study are available at doi: 10.4121/da8b9a7b-c274-4c85-b527-
00794811bad1. 
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 Appendix 6.A Needle propulsion effi  ciency
In the scientifi c literature, wasp-inspired needle designs that can be advanced through the 
tissue without applying an external push force have been proposed. Th e needles consist of 
multiple parallel segments that can slide with respect to each other. A bundling mechanism 
holds the needle segments together at the tip to limit the diverging of the needle segments. 
Th e self-propelled motion is achieved by counterbalancing the cutting and friction force 
of the advancing segments with the friction force generated by the stationary or retracting 
segments [1]. To achieve the self-propelled motion of the needle, Eq. 6.A1 must hold.

(6.A1)

where a is the number of advancing needle segments, r is the number of stationary or re-
tracting needle segments, and Ffric and Fcut are the friction and cutting force, respectively. For 
the self-propelled motion to occur, the friction force of the stationary or retracting needle 
segments with the surrounding tissue should be equal to the sum of the friction and cutting 
forces of the advancing needle segments with the surrounding tissue, which can be achieved 
by keeping the number of advancing needle segments smaller than the number of stationary 
or retracting needle segments (a < r) amongst others. Th is way, the stationary or retracting 
needle segments remain stationary with respect to the tissue, whilst the advancing segment 
moves forward into the tissue. Assuming equal friction between all needle segments and the 
surrounding tissue, the wasp-inspired self-propelled needle requires at least three parallel 
needle segments, of which two segments either remain stationary or retract, while one seg-
ment advances to achieve self-propulsion.

6.A.2 Actuation mode
Th e needle segments of wasp-inspired needles in the scientifi c literature are actuated using 
one of the following two actuation modes: (1) step-by-step motion and (2) continuous mo-
tion. In the fi rst actuation mode, called the “step-by-step motion” (Figure 6.A1), the needle 
segments advance one by one over a pre-defi ned distance, called the “stroke”. Once all needle 
segments have reached that distance, they simultaneously retract over the same stroke dis-
tance. Th e two-phase motion sequence, which involves advancing the needle segments one by 
one followed by retracting all needle segments simultaneously, is referred to as a “cycle”. In the 
scientifi c literature, several needle designs were actuated following the step-by-step motion 
sequence [2-4].

In the second actuation mode, called the continuous motion (Figure 6.A2), the needle 
segments move simultaneously and are always in motion. In this motion sequence, one needle 
segment advances over the stroke distance, while the other needle segments retract. For a 
needle consisting of three needle segments, this means that during every stage of the motion, 
one needle segment advances over the stroke distance while the remaining two segments 
retract over half the stroke distance. During one cycle, all needle segments have advanced 
over the stroke distance in one stage and retracted over the stroke distance in multiple stages. 
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Figure 6.A1. Visualization of the step-by-step motion sequence for a self-propelled needle, consisting of three 
parallel needle segments (light gray) bundled by a bundling mechanism (blue) actuated by the actuation system (dark 
gray) to propel through tissue (pink) on a low-friction cart (black). S is the stroke distance, over which the needle seg-
ments are advanced and de step-by-step cycle is the expected propulsion distance of the needle after one cycle by following 
the step-by-step motion sequence, which is equal to the stroke distance. The rows show the subsequent steps in the 
step-by-step motion cycle. (a) Segment 1 moves forward over S. (b) Segment 2 moves forward over S. (c) Segment 3 
moves forward over S. (d) All segments are retracted over S. (e) Final position after one cycle.
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Figure 6�A2� Visualization of the continuous motion sequence for a self-propelled needle, consisting of three 
parallel needle segments (light gray) bundled by a bundling mechanism (blue) actuated by the actuation system (dark 
gray) to propel through tissue (pink) on a low-friction cart (black). S is the stroke distance, over which the needle seg-
ments are advanced per cycle, de continuous stage is the expected propulsion distance of the needle a er one stage of the cy-
cle by following the continuous motion sequence, and de continuous cycle is the expected propulsion distance of the needle 
a er one cycle by following the continuous motion sequence, which is equal to 3/2 S. Th e rows show the subsequent 
stages in the continuous motion cycle. (a) Segment 1 moves forward over S, whilst Segments 2 and 3 move backward 
over 1/2 S. (b) Segment 2 moves forward over S, whilst Segments 1 and 3 move backward over 1/2 S. (c) Segment 3 
moves forward over S, whilst Segments 1 and 2 move backward over 1/2 S. (d) Final position a er one cycle.

In the scientifi c literature, several needle and tissue transport designs were actuated following 
the continuous motion sequence [5-8] (and the fi rst additional experiment in [2]).

6.A.3 Propulsion effi  ciency
In order to determine the slip ratio or the effi  ciency of the needle propulsion, the amount of 
slip between the needle segments and the tissue (phantom) can be measured. Th e propulsion 
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(6.A2)

The slip ratio of the needle can be calculated as in Eq. 6.A3.

(6.A3)

The expected propulsion distance of the needle per cycle depends on the actuation mode 
and the stroke length. For the step-by-step motion, the expected propulsion distance of the 
needle per cycle is equal to the stroke length (de step-by-step cycle = S). However, for the continuous 
motion, the expected propulsion distance of the needle per cycle depends on the stroke length 
and on the number of simultaneously advancing and retracting needle segments during one 
stage of the cycle, as in Eq. 6.A4. Here, we assume that the retracting needle segments remain 
stationary with respect to the tissue and the advanced segment moves forward. Therefore, 
for continuous motion, the expected propulsion distance of the needle per cycle exceeds the 
stroke length, as in Eq. 6.A5.

(6.A4)

(6.A5)

where n is the total number of needle segments, a is the number of advancing needle seg-
ments, r is the number of retracting needle segments, and S is the stroke length. 

Consequently, for continuous motion, increasing the number of needle segments decreas-
es the ratio of the total number of needle segments (i.e., a + r = n) to the number of retracting 
needle segments (i.e., r) and, therefore, decreases the expected propulsion distance. More 
specifically, the expected propulsion distance divided by the stroke over the total number of 
needle segments will approach a horizontal asymptote at (de continuous cycle)/S = 1 (Figure 6.A3). 
The expected propulsion distance per cycle for continuous motion approaches the expected 
propulsion distance per cycle for step-by-step motion, which is equal to the stroke distance 
if the number of needle segments increases whilst keeping the advancing needle segments at 
one.

6.A.4 Expected velocity
During the insertion of a needle in tissue, the velocity of the needle impacts tissue deformation 
and damage. Mahvash et al. [9] showed that maximizing the needle velocity minimizes tissue 
deformation and damage and, consequently, results in less needle insertion position error. For 
wasp-inspired self-propelled needles, the expected needle velocity (vN e) and therefore also the 
actual insertion velocity of the needle depends on the actuation mode, the number of parallel 
needle segments, and the actuation velocity of the individual needle segments (vS). Given the 
same actuation velocity of the individual needle segments and the same number of needle 
segments, the expected needle velocity for the step-by-step motion (Eq. 6.A6) is lower than 
that for the continuous motion (Eq. 6.A7), which is caused by the lower expected actuation 

efficiency can be computed by dividing the measured propulsion distance of the needle, dm, 
by the expected propulsion distance of the needle, de, as in Eq. 6.A2.
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Figure 6�A3� Th e expected propulsion distance divided by the stroke distance for the continuous motion�
de continous cycle is the expected propulsion distance per cycle for continuous motion, S is the stroke distance over which 
the needle segments are advanced per cycle, and “inf ” means an infi nite number of needle segments. When the total 
number of needle segments increases while keeping the number of advancing needle segments at one, the expected 
propulsion distance per cycle over the stroke approaches a horizontal asymptote at de continuous cycle/S = 1.

(6.A6)

(6.A7)

(6.A8)

(6.A9)

where de step-by-step cycle is the expected propulsion distance of the needle per cycle for the step-
by-step motion, de continuous cycle is the expected propulsion distance of the needle per cycle for 
the continuous motion, t is the time at a certain step or stage in the motion cycle, S is the 
stroke distance, n is the total number of needle segments, and r is the number of retracting 
needle segments.
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Chapter 7

Abstract
Prostate cancer diagnosis and focal laser ablation treatment both require the insertion of a 
needle for biopsy and optical fiber positioning. Needle insertion in soft tissues may cause 
tissue motion and deformation, which can, in turn, result in tissue damage and needle 
positioning errors. In this study, we present an actuation system making use of a wasp-
inspired self-propelled needle, which is able to move forward with zero external push force, 
thereby avoiding large tissue motion and deformation. Additionally, the actuation system 
solely consists of 3D-printed parts and is safe to use inside a Magnetic Resonance Imaging 
(MRI) system. The needle consists of six parallel 0.25-mm diameter nitinol rods driven by the 
actuation system. In the prototype, the self-propelled motion is achieved by advancing one 
needle segment while retracting the others. The advancing needle segment has to overcome 
a cutting and friction force while the retracting needle segments experience a friction force 
in the opposite direction. The needle self-propels through the tissue when the friction force 
of the five retracting needle segments counterbalances the sum of the friction and cutting 
forces of the advancing needle segment. We tested the performance of the prototype in ex 
vivo human prostate tissue inside a preclinical MRI system in terms of the slip ratio of the 
needle with respect to the prostate tissue. The results showed that the needle was visible in 
MR images and that the needle was able to self-propel through the tissue with a slip ratio in 
the range of 0.82-0.96. The prototype is a step toward self-propelled needles for MRI-guided 
transperineal laser ablation as a method to treat prostate cancer.
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 7.1 Introduction 

 7.1.1 Focal laser ablation
Prostate cancer is the second most common cancer diagnosed in men and the fi  h leading 
cause of cancer-related deaths for men worldwide in 2020 [1]. When prostate cancer is diag-
nosed at an early stage, it can be treated locally using focal therapy that reduces the risk of 
side eff ects by preserving noncancerous tissue [2]. Focal laser ablation of the prostate is an 
appealing focal therapy option as it leads to homogeneous tissue necrosis caused by a laser 
fi ber and does not appear to alter the sexual and urinary function of the patient [3].

Prostate cancer diagnosis and focal laser ablation require needle insertion to obtain core 
biopsies [4, 5] and position optical fi bers near the target zone [6]. To this end, the clinician 
inserts the needle by pushing it through the tissue, which might lead to tissue strain in the 
needle vicinity [7], which in turn might cause functional damage to the surrounding tissues 
and organs [8], including the urethra, the rectum’s anterior wall, and the pelvic sidewall [9]. 
Moreover, tissue motion and deformation might lead to needle positioning errors and poor 
control of the needle path [10]. As a result, clinicians typically need multiple attempts to reach 
the target location, leading to an increased risk of tissue damage [7]. Moreover, pushing the 
needle through the tissue requires an axial force on the needle. When this axial force exceeds 
the needle’s critical load, the needle will defl ect laterally—a phenomenon called buckling [11]. 
Th e lateral defl ection might damage tissue in the needle vicinity and lead to poor control of 
the needle path [12, 13]. 

 7.1.2 State-of-the-art in self-propelled needles
In an attempt to reduce tissue damage during needle insertion, needle designs have been de-
veloped that can be advanced without being pushed through the tissue. For instance, Ilami et 
al. [14] developed a needle with a magnetic tip that utilizes electromagnetic force and torque 
actuation to advance the needle through the tissue. Schwehr et al. [15] proposed a needle 
design that likewise utilizes electromagnetic torque to steer combined with a screw tip to 
allow the needle to pull itself through the tissue. A disadvantage of needle designs that utilize 
an electromagnetic fi eld is that they are not compatible with Magnetic Resonance Imaging 
(MRI). Besides electromagnetically actuated needles, wasp-inspired self-propelled needles 
have been developed [7, 16-18]. Female parasitic wasps pass their eggs through an ovipositor 
into their hosts, which sometimes hide in a solid substrate such as wood [19]. Th e tube-like 
ovipositor consists of three slender, parallel-positioned segments, called valves [20], which 
advance and retract with respect to each other in a reciprocating manner [20] (Figure 7.1a). A 
groove-and-tongue mechanism interlocks the valves along their length [21, 22]. Th e advanc-
ing-retracting motion of the valves has two functions. First, it keeps the unsupported length 
of the individual valves low [11]. Second, moving the individual valves forward one by one 
while retracting the others provides stability to the wasp’s ovipositor and prevents buckling 
[11, 23]. Th e advancement and retraction forces produce a net force near zero, enabling a 
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self-propelled motion. 
Self-propelled needles do not require an external push force to advance through the tissue. 

They consist of multiple parallel segments that can slide along each other. The self-propelled 
motion is achieved by counterbalancing the cutting and friction force of the advancing seg-
ments by the friction force generated by other stationary or retracting segments [18]. For a 
self-propelled motion of the needle, Eq. 7.1 holds:

(7.1)

where p is the number of advancing needle segments, r is the number of retracting needle 
segments, and Ffric and Fcut are the friction and cutting force, respectively (Figure 7.1b). For 
the self-propelled motion to occur, the friction force of the retracting needle segments should 
counterbalance the sum of the friction and cutting forces of the advancing needle segments. 
In this way, the needle as a whole self-propels through the tissue by gradually moving the 
needle segments forward.

Worldwide, a number of ovipositor-inspired needles have been developed so far. Oldfield 
et al. [24], Frasson et al. [25], and Leibinger et al. [7] showed that tissue motion and damage 
around a needle are reduced when using a multi-segmented needle actuated with a reciprocal 
advancing-retracting motion compared to pushing the needle as a whole through the tissue. 

Figure 7.1. Visualization of the motion sequence of the ovipositor of a parasitic wasp. (a) The ovipositor consists 
of three parallel valves that can move reciprocally (based on Cerkvenik et al. [20]). (b) Schematic illustration of ovi-
positor-inspired needle insertion into tissue with one advancing needle segment (yellow) and two retracting needle 
segments (gray). Ffric,i is the friction force along the advancing needle segment, Fcut,i is the cutting force on the tip of 
the advancing needle segment, and Ffric,j is the friction of the retracting needle segments, which works in the opposite 
direction as the friction force of the advancing needle segments.
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Parittotokkaporn et al. [23] showed that probes with a directional friction pattern inspired 
by the wasp ovipositor, actuated with an advancing-retracting motion, could move tissue 
along the needle surface without applying an external push force to the tissue. Scali et al. [26, 
27] replaced the complex-shaped interlocking groove-and-tongue mechanism of the wasp 
valves with nitinol rods devoid of serrations and bundled by a shrinking tube, resulting in an 
ultrathin 0.4-mm diameter needle with six longitudinal segments [27]. Actuated by electric 
motors, the needle self-propels without buckling by advancing one needle segment at a time 
and slowly retracting the other fi ve segments [26]. Furthermore, it is possible to steer the 
needle by inducing an off set between the needle segments, creating a discrete bevel-shaped 
tip [26].

 7.1.3 Goal of this study
Wasp-inspired self-propelled needles could enable the clinician to reach the target tissue while 
avoiding unwanted tissue damage in and around the prostate. To guide needle positioning 
for focal laser ablation, MRI is an attractive imaging option because it provides visualiza-
tion of the target zone and real-time temperature monitoring [28, 29]. Current prototypes 
of wasp-inspired self-propelled needles use electric motors to actuate the individual needle 
segments [18, 25]. Th ese needles cannot be used in MRI-guided procedures, as the electric 
motors interfere with the magnetic fi eld. Th e aim of this research was, therefore, to design 
an MR-safe actuation system for a self-propelled needle and to evaluate its performance in 
human prostate tissue. 

 7.2 Design

 7.2.1 Design requirements
Th e complete design, called Ovipositor MRI-Needle, consists of a needle and an actuation unit. 
Following the design of Scali et al. [27], we decided to focus our research on a self-propelled 
wasp-inspired needle consisting of six parallel needle segments with a central lumen. To reach 
the prostate transperineally [30], we opted for a needle length of 200 mm. To comply with 
conventional needles used for optical biopsy and optical treatment fi ber positioning [6], we 
used a maximum needle diameter of 1 mm. To enable evaluation in a closed-bore preclinical 
7-T MRI system (MR Solutions, Guildford, United Kingdom) with an inner diameter of the 
RadioFrequency (RF) coil of 65 mm, we developed an actuation unit fi tting within this coil, 
the actuation unit’s diameter not exceeding 65 mm, and the actuation unit containing a 2-mm 
diameter central hollow core to allow insertion of a functional element, such as an optical 
fi ber. Finally, the materials used in the needle and the actuation unit are MRI-compatible to 
allow placing them inside the MRI system. 

 7.2.2 Overall system design
Th e needle’s self-propelled motion requires a sequential translation of the six needle segments 
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in six steps per cycle. During every step of the motion, one needle segment moves forward 
over a specified distance called the “stroke,” while the other five needle segments move slowly 
backward over one-fifth of the stroke distance (Figure 7.2a). The needle segments are contin-
uously in motion in order to apply a constant strain to the surrounding tissue. We opted for 
a manually controlled actuation unit that allows the operator to drive the needle in simple 
discrete actuation steps, avoiding the need to set the exact advancing or retracting distance for 
each needle segment during each actuation step. Figure 7.2b shows how the operator drives 
the actuation unit by a stepwise manual translation of a translation ring (in red). The actuation 
unit converts the reciprocating motion of the translation ring into a global rotating motion of 
an internal selector, after which the selector selects and actuates the needle segments in the 
required order and over the required distance. 

Selector
The design of the selector is based on the so-called click-pen mechanism of a ballpoint pen, 
Figure 7.3 [31]. The click-pen mechanism converts the discrete motion of pressing the button 
at the end of the pen into a rotation and a subsequent translation of the ballpoint tip. Fig-

Figure 7.2. Visualization of the motion sequence of the needle segments. (a) During the motion, one needle seg-
ment moves forward over the stroke distance while the other needle segments move slowly backward over one-fifth 
of the stroke distance in a consecutive manner. (b) Manual translation of a translation ring (red) drives the actuation 
system. The actuation system converts the reciprocating motion of the translation ring into a sequential translation 
of the six needle segments.
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ure 7.4 shows the working principle of our selector (in green). Th e cylindrical mechanism 
is simplifi ed and visualized in a two-dimensional (2D) schematic illustration to explain the 
working principle. Th e columns in Figure 7.4 show the subsequent steps in the motion cycle. 
Th e rows in Figure 7.4 show the diff erent layers of the selector. Th e selector (Figures 7.4a-d) 
contains two sets of aligned teeth. A fi xed housing (in gray) also contains two sets of teeth. For 
the housing, the teeth at the right are shi ed over half a tooth width. Th e selector is actuated 
by the input motion: a reciprocating translating motion in the horizontal x-direction. When 
the operator moves the selector in the positive x-direction (Figure 7.4a), the teeth on the right 
side of the selector come in contact with the teeth on the right side of the housing (Figure 7.4b, 
the interacting teeth of the housing are indicated in dark gray). Th e interaction between the 
teeth causes the selector to move in the negative y-direction over half the pitch distance of 
the teeth until the selector motion is blocked by the teeth so that it cannot move any further. 
In the following step, the selector is moved in the negative x-direction (Figure 7.4c) until the 
selector’s le  teeth come in contact with the housing’s le  teeth (Figure 7.4d), causing the 
selector to move again in the negative y-direction over half the teeth’ pitch distance until the 
motion is again blocked. Th e interaction between the teeth of the selector and the housing 
converts the reciprocating horizontal motion that actuates the selector into a stepwise vertical 
translation.

Cam
Figures 7.4e-h show how the selector contains small protruding cylinders (in dark green) 
that can slide in straight horizontal slots in a cam (in orange). Th e housing prevents the cam 

Figure 7�3� Click-pen mechanism of a ballpoint pen� Illustration of one of the fi rst patented click-pen mechanisms 
(Parker Pen Co Ltd) [31].
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Figure 7.4. Schematic representation of the selector motion mechanism in 2D, including the selector (green), 
housing (gray), cam (orange), and needle segment holders (yellow). The columns show the subsequent steps in the 
motion cycle. The rows show the different layers of the selector.

from translating in the horizontal x-direction. When the selector is translated in the positive 
or negative x-direction, the protruding cylinders transmit the selector’s stepwise translation 
in the y-direction to the cam. Figures 7.4i-l show that the cam contains a V-shaped slot (in 
light orange). Six needle segment holders (Figures 7.4i-l, in yellow) contain small protruding 
cylinders (in light yellow) that can slide in the cam’s V-shaped slot. The housing restricts the 
motion of the needle segment holders to a translation in the x-direction driven by the motion 
of the V-shaped slot. The asymmetric shape of the V causes one needle segment holder to 
move in the positive x-direction, with the other needle segment holders moving slowly in the 
negative x-direction.

Working principle in 3D
The stepwise translation of the selector in the y-direction in the simplified 2D illustration in 
Figure 7.4 is, in reality, a stepwise rotation around the x-axis in 3D. Figure 7.5 shows the 3D 
working principle of the selector (in green), surrounded by a concentric housing (in gray) 
and driving the six needle segment holders (in yellow) via the cam (in orange). The inside of 
the mechanism contains a hollow core to introduce additional instrumentation. The housing 
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and the selector both contain six teeth on the le  and right sides. Th erefore, the selector’s 
translation in the positive or negative x-direction results in a 30° rotation around its x-axis as 
the selector slides over half the pitch distance of the teeth.

We designed the actuation unit using Solidworks (Dassault Systems Solidworks Cor-
poration; Waltham, MA, USA). To facilitate the manual actuation of the selector, we added 
a translation ring to the actuation unit (Figure 7.6, Part 4 in red). Th e operator drives the 
translation ring with a reciprocating translating motion. Cylindrical pins on the translation 
ring interact with a circumferential slot in the selector, transmitting the translating motion in 
the x-direction while allowing the selector to rotate without the need for the operator’s hand 

Figure 7�5� Schematic motion sequence of the selector in 3D, including the selector (green), housing (gray), cam 
(orange), and needle segment holders (yellow)�
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Figure 7.6. Exploded view (a) and cross-section (b) of the actuation unit of the Ovipositor MRI-Needle, con-
sisting of a housing bottom (1), cam bottom (2), cam top (3), translation ring (4), selector (5), needle segment 
holder (6), housing top (7), lock ring (8), inner double cone (9), and outer double cone (10).

to rotate.
The needle segments run through the actuation unit at a larger diameter than at the needle 

tip. In order to guide the needle segments smoothly from the actuation unit to the needle 
tip, a double cone (blue) was designed at the distal side of the actuation unit. The double 
cone gently decreases the distance between the needle segments by guiding them smoothly 
through S-shaped channels from the actuation unit to the needle tip. These channels allow the 
needle segments to move back and forth freely while avoiding buckling.

7.2.3 Prototype

Material selection
The American Society for Testing and Materials (ASTM) F2503 standard distinguishes three 
classifications for medical devices in the MR environment: MR-safe, MR-conditional, and 
MR-unsafe [32]. MR-safe devices are composed of electrically non-conductive, non-metallic, 
and non-magnetic materials; these devices are inherently safe to use in an MR environment 
[32]. Additionally, MR compatibility indicates the usability of the device in an MR environ-
ment, including potential image quality issues introduced by the device, according to ASTM 
F2119 [33].

Needle
For use inside an MRI system, the Ovipositor MRI-Needle must be at least MR conditional 
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and MR compatible. Nitinol is metallic and, therefore, MR conditional at best. Nitinol is 
paramagnetic, meaning an external magnetic fi eld weakly magnetizes it while it loses its 
magnetism when the external magnetic fi eld is removed [34]. Nitinol has a lower magnetic 
susceptibility than stainless steel; hence it produces fewer image artifacts than stainless steel 
[35, 36]. Th erefore, medical devices made from nitinol are frequently used in MRI-guided 
clinical procedures [37, 38]. Th e susceptibility diff erence between a nitinol needle and the 
surrounding tissue may give rise to signal voids (due to strong T2* related signal decay) in the 
vicinity of the needle, which can be exploited as visualization of the nitinol needle [38, 39]. 

To comply with the diameter of conventional optical biopsy needles and optical treatment 
fi ber positioning, the needle in this study consists of six 0.25-mm diameter rods, i.e., the 
needle segments. Th e needle segments are superelastic straight annealed nitinol rods with a 
diameter of 0.25 mm and a length of 276 mm, of which we placed 76 mm inside the actuation 
unit and 200 mm outside. Th e needle length is 200 mm to reach the prostate transperineally 
[30]. We glued the nitinol rods (Pattex Gold Gel 1432562, Henkel AG and Co., Düsseldorf, 
Germany) inside the needle segment holders (Figure 7.7). Th e cyanoacrylate-based glue is 
inherently biocompatible [40]. Figure 7.7a shows the tips of the needle segments, sharpened 
to an angle of 40° with wire electrical discharge machining. A 10-mm long shrinking tube 
(Vention Medical, expanded inner diameter 0.814 mm, wall thickness 0.013 mm) holds 
the six nitinol rods together at the tip to limit the diverging of the needle segments while 
only minimally increasing the needle diameter. Th e shrinking tube is glued (Pattex Gold 
Gel 1432562, Henkel AG and Co., Düsseldorf, Germany) to one of the needle segments to 
maintain its position at the needle tip. Th e remaining needle segments can move freely back 
and forth through the shrinking tube while the needle segments are bundled at the tip. Th e 
resulting diameter of the needle, including the shrinking tube, is 0.84 mm.

Actuation unit
We used three-dimensional (3D) printing for the production of the actuation unit. Th e dou-
ble cone of the actuation unit consists of two parts, an inner and an outer part, containing 
external and internal semi-circular grooves, respectively. We composed the double cone out 
of two parts with semi-circular grooves rather than one part with circular channels to prevent 
closing off  those channels while using the StereoLithography (SLA) 3D-printing process. Fig-
ure 7.6a shows that the double cone’s outer part contains a hive structure. Th e hive structure 
leads to short grooves and short horizontal bridges across the grooves. A bridge is a material 
that links two raised points. Long bridges are likely to fail during the 3D-printing process or 
break during the post-processing of the 3D-printed component, thus closing off  the needle 
grooves. Th e hive structure facilitates the 3D-printing process by creating short bridges that 
will not fail [41].

Figure 7.7b shows the 3D-printed components of the actuation unit as well as the assem-
bled prototype. Th e components of the actuation unit were 3D printed on two diff erent 3D 
printers, an SLA printer and a Fused Deposition Modeling (FDM) printer. Two printers with 
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Figure 7.7. Ovipositor MRI-Needle. (a) Assembled prototype. The gray parts, i.e., the housing components, were 
produced using Fused Deposition Modeling technology (FDM) in PolyLactic Acid (PLA) on an Ultimaker 3 printer. 
The orange parts, i.e., the actuation unit’s internal components and the inner and outer double cones, were produced 
using StereoLithography (SLA) technology in Dental Model resin V2 (Formlabs) on a Formlabs Form 3B printer. A 
transparent PolyMethyl MethAcrylate (PMMA) support structure supports the prototype, and a white PLA guide 
tube supports the needle in the support structure. (b) Close-up of the needle tip consisting of six sharpened nitinol 
rods held together by a shrinking tube (Vention Medical) glued to one of the six rods.

different print settings with respect to the layer height were used to allow for a smooth gliding 
motion of the selector inside the housing. If the selector and housing were printed with the 
same layer height, they would fit together like puzzle pieces, leading to jamming of the selec-
tor inside the housing. The components of the actuation unit were printed with Formlabs and 
Ultimaker 3D printers, using Dental Model V2 resin (Formlabs) and PolyLactic Acid (PLA), 
respectively, both materials being MR safe. We printed the SLA parts using a Formlabs Form 
3B printer with a layer height of 0.050 mm, and the FDM parts using an Ultimaker 3 printer 
with a layer height of 0.1 mm. During assembly, we glued the housing bottom and housing 
top together (Pattex Gold Gel 1432562, Pattex, Henkel AG and Co., Düsseldorf, Germany). 
The height of the cam track dictates a 4-mm stroke in the positive x-direction for the needle 
segment holders over a 60° rotation of the cam. During the following 300° rotation, the cam 
track dictates in steps a total of 4-mm stroke in the negative x-direction. The actuation unit’s 
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length is 163 mm (Figure 7.6b), the outer diameter is 35 mm, and the outer diameter of the 
translation ring is 45 mm. Th e hollow core has a diameter of 2 mm.

 7.3 Evaluation

 7.3.1 Experimental goal
In a proof-of-principle experiment, the functioning of the developed Ovipositor MRI-Needle 
was evaluated in ex vivo human prostate tissue inside a preclinical 7-T MRI system (MR Solu-
tions, Guildford, United Kingdom) at the Amsterdam University Medical Center (AUMC, 
Department of Biomedical Engineering and Physics). Th e discarded human prostate sample 
was collected anonymously at the Amsterdam University Medical Center (www.amster-
damumc.org). Th e human prostate sample came from a deceased patient who had approved 
to donate his body to science, and his prostate was collected a er autopsy. Th erefore, this 
experiment was not subject to the Medical Research Involving Human Subjects Act (WMO), 
and it did not have to undergo review by an accredited Medical Research Ethics Committee 
or the Central Committee on Research Involving Humans. 

We evaluated the performance of the Ovipositor MRI-Needle in terms of the slip of the 
needle with respect to the prostate tissue. More specifi cally, we calculated the slip ratio over 
an entire measurement as in Eq. 7.2:

where dm and de are the measured and expected traveled distance, respectively. Th e expected 
traveled distance is 4.8 mm in one cycle due to the 4-mm stroke dictated by the cam track and 
the six actuation steps per actuation cycle. In one cycle, all six needle segments are advanced 
in one step and retracted in fi ve steps, meaning that one cycle equals a full rotation of the 
cam. For one cycle, we had to translate the translation ring for 12 repetitions. During one 
measurement, the needle was actuated for ten cycles, i.e., 120 translations of the translation 
ring, which means that the total expected traveled distance during one cycle was equal to 
48 mm. Th e measured traveled distance is the diff erence in the position of the needle tip we 
measured in the MR images before and a er the needle actuation for ten cycles.

 7.3.2 Experimental facility
Figure 7.8 shows the experimental setup, consisting of the Ovipositor MRI-Needle, an ex vivo 
human prostate tissue sample embedded in agar in a tissue box, and a preclinical 7-T MRI 
system (MR Solutions, Guildford, United Kingdom). Instead of moving the needle toward 
the tissue, we decided to move the tissue in the tissue box toward the needle. Specifi cally, 
we kept the actuation unit stationary, fi xed to the MRI system, to use the manual actuation 
force solely for the translation of the needle segments with zero external push force. Th e 
principle of needle insertion with zero external push force holds if the self-propelled needle 
pulls the tissue toward itself by pulling itself deeper into the tissue, thereby pulling the tissue 

(7.2)
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box toward the needle. The MRI system contained a half-round tube that could be slid into 
and out of the housing of the MRI system. On top of the half-round tube, a RadioFrequency 
(RF) coil was positioned. Inside the RF coil, the tissue sample can be positioned to allow for 
visualization using MRI acquisitions. During the performance evaluation of the Ovipositor 
MRI-Needle, we were interested in the position of the needle tip; therefore, the tissue box 
was placed inside the RF coil. The RF coil has an inner radius of 65 mm. In order to test the 
Ovipositor MRI-Needle inside the MRI system, we needed a movable support structure for 
the tissue box to allow low-friction horizontal translation of the tissue box inside the RF 

Figure 7.8. Experimental setup of the ex vivoex vivo prostate tissue experiment. (a) The instrument was placed in a half-
round tube with a support structure in between. The half-round tube was slid into the MRI bore. (b) Close-up of 
the RadioFrequency (RF) coil with the tissue box on the RF base plate, guided on rails. (c) Close-up of the proximal 
side of the tissue box containing seventeen insertion holes. (d) Close-up of the ex vivo prostate tissue embedded in 
solidified 2.5 wt% agar, with the needle inserted through the agar in front of the tissue.

Thesis.indb   190Thesis.indb   190 25-8-2025   15:48:2625-8-2025   15:48:26



Exploring Wasp-Inspired Manual Actuation

7

191

coil while constraining the rolling motion in the lateral direction. Th e low-friction structure 
consisted of box rails attached to the tissue box, an RF base plate attached to the RF coil, 
and wheels between the box rails and RF base plate; for more details, see the Supplementary 
material. 

We prepared the biological sample by placing a piece of ex vivo human prostate tissue 
(width 25 mm, length 50 mm, height 10 mm) in a preparation box with liquid agar (2.5 wt%). 
Storing the box in the refrigerator overnight fi xated the tissue in the agar. We cut the sample to 
the correct dimensions (width 50 mm, length 90 mm, height 10 mm, weight 52 g) to fi t inside 
the tissue box used in the experiment, with the prostate tissue at the tissue’s box distal end 
aligned with a central hole in the wall of the box for insertion of the needle. Th e remaining 
part of the tissue box fi lled with agar allowed an initial insertion depth of 40 mm of the needle 
into the agar before entering the prostate tissue. To enable multiple slip ratio measurements 
in a single prostate tissue sample, the box contained multiple holes for insertion of the needle, 
allowing testing in diff erent parts of the prostate sample with a new needle trajectory for each 
measurement. Th e insertion holes were placed at a distance of 2.5 mm from each other to 
avoid overlapping needle trajectories, resulting in a total of seventeen holes numbered from 
one to seventeen from le  to right (Figure 7.8c). We positioned the needle in front of the 
tissue so it could move through the tissue. Unfortunately, because of tissue inhomogeneities 
or the absence of tissue behind the holes, experiments could only be carried out in a few 
specifi c holes (no. 6, 7, and 9). Th e tissue behind these specifi c holes appears homogenous 
in the MR images. Hence, we assumed the behaviour of the needle to be the same for the 
experiments using these holes.

 7.3.3 Experimental procedure
In our experiment, we used 3D gradient-echo acquisitions to capture the needle position with 
respect to the prostate tissue and the tissue box (see the Supplementary material for imaging 
parameters). We conducted three measurements using three diff erent insertion holes in a 
randomized order. During a single measurement, the Ovipositor MRI-Needle was actuated 
for ten actuation cycles, i.e., 120 translations of the translation ring. For every measurement, 
a 3D gradient echo acquisition captured the static needle position at the start and a er the 
ten actuation cycles. Th e Supplementary material contains a detailed explanation of the steps 
in the experimental protocol. A er each measurement, we cleaned the needle with water and 
alcohol. All measurements were conducted in one day.

 7.3.4 Results
3D gradient-echo acquisitions visualized the start and end position of the needle tip. Fig-
ure 7.9 shows the MR images of the needle tip positions (Original MR images can be found 
in the Supplementary material). Table 7.1 shows the insertion depth and traveled distance 
measurements. Th e initial insertion depth was that of the needle tip when it was positioned in 
front of the prostate tissue. Th e traveled distance was the distance the needle traveled inside 
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the prostate tissue. The needle was able to propel itself through the prostate tissue. However, 
the needle did experience slip. We measured a slip ratio in the range of 0.82-0.96. This slip 
indicates that the needle segments unintentionally slide with respect to the tissue, resulting in 
a shorter measured traveled distance than the expected traveled distance. 

Figure 7.9. MR images of the needle inside the agar and ex vivoex vivo prostate tissue. Each row represents one mea-
surement. The first column shows the initial frame where the tip is positioned inside the agar in front of the prostate 
tissue. The second column shows the frame after actuation over five cycles. The third column shows the frame after 
the second actuation over five cycles. The yellow, red, and green contours show the needle, the prostate tissue, and 
the tissue box sides, respectively. The arrow marks the needle tip. The orange crosshair shows the reference point on 
the side of the box that indicates a 40-mm insertion depth. The number in the upper right corner in black shows the 
measured traveled distance of the tissue box, dm, in mm, with respect to the previous MR image.
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Table 7�1� Results of the ex vivoex vivo evaluation� For each measurement, the following information is reported: the in-
sertion hole used on the tissue box, measured traveled distance [mm] of the box, number of cycles needed to travel 
that distance, expected traveled distance [mm] that the box would have traveled if no slip occurred, and the slip ratio. 

Measurement Insertion 
hole

Initial 
insertion 
depth [mm]

Measured 
traveled 
distance, ddmm
[mm]

Cycles
Expected 
traveled 
distance, ddee
[mm]*

Slip ratio, 
ssratioratio**

1 9 44.1 8.8 10 48 0.82

2 6 50.9 2.3 10 48 0.95

3 7 51.9 1.9 10 48 0.96
*Results for de and sratio diff er from Table 1 presented in the article [42], we informed the editor to publish a corri-
gendum to that article.

 7.4 Discussion

 7.4.1 Needle performance
Th is study reported on the design and experimental validation of a self-propelled needle with 
an MRI-ready actuation system. Th e evaluation of the needle in ex vivo prostate tissue showed 
the needle was able to advance through the tissue. However, the needle did experience a high 
slip ratio. We measured a slip ratio in the range of 0.82-0.96. Th e slip ratio of our needle in 
ex vivo prostate tissue is comparable to that of the self-propelled needle developed by Scali 
[18], who reported a slip ratio in the range of 0.87-0.90 for the continuously moving needle 
in ex vivo porcine liver tissue. Th e high slip ratio in our measurements indicates that the 
cutting and friction forces acting on the advancing needle segment and the friction forces on 
the wheels of the support structure altogether were near the friction forces on the retracting 
needle segments (Eq. 7.1). Furthermore, despite the shrinking tube, the needle segments 
diverged a little at their tips like an opening umbrella during the experiment, hindering the 
needle segments’ advancing motions, thereby increasing the needle’s slip ratio. Th e degree 
to which the segments diverged at the needle tip could not be quantifi ed because of the low 
resolution of the MRI system used. 

 7.4.2 Limitations
Th e needle segments were designed and sharpened so that the needle segments point toward 
the middle of the needle. However, the needle segments did not always point toward the mid-
dle of the assembled prototype. Th is could be explained by the way the needle segments are 
bundled. Along the length of the 200-mm needle, the needle segments were only connected 
at the tip by a 10-mm long shrinking tube. Hence, the needle segments could change posi-
tion during the experiment, causing the needle segments to rotate and entangle. Because the 
needle segments did not point toward the middle, their bevel-shaped tips might have caused 
them to diverge and allow tissue accumulation between them. In future designs, we aim to 
point all bevel-shaped tips toward the middle of the needle tip by restricting their rotation to 
prevent the needle segments from diverging. 
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At the needle tip, the six needle segments are surrounded by the shrinking tube, which 
might hinder the needle’s self-propelling motion through the tissue. However, as the needle is 
advanced further into the tissue, the surface area of the needle segments in direct contact with 
the tissue increases, whereas the surface area of the shrinking tube in contact with the tissue 
remains unchanged. Consequently, the influence of the shrinking tube on the self-propelling 
motion declines as the needle advances further into the tissue. In a future version of the Ovi-
positor MRI-Needle, we will investigate methods to replace the shrinking tube with another 
connection mechanism to improve the needle’s self-propelling motion.

7.4.3 Future work
In this study, we placed the tissue in a box that moved toward the needle. For application in 
transperineal laser ablation, the needle will have to self-propel through the perineal skin and 
into the prostate while the patient stays still inside the MRI bore. The actuation unit can be 
placed on a robotic arm suited to move the needle toward the cancerous tissue. The current 
Ovipositor MRI-Needle uses a discrete manual translating motion of the translation ring as 
its input. In future work, the translation ring could be replaced with a motorized actuation 
unit that is safe for use in an MRI environment. Electric motors are not an option due to the 
interference of these motors with the magnetic field. Alternative actuation methods are piezo 
motors, ultrasonic motors, Bowden cables, pneumatics, hydraulics, magnetic spheres, and 
shape memory alloy actuators. In a hospital setup, pneumatics are advantageous as pressur-
ized air is commonly available in an MRI room. An important drawback of pneumatics is that 
air is compressible, so the only well-defined pneumatic actuator positions are the beginning 
and end positions [43]. This makes pneumatic actuators more suited for a discrete stepwise 
motion instead of continuous motion. Our selector mechanism is currently actuated by a 
stepwise manual translation, which can relatively easily be replaced by a stepwise pneumatic 
actuation mechanism. 

In our experiment, the performance evaluation of the Ovipositor MRI-Needle was limited 
to an evaluation in a single ex vivo frozen-thawed prostate sample embedded in agar. Larger 
sample sizes are needed for future evaluations, considering that the mechanical properties of 
the prostate tissue of different men are not the same but comprise ranges of values. 

Another limitation was that the sample was frozen quickly at -80 °C in liquid nitrogen and 
thawed prior to the experiment. While rapid freezing reduces ice crystal formation in the tis-
sue and minimizes morphological changes [44], Venkatasubramanian et al. [45] demonstrat-
ed that freezing tissue in liquid nitrogen could affect tissue stiffness compared to fresh tissue, 
with the exact effects of this freeze-thaw cycle on the mechanical properties of the tissue being 
still unknown. However, this effect might not influence the needle’s self-propelling motion as 
in our experiment, the Ovipositor MRI-Needle could self-propel through tissue that had been 
frozen. In comparison, Scali [18] evaluated the performance of a wasp-inspired self-propelled 
needle in ex vivo four hours post mortem porcine tissue that did not undergo a freeze-thaw 
cycle and showed that the needle could self-propel through relatively fresh ex vivo tissue with 
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a comparable slip ratio as the Ovipositor MRI-Needle in ex vivo prostate tissue. 
Another limitation related to our experiment conditions is that the agar (2.5 wt%) in which 

the prostate tissue was embedded was stiff er than the prostate tissue itself, which could have 
aff ected the self-propelling motion of our Ovipositor MRI-Needle. Scali et al. [27] showed 
that the slip ratio of a self-propelled needle was higher in tissue stiff er compared to less stiff  
phantoms. Th is indicates that the stiff  agar in our experiment could have increased the slip 
ratio of the Ovipositor MRI-Needle compared to when the needle would advance through 
prostate tissue. 

In future studies, in vivo experiments are needed to test the performance of the needle 
in a more realistic clinical scenario. When moving toward an in vivo study, we foresee some 
challenges, such as the imaging system, the presence of blood fl ow through the prostate gland, 
and the presence of multi-layered tissue. For in vivo tests inside porcine animal models, we 
need an MRI system with a bore and RF coil that fi ts the animal model, as the currently used 
preclinical MRI system has an RF coil diameter of only 65 mm. Alternatively, other imaging 
options like ultrasound could be used, which will have their own advantages and disadvan-
tages, such as low contrast for so  tissues [46]. Th e presence of blood fl ow could decrease the 
needle-tissue friction required for the self-propelling motion. However, the parasitic wasp 
is able to advance through more liquid substrates such as fruits (e.g., fi gs) [47, 48] thanks 
to harpoon-like serrations on the valves, which increase friction [48]. Similarly, a micro-
textured directional surface topography could be added to the needle surface, as shown by 
Parittotokkaporn et al. [49]. Another challenge is that in an in vivo model, there is more and 
multi-layered tissue between the insertion point (i.e., the perineum) and the target position 
inside the prostate gland. However, other self-propelled needles have been shown to be able 
to advance in multi-layered tissue-mimicking phantoms consisting of gelatin with diff erent 
stiff nesses [27]. Moreover, when the needle is inserted through multiple layers of tissue and 
thus deeper into the tissue, the self-propelling motion is expected to work better, as the role 
of the cutting force of the single advanced segment becomes less pertinent compared to the 
friction forces of the retracted segments. 

In this study, we kept the actuation unit stationary while the box was placed on a low-fric-
tion support structure that moved toward the needle. In clinical practice, the needle will have 
to self-propel inside the patient while the tissue remains in place. Th e actuation unit could 
be placed on a dedicated robotic arm to manipulate the needle toward the patient, following 
the pace of the self-propelling motion of the needle. Moreover, for the future production of 
the needle segments, industrial needle manufacturing processes could be used to produce a 
needle with a sharper tip (e.g., a lancet point) to facilitate the propulsion through the tissue.

Currently, clinicians typically need multiple attempts to reach the target location, leading 
to an increased risk of tissue damage [7]. Moreover, a narrow pubic arch or a large prostate 
can obstruct the needle trajectory, making it diffi  cult to reach certain prostate locations [50]. 
Steerable needles can help the clinician compensate for positioning errors and follow a curved 
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path to reach all positions inside the prostate while avoiding anatomical obstacles. In a future 
version of the Ovipositor MRI-Needle, a steering mechanism can be incorporated. Steering 
can be achieved by creating an offset between the needle segment tips to approximate a bev-
el-shaped tip. The surrounding tissue exerts forces on the bevel-shaped tip in an asymmetric 
fashion, resulting in the bending of the needle in the direction of the bevel [51]. Research by 
Scali et al. [26] on wasp-inspired steerable needles showed that approximated bevel-shaped 
tips could be used to steer the needle successfully. Research into steering will be incorporated 
in future prototypes of our needle.

Considering the needle’s primary goal, its use in MRI-guided transperineal optical biopsy 
and focal laser ablation, the MR safety and compatibility of the components of the Ovipositor 
MRI-Needle should in the future be addressed using the ASTM test methods [32]. Radiofre-
quency heating caused by the nitinol needle should be evaluated experimentally, as the nitinol 
needle is a long and electrically conductive structure that couples with the electric field of the 
RF coil in an MRI system [52]. The coupling induces high voltages at the end of the needle, 
which might cause heating of the surrounding tissue that poses a potential safety hazard to the 
patient [52, 53]. Alternatively, the nitinol needle segments could be replaced by needle seg-
ments made of electrically non-conductive, non-metallic, and non-magnetic materials such 
as polymer needle segments or glass fibers. An MRI-ready, self-propelled, steerable needle 
can serve as a platform technology for the precise positioning of a functional element in a 
target region in the body. 

7.5 Conclusion
This work presents the design and experimental validation of a self-propelled needle with an 
MRI-ready actuation system. We have shown that a discrete manual translating motion can 
actuate the reciprocating motion of the six parallel needle segments using a selector. A con-
tinuous hollow core through the actuation unit allows for needle functionalization with an 
optical fiber for optical biopsy and focal laser ablation. The prototype’s components, excluding 
the needle, are easily manufactured solely by 3D printing using MR-safe materials. The needle 
consists of six sharpened nitinol rods. It was possible to determine the needle tip’s position 
in the MR image, as the nitinol needle did not cause severe image artifacts. The evaluation of 
the prototype in ex vivo human prostate tissue in an MRI system showed that the needle was 
able to self-propel through the tissue. However, it experiences a high slip ratio. The Ovipositor 
MRI-Needle is a step forward in developing a self-propelled needle for MRI-guided transper-
ineal focal laser ablation to treat prostate cancer.

Supplementary material
The appendices and data underlying this study are available at doi: 10.4121/c3b6bba1-9c3d-
44c4-b59a-cbdb33198792.

Thesis.indb   196Thesis.indb   196 25-8-2025   15:48:2925-8-2025   15:48:29



Exploring Wasp-Inspired Manual Actuation

7

197

Acknowledgements
We would like to thank David Jager from DEMO (Dienst Elektronische en Mechanische 
Ontwikkeling) at the TU Del  for sharpening the needle segments and Daniel Martijn de 
Bruin, Luigi van Riel, Gustav Strijkers, and Th eo de Reijke from the AUMC (Amsterdam Uni-
versity Medical Centers) for the discussions about the application of the project in focal laser 
ablation for prostate cancer treatment and their help in designing the setup and performing 
the experiment. 

References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer 
statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA: a cancer journal for clinicians. 2021;71(3):209-49. doi: 10.3322/caac.21660.
2. Lodeizen O, de Bruin M, Eggener S, Crouzet S, Ghai S, Varkarakis I, et al. Ablation ener-
gies for focal treatment of prostate cancer. World journal of urology. 2019;37(3):409-18. doi: 10.1007/
s00345-018-2364-x.
3. Oto A, Sethi I, Karczmar G, McNichols R, Ivancevic MK, Stadler WM, et al. MR imaging–
guided focal laser ablation for prostate cancer: phase I trial. Radiology. 2013;267(3):932-40. doi: 10.1148/
radiol.13121652.
4. Hodge KK, McNeal JE, Stamey TA. Ultrasound guided transrectal core biopsies of the palpa-
bly abnormal prostate. Th e Journal of urology. 1989;142(1):66-70. doi: 10.1016/S0022-5347(17)38663-9.
5. de la Taille A, Antiphon P, Salomon L, Cherfan M, Porcher R, Hoznek A, et al. Prospective 
evaluation of a 21-sample needle biopsy procedure designed to improve the prostate cancer detection 
rate. Urology. 2003;61(6):1181-6. doi: 10.1016/S0090-4295(03)00108-0.
6. Patelli G, Ranieri A, Paganelli A, Mauri G, Pacella CM. Transperineal laser ablation for percu-
taneous treatment of benign prostatic hyperplasia: a feasibility study. Cardiovascular and interventional 
radiology. 2017;40(9):1440-6. doi: 10.1007/s00270-017-1662-9.
7. Leibinger A, Oldfi eld MJ, Rodriguez y Baena F. Minimally disruptive needle insertion: a 
biologically inspired solution. Interface focus. 2016;6(3):20150107. doi: 10.1098/rsfs.2015.0107.
8. Wright RM, Ramesh K. An axonal strain injury criterion for traumatic brain injury. Biome-
chanics and modeling in mechanobiology. 2012;11(1-2):245-60. doi: 10.1007/s10237-011-0307-1.
9. Moreira P, van de Steeg G, Krabben T, Zandman J, Hekman EE, van der Heijden F, et al. 
Th e MIRIAM robot: A novel robotic system for mr-guided needle insertion in the prostate. Journal of 
medical robotics research. 2017;2(04):1750006. doi: 10.1142/S2424905X17500064.
10. DiMaio SP, Salcudean SE. Needle insertion modeling and simulation. IEEE Transactions on 
robotics and automation. 2003;19(5):864-75. doi: 10.1109/TRA.2003.817044.
11. Sakes A, Dodou D, Breedveld P. Buckling prevention strategies in nature as inspiration for 
improving percutaneous instruments: a review. Bioinspiration & biomimetics. 2016;11(2):021001. doi: 
10.1088/1748-3190/11/2/021001.
12. Abolhassani N, Patel R, Moallem M. Needle insertion into so  tissue: A survey. Medical 
engineering & physics. 2007;29(4):413-31. doi: 10.1016/j.medengphy.2006.07.003.
13. Abolhassani N, Patel RV, Ayazi F. Minimization of needle defl ection in robot‐assisted 
percutaneous therapy. Th e international journal of medical Robotics and computer assisted surgery. 
2007;3(2):140-8. doi: 10.1002/rcs.136.
14. Ilami M, Ahmed RJ, Petras A, Beigzadeh B, Marvi H. Magnetic needle steering in so  phan-
tom tissue. Scientifi c reports. 2020;10(1):1-11. doi: 10.1038/s41598-020-59275-x.
15. Schwehr TJ, Sperry AJ, Rolston JD, Alexander MD, Abbott JJ, Kuntz A. Toward targeted ther-
apy in the brain by leveraging screw-tip so  magnetically steerable needles. Proceedings of the Hamlyn 

Thesis.indb   197Thesis.indb   197 25-8-2025   15:48:3025-8-2025   15:48:30



Chapter 7

7

198

Symposium on Medical Robotics; 2022. doi: 10.31256/HSMR2022.40.
16.	 Frasson L, Ferroni F, Ko SY, Dogangil G, y Baena FR. Experimental evaluation of a novel 
steerable probe with a programmable bevel tip inspired by nature. J Robot Surg. 2012;6(3):189-97. doi: 
10.1007/s11701-011-0277-4.
17.	 Virdyawan V, Oldfield M, y Baena FR. Laser Doppler sensing for blood vessel detection 
with a biologically inspired steerable needle. Bioinspiration & biomimetics. 2018;13(2):026009. doi: 
10.1088/1748-3190/aaa6f4.
18.	 Scali M. Self-propelling needles: From biological inspiration to percutaneous interventions. 
2020. doi: 10.4233/uuid:523e3e5f-08f0-4acb-ab45-abaa7ace3967.
19.	 Quicke DL, Fitton MG. Ovipositor steering mechanisms in parasitic wasps of the families 
Gasteruptiidae and Aulacidae (Hymenoptera). Proceedings of the Royal Society of London Series B: 
Biological Sciences. 1995;261(1360):99-103. doi: 10.1098/rspb.1995.0122.
20.	 Cerkvenik U, Van de Straat B, Gussekloo SW, Van Leeuwen JL. Mechanisms of ovipos-
itor insertion and steering of a parasitic wasp. Proceedings of the National Academy of Sciences. 
2017;114(37):E7822-E31. doi: 10.1073/pnas.1706162114.
21.	 Vilhelmsen L, Isidoro N, Romani R, Basibuyuk HH, Quicke DL. Host location and ovipo-
sition in a basal group of parasitic wasps: the subgenual organ, ovipositor apparatus and associated 
structures in the Orussidae (Hymenoptera, Insecta). Zoomorphology. 2001;121(2):63-84. doi: 10.1007/
s004350100046.
22.	 Quicke D, Fitton M, Tunstead J, Ingram S, Gaitens P. Ovipositor structure and relationships 
within the Hymenoptera, with special reference to the Ichneumonoidea. Journal of Natural History. 
1994;28(3):635-82. doi: 10.1080/00222939400770301.
23.	 Parittotokkaporn T, Frasson L, Schneider A, Huq SE, Davies BL, Degenaar P, et al. Soft tissue 
traversal with zero net force: Feasibility study of a biologically inspired design based on reciprocal 
motion. 2008 IEEE International Conference on Robotics and Biomimetics; 2009: IEEE. doi: 10.1109/
ROBIO.2009.4912983.
24.	 Oldfield MJ, Leibinger A, Seah TET, y Baena FR. Method to reduce target motion through 
needle–tissue interactions. Annals of biomedical engineering. 2015;43(11):2794-803. doi: 10.1007/
s10439-015-1329-0.
25.	 Frasson L, Ko S, Turner A, Parittotokkaporn T, Vincent JF, Rodriguez y Baena F. STING: a 
soft-tissue intervention and neurosurgical guide to access deep brain lesions through curved trajectories. 
Proceedings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 
2010;224(6):775-88. doi: 10.1243/09544119JEIM663.
26.	 Scali M, Pusch T, Breedveld P, Dodou D. Ovipositor-inspired steerable needle: design 
and preliminary experimental evaluation. Bioinspiration & Biomimetics. 2017;13(1):016006. doi: 
10.1088/1748-3190/aa92b9.
27.	 Scali M, Breedveld P, Dodou D. Experimental evaluation of a self-propelling bio-inspired 
needle in single-and multi-layered phantoms. Scientific reports. 2019;9(1):1-13. doi: 10.1038/s41598-
019-56403-0.
28.	 Lindner U, Lawrentschuk N, Weersink RA, Davidson SR, Raz O, Hlasny E, et al. Focal laser 
ablation for prostate cancer followed by radical prostatectomy: validation of focal therapy and imaging 
accuracy. European urology. 2010;57(6):1111-4. doi: 10.1016/j.eururo.2010.03.008.
29.	 Stafford RJ, Shetty A, Elliott AM, Klumpp SA, McNichols RJ, Gowda A, et al. Magnetic reso-
nance guided, focal laser induced interstitial thermal therapy in a canine prostate model. The Journal of 
urology. 2010;184(4):1514-20. doi: 10.1016/j.juro.2010.05.091.
30.	 Phee L, Xiao D, Yuen J, Chan CF, Ho H, Thng CH, et al. Ultrasound guided robotic system for 
transperineal biopsy of the prostate. Proceedings of the 2005 IEEE international conference on robotics 
and automation; 2005: IEEE. doi: 10.1109/ROBOT.2005.1570297.
31.	 Kent RN, inventor; Parker Pen Co Ltd, assignee. Writing instrument patent US3205863A. 
1953 Sept. 14.

Thesis.indb   198Thesis.indb   198 25-8-2025   15:48:3025-8-2025   15:48:30



Exploring Wasp-Inspired Manual Actuation

7

199

32. ASTM F2503-13, Standard practice for marking medical devices and other items for safety in 
the magnetic resonance environment. ASTM International, West Conshohocken, PA2013.
33. ASTM F2119-07(2013), Standard test method for evaluation of MR Image artifacts from 
passive implants. ASTM International, West Conshohocken, PA2013.
34. Kim Y-H, Choi M, Kim J-W. Are titanium implants actually safe for magnetic resonance 
imaging examinations? Archives of plastic surgery. 2019;46(1):96. doi: 10.5999/aps.2018.01466.
35. Stöckel D. Nitinol - A material with unusual properties. Endovascular Update. 1998;1(1):1-8. 
36. Al-Maatoq M, Boese A, Henke H-W, Friebe M. Primary design concept for non-metallic 
needle for MRI guided spinal applications. 2019 41st Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society (EMBC); 2019: IEEE. 
37. Barras C, Myers K. Nitinol – its use in vascular surgery and other applications. European 
Journal of Vascular and Endovascular Surgery. 2000;19(6):564-9. doi: 10.1053/ejvs.2000.1111.
38. Melzer A, Michitsch S, Konak S, Schaefers G, Bertsch T. Nitinol in magnetic reso-
nance imaging. Minimally Invasive Th erapy & Allied Technologies. 2004;13(4):261-71. doi: 
10.1080/13645700410020269.
39. Kahn T, Busse H. Interventional magnetic resonance imaging: Springer; 2012.
40. Korde JM, Kandasubramanian B. Biocompatible alkyl cyanoacrylates and their derivatives as 
bio-adhesives. Biomaterials science. 2018;6(7):1691-711. doi: 10.1039/C8BM00312B.
41. Culmone C, Henselmans PW, van Starkenburg RI, Breedveld P. Exploring non-assembly 3D 
printing for novel compliant surgical devices. PLoS ONE. 2020;15(5):e0232952. doi: 10.1371/journal.
pone.0232952.
42. Bloemberg J, Trauzettel F, Coolen B, Dodou D, Breedveld P. Design and evaluation of an MRI-
ready, self-propelled needle for prostate interventions. PLoS ONE. 2022;17(9):e0274063. doi: 10.1371/
journal.pone.0274063.
43. Groenhuis V, Stramigioli S. Laser-cutting pneumatics. IEEE/ASME transactions on mecha-
tronics. 2015;21(3):1604-11. doi: 10.1109/TMECH.2015.2508100.
44. Fischer AH, Jacobson KA, Rose J, Zeller R. Cryosectioning tissues. CSH Protoc. 2008;3(8). 
doi: 10.1101/pdb.prot4991.
45. Venkatasubramanian RT, Grassl ED, Barocas VH, Lafontaine D, Bischof JC. Eff ects of freez-
ing and cryopreservation on the mechanical properties of arteries. Annals of Biomedical engineering. 
2006;34(5):823-32. doi: 10.1007/s10439-005-9044-x.
46. Jolesz FA. Intraoperative imaging and image-guided therapy: Springer Science & Business 
Media; 2014.
47. Ovruski S, Aluja M, Sivinski J, Wharton R. Hymenopteran parasitoids on fruit-infesting Te-
phritidae (Diptera) in Latin America and the southern United States: diversity, distribution, taxonomic 
status and their use in fruit fl y biological control. Integrated Pest Management Reviews. 2000;5(2):81-
107. doi: 10.1023/A:1009652431251.
48. Ghara M, Kundanati L, Borges RM. Nature's swiss army knives: ovipositor structure mirrors 
ecology in a multitrophic fi g wasp community. PLoS ONE. 2011;6(8):e23642. doi: 10.1371/journal.
pone.0023642.
49. Parittotokkaporn T, Frasson L, Schneider A, Davies B, Degenaar P, y Baena FR. Insertion 
experiments of a biologically inspired microtextured and multi-part probe based on reciprocal motion. 
2010 Annual International Conference of the IEEE Engineering in Medicine and Biology; 2010: IEEE. 
doi: 10.1109/IEMBS.2010.5627410.
50. Wallner K, Chiu-Tsao ST, Roy J, Arterbery VE, Whitmore W, Jain S, et al. An improved meth-
od for computerized tomography-planned transperineal 125iodine prostate implants. Th e Journal of 
Urology. 1991;146:90-5. doi: 10.1016/S0022-5347(17)37721-2.
51. Scali M, Pusch TP, Breedveld P, Dodou D. Needle-like instruments for steering through solid 
organs: A review of the scientifi c and patent literature. Proceedings of the Institution of Mechanical Engi-
neers, Part H: Journal of Engineering in Medicine. 2017;231(3):250-65. doi: 10.1177/0954411916672149.

Thesis.indb   199Thesis.indb   199 25-8-2025   15:48:3125-8-2025   15:48:31



Chapter 7

7

200

52.	 Nitz WR, Oppelt A, Renz W, Manke C, Lenhart M, Link J. On the heating of linear conductive 
structures as guide wires and catheters in interventional MRI. Journal of Magnetic Resonance Imaging. 
2001;13(1):105-14. doi: 10.1002/1522-2586(200101)13:1<105::AID-JMRI1016>3.0.CO;2-0.
53.	 Konings MK, Bartels LW, Smits HF, Bakker CJ. Heating around intravascular guide-
wires by resonating RF waves. Journal of Magnetic Resonance Imaging. 2000;12(1):79-85. doi: 
10.1002/1522-2586(200007)12:1<79::AID-JMRI9>3.0.CO;2-T.

Thesis.indb   200Thesis.indb   200 25-8-2025   15:48:3125-8-2025   15:48:31



8 Enabling Wasp-Inspired Actuation 
for Steering

Extended version of the conference abstract published as: 
Bloemberg J., Sakes A., Breedveld P. (2024).Wasp-inspired steerable 
needle for transperineal focal laser ablation. Proceedings of the 
16th Hamlyn Symposium on Medical Robotics. London, United 
Kingdom, 25-28 June 2024. 

Thesis.indb   201Thesis.indb   201 25-8-2025   15:48:3225-8-2025   15:48:32



202

Chapter 8

Abstract
In TransPerineal Laser Ablation (TPLA), needles are used to position optical fibers near a 
tumor to treat prostate cancer. Conventional needles are bound to straight trajectories, which 
might cause access restriction due to anatomical obstacles or targeting errors resulting from 
needle-tissue interaction. This study presents a wasp-inspired needle consisting of six parallel 
segments that can self-propel and steer through tissues to position an optical fiber with zero 
external push force and without axial rotation of the needle. Steering is achieved by creating 
an offset between the parallel needle segments to approximate a bevel-shaped tip using a 
global steering unit at the needle handle. The self-propelling performance of the needle 
with integrated fiber was evaluated in gelatin phantoms in terms of the needle’s propulsion 
efficiency. Steering was evaluated based on the ratio of the needle deflection from the 
straight path to the insertion depth. The evaluation showed that the needle with integrated 
fiber could advance through the gelatin phantoms with a 9-19% mean propulsion efficiency. 
The maximum achieved deflection-to-insertion ratio was -0.088 for downward steering. 
The proposed bio-inspired fiber-integrated needle design is a step toward developing self-
propelled, steerable needles for TPLA to treat prostate cancer. 
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 8.1 Introduction
In Transperineal Laser Ablation (TPLA), needles are used to position an optical fi ber near the 
tumor site to treat prostate cancer. Commonly used needles are rigid and bound to straight 
trajectories, which might lead to access restriction due to pubic arch interference or targeting 
errors resulting from needle defl ection caused by needle-tissue interaction [1]. To minimize 
both access restriction to the target site and needle targeting errors, steerable needles can be 
used. Steerable needles can modify needle-tissue interactions during insertion and, therefore, 
control the needle trajectory to reach the target site accurately.

In the scientifi c literature, several steerable needle designs have been proposed, including 
bevel-tip needles [2], concentric tube needles [3], tendon-driven needles [4, 5], and wasp-in-
spired bevel-tip needles, i.e., programmable bevel-tip needles [6-10] and discrete bevel-tip 
needles [11, 12]. Bevel-tip needles with predefi ned shapes are limited to 2D steering along a 
fi xed radius. 3D steering requires axial rotation of the bevel-tip needle, which can induce tor-
sional stress on the needle body. Th is stress may cause an angular lag between the orientation 
of the needle base and tip, complicating control over the needle’s trajectory [13]. Secondly, 
concentric tube needles consist of telescopically assembled elastic pre-curved tubes, which do 
not require a rotation of the outside tube in contact with the surrounding tissue. However, the 
pre-curved tubes off er limited fl exibility for path adjustment. Th irdly, tendon-driven needles 
enable a change of the tip orientation through the manipulation of the internal tendons, 
which induces tissue displacement and might result in tissue trauma. On the other hand, 
programmable and discrete bevel-tip needles that are inspired by the ovipositor of the female 
parasitic wasp possess the following advantages over other steerable needle designs: (1) the 
steering direction can be set to any direction in 3D without axial rotation of the needle, (2) the 
steering ability can be changed during insertion, and (3) the self-propelled motion decreases 
tissue deformation at the needle-tissue interface [14]. Th erefore, wasp-inspired discrete bev-
el-tip needles are the focus of this study.

Female parasitic wasps possess a thin and steerable needle-like structure called the 
ovipositor to deposit eggs in a host while avoiding buckling and presumably while being 
able to steer in 3D without axial rotation. Th e wasp can move its ovipositor through solid 
substrates such as wood by reciprocally moving the parallel valves that constitute it [15]. Th e 
protrusion-retraction motion of the valves produces a near-zero external push force due to 
the valves’ friction with the surrounding substrate, enabling a self-propelling steerable move-
ment. Steering of the ovipositor is hypothesized to be achieved by its asymmetric beveled 
tip [15]. When moving such an asymmetric beveled tip through a substrate, the off -axis 
reaction forces applied by the substrate on the tip cause the ovipositor to bend, resulting in a 
curved path [16]. Th e mechanisms by which the ovipositor advances and steers through solid 
substrates have inspired the design of needles and probes capable of actively propelling and 
adjusting their trajectories within tissue phantoms and human tissues [6-9, 11, 12, 17-19]. 

Wasp-inspired bevel-tip needles are particularly interesting for TPLA application thanks 
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to their self-propulsion and trajectory adjustment capabilities without the need for axial ro-
tation, allowing for more accurate placement of the optical fiber. In previous wasp-inspired 
bevel-tip needles, optical fibers were inserted through hollow lumens inside the needle seg-
ments [9]. However, the implementation of an optical fiber for TPLA that functions as one 
of the needle segments in a wasp-inspired steerable needle at a submillimeter scale has yet to 
be validated. Moreover, we do not know the effect of needle steering on the optical fiber for 
TPLA applications, as currently during TPLA procedures, the fiber is positioned through a 
rigid needle bound to straight trajectories. This study shows an ovipositor-inspired needle 
that can steer and propel through a tissue phantom to position an optical fiber during TPLA 
with zero external push force and without buckling.

8.2 Materials and methods

8.2.1 Wasp-inspired needle design
Our manually actuated wasp-inspired needle design (Figure 8.1) consists of six parallel 
0.25-mm diameter nitinol rods bundled at the tip using a heat shrink tube (Vention Medical, 
expanded inner diameter 0.814 mm, wall thickness 0.013 mm) and is driven by a 3D-printed 
manual actuation system in the handle. The tips of the needle segments were sharpened to 
an angle of 40° using wire Electrical Discharge Machining (EDM) to enhance the tip’s cutting 
efficiency and to minimize the insertion force required. This needle design has previously 
demonstrated self-propulsion through ex vivo prostate tissue [19] (Chapter 7). The needle 
achieves self-propelled motion by advancing one needle segment while retracting the other 
five, where the combined friction force of the five retracting segments with the surrounding 
substrate counterbalances the sum of the friction and cutting forces experienced by the ad-
vancing needle segment. A cam located in the handle actuates the advancing and retracting 
motions of the needle segments. 

The main innovation of the needle described in this study is its ability to steer and guide 
an optical fiber for TPLA toward the needle tip. We added steerability to the needle design 
by creating an offset between the needle segments to approximate a bevel-shaped tip. The 
surrounding tissue exerts forces on the bevel-shaped tip in an asymmetric fashion, resulting 
in the bending of the needle. To achieve the discrete bevel-shaped tip, we developed a glob-
al steering unit integrated into the handle, rather than individually advancing the selected 
needle segments using separate motors as done in the approach by Scali et al. [11, 12]—a 
more complex and time-consuming approach. To allow for global steering, the housing of 
the handle could be rotated relative to the cone that converges the needle segments, similar 
to a 2-degrees-of-freedom joystick, see Figure 8.2. Rotating the housing pushes and pulls 
the needle segments into and out of the cone, thereby shifting the needle segments over the 
required offset in a controlled manner, resulting in a discrete bevel-shaped tip.
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Figure 8�1� Manually-actuated wasp-inspired needle� (a) Complete prototype with close-ups of the needle tip in 
three confi gurations: (b) blunt tip, (c) bevel up, and (d) bevel down.

Figure 8�2� Schematic of the global steering unit of the wasp-inspired needle� (a) Neutral position, the needle seg-
ments and optical fi ber align at the tip (blunt tip), leading to a forward trajectory due to the resultant force from the 
substrate. (b) Rotating the housing away from the neutral axis shi s the needle segments, creating a bevel off set (BO, 
bevel up). Th e asymmetric force distribution on the bevel-shaped tip causes the needle to bend downward. Rotating 
the housing downward steers the needle downward inside the substrate. Increasing the bending angle from the neu-
tral axis enhances the bevel off set (BO), resulting in a greater curvature of the needle trajectory.
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8.2.2 Experimental goal and variables
The experiment of this explorative study aimed to investigate the needle’s self-propelling and 
steering performance in gelatin phantoms whilst guiding a 300-µm optical fiber for TPLA 
through the needle’s central lumen, resulting in a total needle outer diameter of 0.8 mm. For 
the self-propelling performance, we calculated the propulsion efficiency as in Eq. 8.1:

(8.1)

where dm [mm] and de [mm] are the measured and expected traveled distance, respectively. 
During one actuation cycle, the cam of the actuation system is rotated once, resulting in all 
needle segments advancing and retracting over the stroke distance once. Because we assume 
that for the self-propelled motion the gelatin phantom remains stationary with respect to the 
retracting needle segments, the expected traveled distance is equal to the stroke distance of 
the needle segments dictated by the cam track in the housing, i.e., S [mm], multiplied by the 
number of actuation cycles, i.e., C, multiplied by a factor of 6/5, as in Eq. 8.2:

(8.3)

(8.2)

During one measurement, the needle was actuated for 20 cycles, resulting in a total ex-
pected traveled distance (de) of 96 mm. The measured traveled distance (dm) is the difference 
in the position of the needle tip we measured in the images before and after needle actuation. 

For the steering performance, we used the deflection-to-insertion ratio as a measure as 
in Eq. 8.3:

where dd [mm] and dm [mm] are the measured deflection and measured traveled distance, 
respectively. The deflection distance is the needle’s deflection from the straight path. The in-
dependent variable was the steering direction, which was set to forward, up, or down. When 
the steering direction was up or down, the bevel offset (i.e., the offset between the needle seg-
ments) was set to 4 mm. The gelatin concentration (i.e., 10 wt%) and the number of actuation 
cycles (i.e., 20) were kept constant for all measurements.

8.2.3 Experimental facility and procedure
The experimental setup consisted of the needle with integrated fiber in its lumen, a gelatin 
phantom on a lightweight low-friction aluminum cart, and a camera to capture the position 
of the needle in the gelatin (Figure 8.3). For the gelatin phantom, gelatin powder of type Dr. 
Oetker 1-50-230004 (Dr. Oetker Professional, Amersfoort, The Netherlands) was mixed with 
water with a gelatin weight ratio (wt) of 10%, resulting in a modulus of elasticity of 17 kPa 
[18], which is similar to that of prostate tissue [20].

To prevent disturbances from manual actuation and ensure zero external push force, 
the actuation unit remained stationary, and the gelatin tissue phantom was positioned on 
a low-friction cart. The principle of self-propelled needle insertion with zero external push 
force holds if the needle pulls the gelatin phantom toward itself by pulling itself deeper into 
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Figure 8�3� Experimental setup for evaluating the self-propelling and steering performance of the needle� (a) Th e 
setup includes an optical fi ber, the needle (steering upward), and a gelatin phantom on a cart. Examples of (b) the 
start position and (c) the end position of the needle within the gelatin phantom. xm(0) represents the initial measured 
distance of the needle in the substrate, xm(20) is the distance a er the 20 actuation cycles, dm is the diff erence between 
the start and end position, and dd is the defl ection distance.

the gelatin. For every measurement, we captured the needle position with respect to the gela-
tin phantom at the start of, during, and a er 20 actuation cycles. Th e needle tip's position was 
recorded using a camera mounted on a tripod, positioned directly above the needle to capture 
a top-down view of the needle tip within the gelatin phantom. Millimeter graph paper was 
placed at the bottom surface of the low-friction cart to serve as a reference for the traveled 
distance of the needle tip relative to the gelatin phantom during the experiments. A er each 
measurement, the needle was removed from the phantom and cleaned with water. Each con-
dition was repeated four times, resulting in a total of 12 measurements.

 8.3 Results
Table 8.1 and Figures 8.4,5 present the results of the self-propelling and steering measure-
ments. Th e evaluation showed that the needle with integrated optical fi ber could advance 
through 10-wt% gelatin, although it did experience a low mean propulsion effi  ciency of in 
between 9-19%. 

Upward steering was only successful in one of four trials (25%), in the other trials, unex-
pectedly, the needle either steered in the opposite direction or continued a forward trajectory. 
Downward steering was successful in three out of four trials (75%). In one trial, the needle 
continued a forward trajectory. Th e mean defl ection-to-insertion ratio was higher for down-
ward steering than for upward steering. Th e greatest defl ection-to-insertion ratio measured 
was -0.088 for downward steering.

During the steering motion, the optical fi ber must follow a curved trajectory in tandem 
with the needle’s curvature. An additional power output test (Appendix 8.A) showed that 
bending the optical fi ber over trajectories with a bending radius of 500 mm and an angle 
of 8.9° (i.e., dratio = 0.078) to 16.5 mm and an angle of 270° (i.e., dratio > 1, the minimum 
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Table 8.1. Experimental conditions, propulsion efficiencies (ηηp), and deflection-to-insertion ratios (ddratio). BOBO = 
bevel offset. A positive ddratio means an upward steering curvature and a negative ddratio a downward curvature.

Steering direction BOBO [mm] ηηp [%] (mean ± SD) ddratio [-] (mean ± SD)

Forward 0 9 ± 5 -0.0078 ± 0.014

Up 4 12 ± 3 0.0036 ± 0.031

Down 4 19 ± 12 -0.060 ± 0.035

Figure 8.4. Deflection-to-insertion ratio for different steering conditions (forward, up, or down). A negative 
ratio indicates a downward steering curvature, while a positive ratio indicates an upward curvature. Gray circles 
represent single trials, crosses the mean values, and error bars the standard deviation (±1 SD).

Figure 8.5. Final position of the needle within the gelatin during a steering trial (downward steering). The 
dashed line indicates the start of steering. The arrow shows the steering direction.

bending radius of the fiber) only caused a power loss of up to 8% at a power of 3 W (i.e., the 
required power for TPLA). The successful bending of the optical fiber with low power losses 
implies that optical fibers can safely be used in steerable needles with a bending radius of up 
to 16.5 mm.
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 8.4 Discussion and conclusion
In this study, we presented the design of a self-propelled, steerable needle inspired by the 
wasp’s ovipositor that allows for positioning an optical fi ber near a target site without buck-
ling. Th e simultaneous steering and self-propelling motions allow for the needle to be inserted 
over a curved trajectory without buckling, thereby improving the controllability of the needle. 
Moreover, the adjustable bevel-shaped tip using the global steering mechanism allows for 
changing the direction of steering without the need for individual actuation of the needle 
segments or for axial rotation, which prevents the generation of torsional stress on the needle 
body. Th erefore, this steering method can improve the needle trajectory controllability while 
potentially decreasing the risk of tissue damage compared to fl exible, steerable needles that 
require axial rotation [21].

Th e experimental results showed that our needle could successfully self-propel through 
10-wt% gelatin phantoms, although it did experience a low mean propulsion effi  ciency of 
9-19%. Th is is comparable to the effi  ciencies reported for similar needles in tissues and tissue 
phantoms with a comparable stiff ness (i.e., 4-9% in 10-wt% gelatin [22], 12% in ex vivo por-
cine liver tissue [22], and 4-18% in ex vivo human prostate tissue [19]). Th e low propulsion 
effi  ciency of our needle may be attributed to the friction between the cart and the surface 
on which it rolled and the friction within the cart’s ball-bearing wheels. In clinical practice, 
the needle will have to self-propel through the perineal skin and into the prostate while the 
patient stays still. To accommodate this, the needle could be advanced within the actuation 
system to move the needle toward the patient, following the pace of the self-propelled motion, 
similar to the ball-spline actuation system presented by Bloemberg et al. [23]. 

During the self-propelled motion, the needle successfully steered the optical fi ber  down-
ward with a mean defl ection-to-insertion ratio of -0.060. Th is is comparable to those reported 
for needles with a similar diameter by Scali et al. [11] (i.e., 0.097 for rightward steering with 
a 1.6-mm diameter needle), and Scali et al. [12] (i.e., 0.078 for rightward steering with a 1.2-
mm diameter needle) on discrete bevel-tip needles. Yet, Ko et al. [24], reported a ratio of 0.67 
for a 12-mm diameter bevel-steering probe. Th e low defl ection-to-insertion ratio for upward 
steering poses a limitation to our needle’s targeting accuracy. Both the low defl ection-to-in-
sertion ratio for upward steering and the negative ratio during forward steering can partially 
be explained by unintended needle rotation along its length due to low torsion stiff ness, as 
well as buckling of the needle segments within the global steering unit, which currently lacks 
support to prevent such buckling. Future prototypes could address needle rotation by imple-
menting a diff erent needle bundling mechanism designed to restrict it. Additionally, buckling 
of the needle segments within the global steering unit could be prevented by locally increasing 
the needle segment diameter, thereby increasing the second moment of area. Furthermore, we 
plan to further develop the needle's steerability capabilities to achieve higher defl ection-to-in-
sertion ratios by, for example, using pre-bending in the tips of the needle segments [25]. Such 
a needle design could potentially improve needle trajectory controllability and positioning 
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accuracy for prostate cancer treatment using TPLA in the future.
The current prototype is manually driven, which limits the precision and repeatability of its 

self-propulsion capabilities in a clinical setting. Implementing a pneumatic actuation system 
could enhance accuracy and user control across various image guidance systems, including 
Magnetic Resonance Imaging (MRI) [22]. Furthermore, future versions of the needle could 
benefit from using industrial needle manufacturing processes to create a sharper tip (e.g., a 
lancet point) to facilitate the propulsion through the tissue and improve the self-propelling ef-
ficiency. Additionally, adherence to regulations like the Medical Device Regulation 2017/745 
(MDR) is crucial to ensure the safety, quality, and performance of the needle in patients. 

This explorative study demonstrates the needle’s self-propulsion and steering capabilities 
in gelatin phantoms. We assessed the steering capability based on the deflection-to-insertion 
ratio. However, to be able to evaluate the needle’s steering performance in clinical settings, fu-
ture studies should evaluate the end point error similar to the design evaluation conducted by 
de Vries et al. [5]. This approach will provide a better understanding of the needle’s targeting 
accuracy and positioning errors, which are critical for clinical translation. Lastly, to develop 
a full picture of a future version of the needle prototype in a clinical setting, ex vivo and in 
vivo human-tissue experiments are required. In ex vivo experiments, tissue damage could be 
assessed through histological evaluation [26]. As we transition to in vivo studies, we anticipate 
challenges such as the presence of fluids and multi-layered tissues, which may diminish the 
needle-tissue friction necessary for the self-propelled motion. In contrast, parasitic wasps 
effectively navigate fluid-like substances, such as fruit, thanks to directional friction patterns 
on their ovipositor valves. Frasson et al. [27] successfully incorporated a microtexture on 
the needle surface, providing an interesting avenue to explore for our needle in the future. 
Additionally, challenges arise from multiple tissue layers, and stiffer and heterogeneous 
tissue. Nevertheless, previous studies have already successfully demonstrated the ability of 
the self-propelled needle to advance through multi-layered tissue phantoms [18], stiff tissue 
phantoms [23], as well as heterogeneous (ex vivo) tissue [19].

Supplementary material
The data underlying this study are available at doi: 10.4121/35f36ae3-00b0-4775-96df-b6b-
3b292aa4c.
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 Appendix 8.A Optical fi ber evaluation

8.A.1 Introduction
Inside a needle for TransPerineal Laser Ablation (TPLA), an optical fi ber is inserted to trans-
fer the laser energy to the target site (i.e., the tumor inside the prostate gland). Th erefore, in 
a steerable TPLA needle, the optical fi ber needs to follow a curved trajectory in tandem with 
the needle’s curvature. Severe defl ection of the optical fi ber could potentially lead to power 
loss at the tip due to bending losses within the fi ber. Laser light exiting the fi ber core and 
entering the fi ber cladding will be absorbed, resulting in a loss of power at the fi ber tip [1]. 
Information on the power output during curved trajectories is crucial for the integration of 
optical fi bers in steerable needles, as well as for determining the correct power setting on the 
laser. Th e study in this appendix experimentally investigates the impact of guiding an optical 
fi ber along a curved trajectory on its power output.

8.A.2 Materials and methods
Th e experiment aimed to investigate the impact of fi ber bending with distinct curvature on 
the power output. Th e experimental setup consisted of a single-use bare optical TPLA fi ber 
(Asclepion Laser Technologies, GmbH, Jena, Germany) operating at 1064 nm, a diode laser 
system (SoracteLite, EchoLaser X4 system, Elesta S.p.A., Florence, Italy), a fi ber trajectory 
block, a power sensor (PowerMax PM30, Coherent, Saxonburg, Pennsylvania, USA), and a la-
ser power meter (FieldMaxII-TO, Coherent, Saxonburg, Pennsylvania, USA) (Figure 8.A1a). 
Th e fi ber had a length of 2 m, a core diameter of 300 µm, a clad diameter of 330 µm, and a 
Numerical Aperture (NA) of 0.22. Measurements were performed at a fi xed power of 3 W. A 
laser power meter behind the fi ber trajectory block measured the output laser power of the 
fi ber a er it was bent along a curved trajectory in the fi ber trajectory block (Figure 8.A1b).

Th e fi ber trajectory block consisted of an aluminum plate containing 0.5-mm diameter, 
0.5-mm deep semi-cylindrical tracks, and a transparent Perspex top attached to the alumi-
num plate using magnets. Th e curvature length of the tracks was kept constant at 77.8 mm 
for all trajectories, corresponding to a 270° bending angle for a bending radius of 16.5 mm. 
Th e bending radius varied between 500 mm and 16.5 mm (i.e., the minimum bending radius 
of the fi ber equivalent to the clad diameter multiplied by 50). Accordingly, the bending angle 
varied between 8.9° and 270°. Furthermore, the fi ber trajectory block also contained a straight 
trajectory with an infi nite bending radius and a 0° bending angle as a control measure.

During a single measurement, the fi ber was inserted into a track of the fi ber trajectory 
block. Subsequently, the diode laser system was turned on at a power of 3 W (Figure 8.A1c). 
To determine the output power of the fi ber passing through the track of the fi ber trajectory 
block, a power sensor and laser power meter were placed at the distal tip of the fi ber. Each 
fi ber trajectory of the fi ber trajectory block was measured twice, resulting in 24 measurements 
in total. Th e same optical fi ber was used for each measurement.
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Figure 8.A1. (a) Experimental setup for evaluating the impact of fiber bending on the power output. (b) Top view 
of the laser fiber in the straight trajectory of the fiber trajectory block, indicating the different bending radii of the 
corresponding trajectories. (c) Top view of the laser fiber in a curved trajectory of the fiber trajectory block when the 
diode laser system was turned on at a power of 3 W.

8.A.3 Results
The power output experiments showed that bending the optical fiber over trajectories with 
a bending radius of 500 to 16.5 mm only minimally impacted the power output, as shown 
in Table 8.A1. The measured output signal ranged between 2.75 W and 3.21 W, with a mean 
power output of 2.98 W and a standard deviation of 0.14 W. The greatest difference between 
input and output power of 0.25 W was measured for the smallest bending radius (i.e., 16.5 
mm), the greatest bending radius (i.e., 500 mm), and the straight trajectory (i.e., bending 
radius = ∞ mm). The successful bending of the optical fiber with low power losses implies that 
optical fibers can safely be used in steerable needles with a bending radius of up to 16.5 mm. 
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Table 8�A1� Measured power outputs per bending confi guration� ddratio = defl ection-to-insertion ratio�

Bending radius 
[mm]

Bending angle [°] ddratio [-] Power output 1 
[W]

Power output 2 
[W]

∞* 0* 0 3.08 2.75

500 8.9 0.078 3.10 2.75

200 22.3 0.19 3.10 2.85

100 44.6 0.41 3.18 2.81

80 55.7 0.52 3.19 2.85

60 74.3 0.75 3.21 2.81

58 76.8 0.79 3.01 2.99

50 90.0 1 3.03 2.99

40 111.4 >1 3.19 3.01

23 193.7 >1 2.95 2.98

20 222.8 >1 2.87 3.02

16.5 270 >1 2.75 3.01
*∞ mm bending radius and 0° bending angle is equal to a forward trajectory (i.e., no steering).
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Chapter 9

Abstract
Transperineal laser ablation is a minimally invasive thermo-ablative treatment for prostate 
cancer that requires the insertion of a needle for optical fiber positioning. Needle insertion in 
soft tissues may cause tissue motion and deformation, resulting in tissue damage and needle 
positioning errors. In this study, we present a wasp-inspired self-propelled needle that uses 
pneumatic actuation to move forward with zero external push force, thus avoiding large tissue 
motion and deformation. The needle consists of six parallel 0.25-mm diameter nitinol rods 
driven by a pneumatic actuation system. The pneumatic actuation system consists of Magnetic 
Resonance (MR) safe 3D-printed parts and off-the-shelf plastic screws. A self-propelled 
motion is achieved by advancing the needle segments one by one, followed by retracting them 
simultaneously. The advancing needle segment has to overcome a cutting and friction force, 
while the stationary needle segments experience a friction force in the opposite direction. 
The needle self-propels through the tissue when the friction force of the five stationary needle 
segments counterbalances the sum of the friction and cutting forces of the advancing needle 
segment. We evaluated the prototype’s performance in 10-wt% gelatin phantoms and ex 
vivo porcine liver tissue inside a preclinical Magnetic Resonance Imaging (MRI) system in 
terms of the slip ratio of the needle with respect to the phantom or liver tissue. Our results 
demonstrated that the needle was able to self-propel through the phantom and liver tissue 
with slip ratios of 0.912-0.955 and 0.88, respectively. The prototype is a promising step toward 
the development of self-propelled needles for MRI-guided transperineal laser ablation as a 
method to treat prostate cancer.
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 9.1 Introduction

 9.1.1 Transperineal laser ablation
For patients diagnosed with prostate cancer, there are multiple treatment options, including 
radical surgery, radiotherapy, and systemic treatment, such as chemotherapy, hormonal ther-
apy, or immunotherapy [1]. Treatments targeting the entire gland can result in unwanted side 
eff ects due to damage to the surrounding healthy tissue [1-3]. To address this issue, one po-
tential approach is to apply focal therapy [4-6], a method that targets only the cancerous cells 
(i.e., the lesion) while safeguarding the adjacent healthy tissue. TransPerineal Laser Ablation 
(TPLA) is one such focal therapy with fewer side eff ects than whole gland options [7]. TPLA 
is a novel minimally invasive thermo-ablative technique that induces cell death using opti-
cal fi bers that are inserted into the prostate through transperineally positioned needles [8]. 
Clinical trials have demonstrated promising results in inducing tissue ablation with minimal 
treatment-related side eff ects [7-9]. 

For TPLA, Magnetic Resonance Imaging (MRI) guidance off ers several advantages over 
guidance from other imaging modalities such as ultrasound, including superior so  tissue 
contrast for visualizing tumors and real-time temperature monitoring [9-12]. Th ese advan-
tages motivate the development of new Magnetic Resonance (MR) safe or MR conditional 
needles. According to the American Society for Testing and Materials (ASTM) standard 
F2503-13 [13], MR safe devices pose no known hazards resulting from exposure to an MR 
environment, whereas MR conditional devices pose no known hazards resulting from expo-
sure to a specifi ed MR environment with specifi ed conditions of use.

 9.1.2 MRI-compatible needles
Due to its constricted workplace and strong magnetic fi eld with oscillating gradients, an MRI 
system poses unique challenges to medical instrument engineers designing MR safe or MR 
conditional needles and physicians performing the prostate interventions when the prostate 
is near the MRI system’s isocenter. A number of researchers, such as Cepek et al. [14, 15] and 
Bloemberg et al. [16], have developed manually actuated systems, which allow the needle(s) 
to be positioned while the patient is inside the MRI bore. However, in these systems, the 
physician is required to work within the confi ned space of the MRI bore. Another solution 
is keeping the physician at a distance using an automated needle system that is actuated by a 
technology that does not use metallic, magnetic, or conductive materials [13]. 

A number of MR safe/conditional actuation methods have been proposed and demon-
strated, such as piezomotors [17], Bowden cables [18, 19], hydraulics [20], and pneumatics 
[21-25]. In a hospital setup, pneumatics is advantageous as pressurized air is commonly 
available in an MRI room and can be controlled with a standard pneumatic valve manifold. 
An important drawback of pneumatics, however, is the compressibility of air, which means 
that the only well-defi ned pneumatic actuator positions are the start and end positions [26]. 
Nevertheless, this inherent characteristic of pneumatics makes it suitable for step-wise posi-

Thesis.indb   219Thesis.indb   219 25-8-2025   15:48:4125-8-2025   15:48:41



Chapter 9

9

220

tion control [27].
Over the years, various research groups have developed pneumatic actuation systems for 

needles with the potential for use in MRI-guided interventional procedures. For example, 
Stoianovici et al. [21] developed an actuation system for transperineal prostate biopsy, the 
MrBot, which is driven by six rotational stepper actuation systems [28]. In addition, Groen-
huis et al. [27] developed both linear and rotational teeth geometry stepper actuation systems 
using three-dimensional (3D)-printed parts and seals for a breast biopsy application. 

In these pneumatically actuated needles, the actuation systems are designed for conven-
tional needles that are pushed through the tissue, which requires an axial force on the needle. 
When this axial force exceeds the needle’s critical load, the needle will deflect laterally—a 
mechanical failure mode known as buckling [29]. The lateral deflection poses a risk of 
damaging tissue in the vicinity of the needle and can result in poor control of the needle’s 
path [30, 31]. To reduce tissue damage during needle insertion and allow for accurate needle 
positioning, wasp-inspired needles have been developed that can be advanced without being 
pushed through the tissue [32-35]. In the scientific literature, other sources of bio-inspiration, 
such as the mosquito [36, 37], were used for needles employing different working principles 
[38]. Furthermore, wasp-inspired propulsion has also been shown to be useful in a drilling 
device for medical applications [39].

9.1.3 Wasp-inspired needles
Female parasitic wasps use their ovipositor to deposit their eggs into hosts, which may hide 
in a dense material such as wood [40]. The ovipositor of the parasitic wasp species Diachas-
mimorpha longicaudata Ashmead (Hymenoptera: Braconidae) is very long (5.7 ± 0.6 mm) 
[41] and thin (30-50 µm) [42] and comprises three slender, parallel segments referred to as 
valves [43], which reciprocate by advancing and retracting them with respect to each other 
(Figure 9.1). The advancing and retracting forces generate a net push force near zero, allowing 
for self-propulsion within a substrate.

Figure 9.1. Visualization of the ovipositor of a female parasitic wasp Diachasmimorpha longicaudataDiachasmimorpha longicaudata Ashmead 
(Hymenoptera: Braconidae). Sheaths (orange) support the ovipositor (red) outside the substrate (pink) that she is 
probing in. The ovipositor consists of three parallel valves (green, yellow, blue) that can move reciprocally (based on 
Cerkvenik et al. [43]).
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Wasp-inspired self-propelled needles apply this self-propulsion principle to advance 
through tissue. Th ey are composed of parallel segments that can slide along each other 
(Figure 9.2a). Inserting a needle into tissue results in forces acting on the needle by the sur-
rounding tissue. Okamura et al. [44] demonstrated that these forces are the sum of the surface 
stiff ness force (Fstiff), cutting force (Fcut), and friction force (Ffric). To insert a needle into tissue, 
the operator should apply an insertion force (Fin) that overcomes the sum of these forces 
acting on the needle. 

Th e surface stiff ness force (Fstiff) arises at the needle tip and can be described as the 
pre-puncture force and is due to the elasticity of the tissue layer and occurs when puncturing 
the skin or a stiff er tissue layer than the current surrounding tissue, e.g., when puncturing 
the membrane around an organ [45]. In this pre-puncture phase, the needle is not cutting 
the tissue, but instead compressing it until it punctures the skin or surface membrane [46]. In 
the post-puncture phase, a er the needle has punctured the tissue layer, the surface stiff ness 
force returns to zero.

Both the cutting and friction forces are post-puncture forces. Th e cutting force arises at 
the needle tip when slicing through the tissue due to the plastic deformation of the tissue and 
the tissue stiff ness experienced at the tip of the needle because the needle still encounters stiff -
ness as it cuts through the tissue [47]. When assuming the tissue structure is homogeneous, 
the cutting force remains roughly constant throughout the insertion [48]. Th e friction force 
occurs along the length of the needle inside the tissue and arises due to Coulomb friction, 
adhesive friction, and viscous friction [49]. Th e Coulomb friction force (i.e., static friction 
force) depends linearly on the normal force acting on the needle body as a reaction to the 
compression applied by the needle that compresses the tissue out from the needle path, which 
is aff ected by the needle diameter and the coeffi  cient of friction between the needle and the 
tissue [49]. Th e adhesive friction force is caused by the surface roughness of the needle, which 
is caused by the tendency of the tissue to stick to the needle surface. Th e viscous friction 
force (i.e., dynamic friction force or damping) depends on the damping force during needle 
translation through the tissue and is proportional to the relative velocity between the needle 
and surrounding tissue [50]. 

Th e self-propelled motion of the needle is accomplished by balancing the cutting and 
friction forces of the advancing segments with the friction force generated by the remaining 
stationary or retracting segments [35]. Equation 9.1 represents the conditions required for the 
self-propulsion of the needle [51].

(9.1)
where a refers to the number of advancing needle segments, r refers to the number of re-
tracting or stationary needle segments, a+r is the total number of needle segments, and Fstiff, 
Ffric, and Fcut represent the surface stiff ness, friction, and cutting forces, respectively. Fstiff is 
only present when puncturing tissue layers and is not present whilst self-propelling through 
homogeneous tissue [51]. Th e self-propelled motion of the needle requires the friction force 
generated by the retracting or stationary needle segments to counterbalance the combined 
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friction and cutting forces of the advancing needle segments. By doing so, the needle is able 
to gradually move forward through the tissue as a whole with a self-propelled motion. As the 
needle propels deeper into the tissue, the surface area of the needle segments in direct contact 
with the tissue increases, increasing the friction forces on the needle segment linearly with in-
sertion depth while the cutting force remains roughly constant throughout the insertion [48]. 
Scali et al. [51, 52] and Bloemberg et al. [16] developed various wasp-inspired self-propelled 
needles with a submillimeter external diameter consisting of three to seven parallel segments 
that can slide along each other and are bundled by a ring or a heat shrink tube. The needles 
self-propel with zero external push force without buckling, by advancing one needle segment 
at a time over a short distance and slowly retracting the other segments, thereby the friction 
force of the stationary needle segments counterbalances the sum of the friction and cutting 
forces of the advancing needle segment [16, 51].

9.1.4 Goal of this study
Wasp-inspired self-propelled needles could allow for accurate needle positioning for targeted 
medical MRI-guided procedures to treat prostate cancer, while avoiding unwanted tissue 
damage. Current prototypes of wasp-inspired self-propelled needles employ either electric 
motors [35, 51, 53, 54] or manual activation [16] to actuate the individual needle segments. 
Electric motors are not suitable for MRI-guided procedures as they employ metallic, magnet-
ic, and conductive materials, which makes the needles MR unsafe [13]. Manual activation is 
less suitable for MRI-guided procedures as it requires the physician to work manually within 
the confined space of the MRI bore. In this research, we propose a pneumatic actuation unit 

Figure 9.2. Visualizations of ovipositor-inspired needles. (a) Schematic two-dimensional (2D) illustration of ovi-
positor-inspired needle insertion into tissue with one advancing needle segment (yellow) and two retracting needle 
segments (gray) in the post-puncture phase after the needle has penetrated the outer tissue layer, therefore, Fstiff is 
not present. Ffric,i is the friction force along the advancing needle segment, Fcut,i is the cutting force on the tip of the 
advancing needle segment, and Ffric,j is the friction force along the retracting needle segments, which works in the 
opposite direction as the friction force of the advancing needle segments. (b) Schematic three-dimensional (3D) 
illustration of the ovipositor-inspired needle consisting of six parallel segments (gray) that can slide along each other 
and are bundled by a shrink tube (blue).
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for a wasp-inspired needle that enables physicians to operate the needle under MRI guidance 
without having to manually actuate the needle within the confi ned space of the MRI bore.

 9.2 Design

 9.2.1 Needle
Th e complete design, called the Pneumatic Ovipositor Needle, consists of a needle, an actu-
ation unit, and a control unit. Following our previous design [16] (Chapters 7,8), we decided 
to focus our research on a self-propelled wasp-inspired needle consisting of six 200-mm long 
parallel needle segments to reach the prostate transperineally (Figure 9.2b) [55]. Th e needle 
self-propels through the substrate by fi rst moving the six needle segments forward one by one 
(i.e., the advancing phase), followed by moving all six needle segments backward simultane-
ously (i.e., the retracting phase). In this study, the two-phase motion sequence, which involves 
advancing the six needle segments one by one followed by retracting all six needle segments 
simultaneously, will be referred to as a “cycle.” Th e distance that each needle segment travels 
per cycle is called the “stroke length.” 

 9.2.2 Actuation unit
Th e actuation unit consists of six pneumatic cylinders, six needle clamps, and a cone. Th e six 
pneumatic cylinders are positioned in a circle, so each piston has the cross-sectional shape 
of 1/6th of a circle. Figure 9.3 shows the working principle of one pneumatic cylinder. Th e 
mechanism is simplifi ed and visualized in a two-dimensional (2D) schematic cross-sectional 
illustration to explain the working principle. Th e pneumatic cylinder consists of a piston (in 
green), a piston housing (in gray), a piston stop (in orange), and a piston guide (in red). Each 
piston can translate in the positive and negative x-direction driven by two pneumatic tubes 
connected to two separate inlets. By pressurizing Inlet 1, the piston moves in the positive 
x-direction (Figure 9.3a) and by pressuring Inlet 2, the air will fl ow through the piston stop, 
moving the piston in the negative x-direction (Figure 9.3b). 

Th e piston stop, which fi ts into the piston housing and is constrained from sliding out of 
the housing by the piston guide, allows adjustment of the piston stroke length. Th e piston 
stop can be moved and locked in place by screw fasteners in the piston guide and piston stop. 
For a short stroke length, the piston stop is moved and locked at a position close to the piston 
housing (i.e., in the negative x-direction) (Figure 9.3c), whereas for a long stroke length, the 
piston stop is moved and locked at a position far from the piston housing (i.e., in the positive 
x-direction) (Figure 9.3d). Th e stroke length can be varied in the range of 2-10 mm. 

To facilitate easy attachment and detachment of the needle segments to the pistons, piston 
tips (Figure 9.4a in yellow) were created. Each piston tip has two openings on the distal and 
proximal sides for securing the piston and needle segment using screw fasteners, respectively. 

Th e needle segments run through the actuation unit at a larger diameter than at the needle 
tip. A cone (in blue) at the distal side of the actuation unit smoothly guides the needle seg-
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Figure 9.3. Schematic illustration of the pneumatic cylinder design composed of the piston housing (gray), pis-
ton (green), piston stop (orange), and piston guide (red). (a) When Inlet 1 is pressurized, the piston translates in 
the positive x-direction. (b) When Inlet 2 is pressurized, the piston translates in the negative x-direction. The piston 
stop can translate along the x-axis to allow for an adjustable stroke length between 2 mm (c) and 10 mm (d). The 
piston stop can be locked in place by tightening screw fasteners (not shown) in the piston guide and piston stop.

Figure 9.4. Exploded view (a) and cross-section (b) of the entire pneumatic actuation unit, consisting of a piston 
housing (1), piston (2), piston stop (3), piston guide (4), screws to secure the piston stop (5), piston tip (6), screws 
to secure the piston tip to the piston and the needle segment (7), inner part of the cone (8), and outer part of 
the cone (9).
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ments from the actuation unit to the needle tip through S-shaped channels, which allow the 
needle segments to slide back and forth freely while avoiding buckling. To prevent blockage 
of the channels during the stereolithography 3D-printing process, we composed the cone out 
of two parts (Figure 9.4b), each containing semi-cylindrical grooves rather than a single part 
containing cylindrical channels.

 9.2.3 Control unit
Pressurized air is required to actively translate the pistons of the actuation unit. Th e pressure 
in each cylinder chamber is controlled by a system of electromagnetic valves of type Festo 
MHP2-MS1H-5/2-M5 (Festo AG & Co. KG, Esslingen am Neckar, Germany), supplied with 
a system (gauge) pressure (P). Th e 5/2-way valves have two outputs, when no signal is sent to 
the valve, the fi rst output, which we connected to Inlet 2, is pressurized, moving the piston in 
the negative x-direction, thereby retracting the needle segment. When applying an electrical 
signal, the second output, which we connected to Inlet 1, is pressurized, moving the piston in 
the positive x-direction, thereby advancing the needle segment. Th e six valves are controlled 
by an Arduino Uno board SMD R3 A000073 (Arduino SRL, Strambino, Italy) powered by a 
24V power supply via transistor amplifi ers. Th e actuation unit and needle are placed inside 
the MRI bore, while the MR-unsafe components (i.e., the valves, the Arduino Uno board, 
transistor amplifi ers, and power supply) must be placed outside the Faraday cage of the MRI 
system. Th erefore, tubes were used to connect the actuation unit to the valves.

 9.2.4 Prototype
Following our previous design [16] (Chapters 7,8), the needle in this study consists of six 
MR-conditional superelastic straight annealed nitinol rods with a diameter of 0.25 mm and 
a length of 200 mm (Figure 9.5a). Th ese needle segments were held together at the tip using 
10-mm long Heat Shrink Tubing 103-0139 (Nordson Medical Corp., Westlake, OH, USA, ex-
panded inner diameter 0.814 mm, wall thickness 0.013 mm). Th is tube was employed to limit 
the needle segments from diverging while only minimally increasing the needle diameter. 
To maintain its position at the needle tip, the heat shrink tube was glued to one of the needle 
segments using Pattex Gold Gel 1432562 (Pattex, Henkel AG & Co, Düsseldorf, Germany). 
Th e remaining needle segments can move freely back and forth through the heat shrink tube. 
Th e resulting total diameter of the needle, including the heat shrink tube, is 0.84 mm.

A stereolithography 3D-printing process was used for the production of the actuation unit 
prototype due to its ability to produce high-resolution features in the range of 25 µm [56]. 
All components of the actuation unit were printed using a Formlabs Form 3B printer with a 
layer height of 0.025 mm using MR-safe Dental Model V2 resin RS-F2-DMBE-02 (Formlabs, 
Somerville, MA, USA) with the exception of the screws. MR-safe polyamide plastic screws 
of type Toolcraft  839944 DIN 963 M2 x 10 mm (Toolcra  Machining, Inc., Germantown, 
WI, USA) were selected. Th e assembled actuation unit has a length of 100 mm and an outer 
diameter of 35 mm (Figures 9.4b and 9.5b).
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9.3 Evaluation

9.3.1 Experimental goal
To evaluate the performance of the Pneumatic Ovipositor Needle under controlled condi-
tions, an experiment in gelatin phantoms was performed. The experiment’s goal was twofold: 
investigate the performance behavior of the needle actuated by the pneumatic actuation unit 
for (1) different stroke lengths and (2) different piston interval times. The performance of the 
developed Pneumatic Ovipositor Needle was evaluated in gelatin phantoms in terms of the 
slip of the needle with respect to the gelatin phantom tissue. More specifically, we calculated 
the slip ratio of the needle while it advanced through the phantom tissue, using Eq. 9.2.

Figure 9.5. Pneumatic Ovipositor Needle. (a) Close-up of the needle tip consisting of six nitinol needle segments 
held together by a heat shrink tube that is glued to one of the six needle segments. (b) Assembled prototype manufac-
tured using the stereolithography technology in Dental Model V2 resin RS-F2-DMBE-02 (Formlabs, Somerville, MA, 
USA). A transparent PolyMethyl MethAcrylate (PMMA) structure supports the prototype.

(9.2)
where dm and dt are the measured and theoretical maximum traveled distance, respectively. 
Per cycle, the theoretical maximum traveled distance (dt) equals the stroke length (S). To eval-
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Table 9�1� Experimental conditions and mean slip ratio mean for the phantom experiment� Th e following in-
formation is reported: the condition name, stroke length, S [mm], interval time, I [s], between pressurization of the 
subsequent pneumatic cylinders of the actuation unit, number of actuation cycles the needle was actuated for, C, total 
theoretical maximum traveled distance, dt [mm], that the gelatin phantom cart would have traveled if no slip at all 
occurred, total mean measured traveled distance, dm [mm], and slip ratio, sratio.

Condition Stroke 
length, SS
[mm]

Interval 
time, II [s]

Number of 
actuation 
cycles, CC

Total 
theoretical 
maximum 
traveled 
distance, ddtt
[mm]

Total mean 
measured 
traveled 
distance, ddm
[mm] (mean 
± SD)

Slip ratio, 
ssratio (mean 
± SD)

S2-I05 2 0.5 30 60 4.3 ± 3.6 0.926 ± 0.123

S4-I05 4 0.5 30 120 7.7 ± 4.6 0.935 ± 0.089

S4-I03 4 0.3 30 120 10.4 ± 6.2 0.912 ± 0.081

S4-I01 4 0.1 30 120 5.0 ± 2.4 0.955 ± 0.049

uate the slip ratio of the needle throughout all actuation cycles, we used a laser displacement 
sensor instead of MRI to continuously measure the traveled distance (dm).

 9.3.2 Experimental variables
Th e dependent variable was the slip ratio (sratio) between the needle and gelatin for each cycle.

Th e independent variables were the stroke length (S) of the needle segments and the pis-
ton interval time (I). To investigate the eff ect of the stroke length (S), S was set at 2 or 4 mm, 
while keeping I at 0.5 s. For investigating the eff ect of the interval time (I), I was set at 0.5, 0.3, 
or 0.1 s, while keeping S at 4 mm. A shorter interval time means a shorter cycle time, so in 
theory this results in the needle moving faster through the substrate. 

Th e control variables were the system (gauge) pressure (P) of 0.5 bar and the number of 
actuation cycles (C) set to 30. To evaluate the slip ratio (sratio) of the needle throughout all 
actuation cycles, the traveled distance (dm) was measured continuously. Table 9.1 shows the 
four experiment conditions evaluated in gelatin phantoms. 

 9.3.3 Experimental facility
Figure 9.6 shows the experimental setup consisting of the needle connected to the actuation 
and control units, cart, gelatin phantom, air supply, and data acquisition unit. Instead of 
moving the needle toward the gelatin, the gelatin was placed on a low-friction aluminum 
cart and moved toward the actuation unit over PolyMethyl MethAcrylate (PMMA) rails. Th e 
principle of needle insertion with zero external push force holds if the self-propelled needle 
pulls the tissue toward itself by pulling itself deeper into the tissue, thereby pulling the cart 
toward the needle. Th e cart (220 x 90 mm2) allowed for low-friction movement using four ball 
bearings, following the experiment design by Scali et al. [51]. Millimeter paper was attached 
to the cart and used as a reference during needle insertion. A linear laser displacement sensor 
of type optoNCDT (Micro-Epsilon Messtechnik GmbH & Co. KG, Ortenburg, Germany) was 
used to record the position of the cart during the experiments. A data acquisition unit NI 
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USB-6211 16-bit (National Instruments Corporation, Austin, TX, USA) in conjunction with 
LabVIEW 2014 (National Instruments Corporation, Austin, TX, USA) was used to collect the 
laser sensor data. The air pressure entering the valves was monitored using a pressure sensor 
of type Autosen AP202 (Autosen GmbH, Essen, Germany) and regulated using a pressure 
regulator of type Norgren B72G-2GK-ST3-RMN (Norgren Ltd, Lichfield, United Kingdom), 
which was connected to the air supply. To connect the control unit to the actuation unit, we 
used 30-cm long, 4-mm outer diameter air hoses of type Festo 152584 PUN-4X0,75-SI (Festo 
AG & Co. KG, Esslingen am Neckar, Germany). The air supply and pressure regulator were 
connected to the control unit using 200-cm long, 6-mm outer diameter air hoses of type Festo 
152586 PUN-6X1-SI (Festo AG & Co. KG, Esslingen am Neckar, Germany).

For the experiments, gelatin powder of type Dr. Oetker 1-50-230004 (Dr. Oetker Profes-
sional, Amersfoort, The Netherlands) was mixed with water with a gelatin weight ratio (wt) 
of 10%, resulting in a modulus of elasticity of 17 kPa [51], which is similar to that of prostate 
tissue [57, 58]. We chose to create gelatin phantoms with a modulus of elasticity similar to that 
of prostate tissue because there is limited knowledge in the scientific literature about mim-
icking other mechanical properties of prostate tissue in gelatin phantoms relevant for needle 
insertion. The gelatin/water mixture was poured into silicone molds and stored overnight at 
5 °C to solidify. Afterward, the gelatin phantoms were cut to their final dimensions (width 38 
mm, length 100 mm, height 20 mm).

Figure 9.6. Photo of the experimental setup used during the phantom experiment, with the needle inserted into 
the gelatin phantom.
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 9.3.4 Experimental procedure
For each measurement, a new gelatin phantom (mean ± standard deviation = 62.5 ± 4.2 g) 
was placed on the cart. Th e needle was inserted over an initial distance of 35 mm inside the 
gelatin, to ensure initial contact between the needle segments and the gelatin and to ensure the 
prototype was inserted in a straight direction. Th e laser sensor was turned on and the needle 
actuation started. Each test condition was repeated ten times. During every measurement, a 
linear laser displacement sensor captured the position of the cart (the Supplementary material 
shows a detailed explanation of the steps in the experiment protocol). 

 9.3.5 Data analysis 
Th e raw data recorded by the laser sensor during the measurements was imported in MATLAB 
R2020B. Th e data included the position data of the cart against the time. A Savitzky-Golay 
fi lter was used for fi ltering noise. To evaluate the performance, we calculated the slip ratio 
(sratio) for each cycle (Eq. 9.2). For the stroke length evaluation, we performed the Wilcoxon 
signed-rank test for two related groups of nonparametric data (i.e., S2-I05 and S4-I05). For 
the interval time evaluation, we performed Friedman’s ANOVA for three related groups of 
nonparametric data (i.e., S4-I05, S4-I03, and S4-I01). To further examine the statistical diff er-
ences between the data, three Wilcoxon signed-rank tests were conducted. Th e signifi cance 
level was set at p < 0.05. 

 9.3.6 Results
Figure 9.7 shows the slip ratio over the number of actuation cycles for each experiment 
condition. Table 9.1 shows the mean and standard deviation of the slip ratio for each 
experiment condition. Th e mean slip ratios for Conditions S2-I05 and S4-I05 are 0.926 ± 0.123 
and 0.935 ± 0.089, respectively. However, the Wilcoxon signed-rank test showed there was no 
signifi cant diff erence between both conditions (z = -0.662, p = 0.508) when comparing the 
slip ratios for the diff erent stroke lengths. Th e mean slip ratios for Conditions S4-I05, S4-I03, 
and S4-I01 are 0.935 ± 0.089, 0.912 ± 0.081, and 0.955 ± 0.049, respectively. A Friedman 
test (p = 1.588e-10) showed that there are at least two conditions with signifi cant diff erences 
from each other when comparing the slip ratios for the diff erent interval times. Th e Wilcoxon 
signed-rank tests showed that the slip ratio of Condition S4-I01 is signifi cantly diff erent 
from the slip ratios of Conditions S4-I05 (z = -2.905, p = 0.37e-3) and S4-I03 (z = -8.230, 
p = 1.881e-16). Th e slip ratio of Condition S4-I05 also proved to be signifi cantly diff erent 
from the slip ratio of Condition S4-I03 (z = 3.59, p = 3.294e-4). Furthermore, the slip ratio 
variability was lower for a shorter stroke length (i.e., 2 mm) compared to a longer stroke 
length (i.e., 4 mm). Additionally, the slip ratio variability was reduced with lower interval 
times (i.e., 0.3 and 0.1 s) in contrast to a higher interval time (i.e., 0.5 s). Figure 9.8 shows 
typical graphs retrieved by the sensor data for the diff erent experiment conditions. Despite 
the lowest interval time condition showing the highest slip ratio, the needle moved faster 
through the substrate because of its shorter cycle time. In the Supplementary material of this 
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chapter, a video shows the tip of the Pneumatic Ovipositor Needle in gelatin during actuation.

Figure 9.7. Results of the Pneumatic Ovipositor Needle phantom experiment. The subfigures show the slip ratio 
over the number of actuation cycles of the needle in gelatin phantoms for actuation with (a) 2-mm stroke length and 
a 0.5-s interval time, (b) 4-mm stroke length and a 0.5-s interval time, (c) 4-mm stroke length and a 0.3-s interval 
time, and (d) 4-mm stroke length and a 0.1-s interval time. The thin lines represent the single measurements, the 
thick line is the mean value, the gray area around the mean value represents the standard deviation. (e) Mean slip 
ratios for the different experiment conditions over the number of actuation cycles.
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 9.3.7 Additional MRI experiment
To demonstrate the potential of the needle inside an MRI environment, an additional 
proof-of-principle experiment using ex vivo porcine liver tissue in a preclinical 7-Tesla MRI 
system (MR Solutions, Guildford, United Kingdom) at the Amsterdam University Medical 
Center (AUMC, department of Biomedical Engineering and Physics) was performed. Due 
to the limited accessibility of ex vivo human prostate tissue, we employed ex vivo porcine 
liver tissue as an alternative, given its comparable modulus of elasticity of 15-20 kPa [59] to 
prostate tissue [57, 58]. Ethical approval was not required for the study involving animals in 
accordance with the local legislation and institutional requirements because the tissue sample 
used was commercially available porcine liver tissue obtained from a local butcher.

Figure 9.9 shows the experimental setup consisting of the needle connected to the actu-
ation and control units, the MRI system, the tissue sample in a tissue box on a low-friction 
cart design located inside a RadioFrequency (RF) coil, and nitrogen supply. For a more com-
prehensive explanation of the low-friction cart design inside the RF coil, please refer to the 
description provided in our previous work [16].

We prepared the biological sample (width 50 mm, length 90 mm, height 10 mm, weight 
46 g) by placing a piece of ex vivo porcine liver tissue (width 50 mm, length 45 mm, height 
10 mm) in the tissue box with liquid agar (1.0 wt%). Th e liver tissue was positioned at the 
distal end of the tissue box and the remaining part of the tissue box was fi lled with agar, which 
facilitated the insertion of the needle for approximately 45 mm into the agar before reaching 
the liver tissue. Storing the box in the refrigerator overnight ensured fi xation of the tissue in 
the agar. 

A 3D gradient-echo acquisition was performed continuously for 3 minutes to image 
the needle position during needle actuation with respect to the liver tissue and the tissue 

Figure 9�8� Plot of measured distance traveled by the cart [mm] vs� time [s] of the phantom experiment, showing 
typical graphs retrieved by the sensor data for each condition evaluated� Th e local minima show the position of 
the cart when all needle segments are advanced, and the local maxima represent the position of the cart when all 
needle segments are retracted during the step-by-step actuation. Th e distance between two peaks defi nes a cycle. For 
all conditions, the needle was actuated for 30 actuation cycles, so for 0.5-s, 0.3-s, and 0.1-s interval times, the mea-
surement took 105 s, 63 s, and 21 s, respectively. A shorter interval time means a shorter cycle time, so this resulted 
in the needle moving faster through the substrate.
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Figure 9.9. Experimental setup used during the Magnetic Resonance Imaging (MRI) experiment. (a) Front of the 
MRI system where the Pneumatic Ovipositor Needle was placed in a semi-cylindrical tube that slides into the MRI 
bore. The semi-cylindrical tube supports a RadioFrequency (RF) coil for signal reception, in which the tissue box 
was placed. (b) Back of the MRI system where the hoses connecting the valves to the Pneumatic Ovipositor Needle 
and the actuation unit enter the MRI bore. (c) Close-up of the semi-cylindrical tube from above with the actuation 
unit and the tissue box on the RF base plate, guided on box rails. In the tissue box, the ex vivo porcine liver tissue was 
embedded in solidified 1-wt% agar.

box. Because we used a continuous pseudo-radial k-space sampling pattern, this allowed 
for retrospective 3D image reconstruction at different temporal resolutions. Therefore, we 
obtained high-quality 3D images of both the initial and final static position of the needle, as 
well as reconstructions with higher temporal resolution (7.5 s) during movement of the tissue 
along the needle (see the Supplementary material for the imaging parameters and a detailed 
explanation of the steps in the experiment protocol). Figure 9.10 shows the MR images of 
the needle tip positions and the Supplementary material shows the dynamic MRI video. The 
measurement showed that the needle was able to propel itself forward inside the liver tissue 
with a slip ratio of 0.88.
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 9.4 Discussion

 9.4.1 Main fi ndings 
Compared to previous work done by Scali et al. [51], our measured mean slip ratio is high. A 
possible explanation for our high slip ratio results could be that the insertion force required to 
move the needle segments forward was high because of the high insertion speed caused by the 
pneumatic actuation. DiMaio and Salcudean [60] and Meltsner et al. [61] showed that both 
cutting and friction forces of needles in tissue phantoms increase with increasing insertion 
velocities. Furthermore, the compressibility of air may have resulted in a lower actual stroke 
length compared to the stroke length the needle was actuated for. 

 9.4.2 Limitations
In both phantom and MRI experiments, the inertia of the cart, as well as the experienced 
friction might have infl uenced the slip results. Th e mass of the cart and the gelatin phantom 
or tissue tends to increase the slip in the retracting phase of the needle segments, whereas 

Figure 9�10� Magnetic Resonance (MR) images of the needle inside the agar and ex vivoex vivo porcine liver tissue� 
Original MR images (a) where the needle tip is inserted through the agar and partially through the liver tissue and 
(b) a er actuation over thirty actuation cycles. Annotated MR images (c) where the needle tip is inserted through 
the agar and partially through the liver tissue and (d) a er actuation over thirty actuation cycles. Th e yellow and red 
contours show the needle and liver tissue, respectively. Th e arrow marks the needle tip. Th e orange crosshair shows 
the reference point on the side of the box that indicates a 40-mm insertion depth.
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the contrary holds for the advancing phase. In the retracting phase, the resultant force on the 
needle inside the tissue (phantom) is likely to be lower than the force required to overcome 
the bearing friction and cart inertia. Therefore, an effect of inertia and bearing friction cannot 
be ruled out. 

In the experimental setup, air hoses were used to interconnect the air supply with the 
control and actuation units. However, in the MRI experiment, the length of the air hoses 
connecting the control and actuation unit was required to be longer than during the phan-
tom experiment (70 cm vs. 30 cm, respectively) to maintain a certain distance between the 
MR-unsafe control unit and the center of the MRI system. Assuming a constant nominal 
standard airflow for the pneumatic valves, an increase in the air hose length results in an 
increase in the pressure drop and delay and friction effects in the air hose [27]. These effects 
cause a variation in the pressure inside the actuation unit between the phantom experiment 
with shorter air hoses and the MRI experiment with longer air hoses, potentially affecting 
the actual stroke length of the needle segments and slip ratio of the needle. Furthermore, 
to prevent air leakage in future versions of the Pneumatic Ovipositor Needle, replacing the 
pistons with bellows could be investigated [62, 63].

In the experiments, gelatin phantoms and ex vivo porcine liver tissue with a modulus 
of elasticity similar to that of prostate tissue were used. However, for needle insertion ex-
periments, other mechanical properties, such as the needle-tissue friction coefficient, shear 
modulus, and ultimate strength of the tissue are of higher interest than the modulus of elas-
ticity of the tissue. Furthermore, material properties may vary from human to porcine tissue 
[64]. Therefore, we recommend investigating the mechanical properties of human prostate 
tissue, ex vivo tissue specimens, and tissue-mimicking materials that are important for needle 
insertion and propulsion, thereby also considering the tissue’s nonlinearity and heterogeneity.

9.4.3 Recommendations and future research
The Pneumatic Ovipositor Needle was designed as a delivery needle for TPLA to treat pros-
tate cancer. The integration of the optical fiber in the Pneumatic Ovipositor Needle requires 
a hollow core in the actuation unit positioned between the pneumatic cylinders, allowing six 
needle segments, concentrically arranged around a 300-µm diameter optical fiber for TPLA 
[65], resulting in a total needle outer diameter of 0.8 mm. In the two-phase motion sequence 
of the needle, retracting all six needle segments simultaneously could advance the centrally 
positioned optical fiber into the substrate. The surface area of the needle segments in direct 
contact with the optical fiber is the same as the surface area of the needle segments in direct 
contact with each other in the current prototype. Consequently, we do not expect the optical 
fiber to influence the friction forces of the needle. However, in theory, the optical fiber does 
increase the cutting force during the retraction phase. In future work, it will be interesting to 
perform experiments to determine the cutting and friction forces acting on the needle. 

To develop a full picture of the Pneumatic Ovipositor Needle in a clinical setting, in vivo 
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experiments are needed. When moving toward an in vivo study, we foresee some challenges, 
including the presence of fl uids (i.e., blood) and multi-layered tissue. Th e presence of fl uids 
like blood may reduce the needle-tissue friction required for the self-propelled motion. On 
the other hand, the parasitic wasp is able to move eff ectively through fl uid-like substances 
like fruits thanks to directional friction patterns that increase friction [66]. Inspired by these 
friction patterns, Parittotokkaporn et al. [67] added a directional friction pattern to the needle 
surface. Th is could be an interesting avenue to explore for our needle in the future. 

Another challenge that arises from an in vivo model is the presence of multiple tissue 
layers between the insertion point, which is the perineum, and the target position within 
the prostate gland. Each tissue layer adds its own cutting, stiff ness, and friction forces [68, 
69]. Th e ability of the self-propelled needle to advance in multi-layered tissue-mimicking 
phantoms with varying stiff ness has been exemplifi ed successfully in a previous study [51]. 
In addition, real tissue is inhomogeneous and diff erences in tissue characteristics are present 
within and between human beings, which makes the forces that act on the needle inside the 
body diffi  cult to predict. 

Lastly, during the performance evaluation in this study, we kept the actuation unit station-
ary while the tissue was placed on a low-friction cart that moved toward the needle. In clinical 
practice, the patient will have to remain stationary while the needle self-propels inside the tis-
sue. To accommodate this, the needle could be moved inside the actuation unit to manipulate 
the needle toward the patient, following the pace of the self-propelled motion of the needle. 
To further increase the eff ectiveness of the procedure and decrease the chance of unwanted 
tissue damage [32] and pubic arch interference [70], the ability to actively and intuitively steer 
the tip of the needle during the procedure should be researched. 

 9.5 Conclusion
In this study, a pneumatic actuation unit for a self-propelled ovipositor-inspired needle 
consisting of six needle segments for MRI-guided procedures is presented. Th e pneumatic 
actuation unit design allows an adjustable output stroke length of 2 to 10 mm, where the 
stroke length is the distance that each needle segment travels per needle actuation cycle. 
Furthermore, the actuation unit and needle consist solely of MR-safe and -conditional ma-
terials and the control unit allows for control of the system with an adjustable interval time 
and a single air input. Th e evaluation of the prototype in 10-wt% gelatin phantoms showed 
that the needle was able to self-propel through the phantoms. Additionally, we measured 
the lowest slip ratio of 0.912 ± 0.081 for a stroke length of 4 mm and an interval time of 
0.3 s. Th e experiment of the prototype inside a preclinical MRI system showed the needle 
could also self-propel through ex vivo porcine liver tissue with a slip ratio of approximately 
0.88. Th e pneumatic actuation unit is a step forward in developing a self-propelled needle for 
MRI-guided percutaneous procedures. 
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Supplementary material
The appendices and data underlying this study are available at doi: 10.4121/460d12fa-b29f-
40e0-a095-c5109bbaec10.v1.
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Chapter 10

Abstract
In percutaneous interventions, needles are used to reach target locations inside the body. 
However, when the needle is pushed through the tissue, forces arise at the needle tip and 
along the needle body, making the needle prone to buckling. Recently, needles that prevent 
buckling inspired by the ovipositor of female parasitic wasps have been developed. Building 
on these needle designs, this study proposes a manual actuation system that allows the 
operator to drive the wasp-inspired needle through stationary tissue. The needle consists of 
six 0.3-mm spring steel wires, of which one is advanced while the others are retracted. The 
advancing needle segment has to overcome a cutting and friction force while the retracting 
ones experience a friction force in the opposite direction. The actuation system moves the 
needle segments in the required sequence using a low-friction ball spline mechanism. The 
moving components of the needle have low inertia, and its connection to the actuation system 
using a ball spline introduces a small friction force, generating a small push force on the 
needle that facilitates the needle's propulsion into tissue while preventing needle buckling. 
Experimental testing evaluated the needle's ability to move through stationary 15-wt% gelatin 
tissue phantoms for different actuation velocities. It was found that the needle moved through 
the tissue phantoms with mean slip ratios of 0.35, 0.31, and 0.29 for actuation velocities of 
π, 2π, and 3π rad/s, respectively. Furthermore, evaluation in 15-wt%, 10-wt%, and 5-wt% 
gelatin tissue phantoms showed that decreasing the gelatin concentration decreased the mean 
slip ratios from 0.35 to 0.19 and 0.18, respectively. The needle actuation system design is a 
step forward in developing a wasp-inspired needle for percutaneous procedures that prevents 
buckling. 
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 10.1 Introduction

 10.1.1 Wasp-inspired needles
Percutaneous interventions are used to create a passageway to a target location inside the 
body, inject or extract fl uids, extract tissue samples, and position instruments such as ra-
dioactive seeds and optical fi bers at precise locations in deep-seated tissue structures, such 
as the prostate gland. Biopsies, regional anesthesia, brachytherapy, and focal laser ablation 
rely on needles to perform the procedure. When a clinician inserts the needle by pushing it 
through the tissue, forces arise at the needle tip and along the needle body [1]. When the axial 
force on the needle exceeds the needle’s critical load, the needle will defl ect laterally due to 
buckling [2]. Th e lateral defl ection might cause tissue damage and lead to poor control of the 
needle trajectory, potentially decreasing precision [3, 4]. Buckling phenomena are typically 
not a part of the needle trajectory plan, yet they are reported in deep-tissue needle insertion 
experiments [5, 6].

Buckling is a failure mode where an equilibrium confi guration becomes unstable under 
excessive compression, leading to a sudden lateral defl ection and potential obstruction of the 
lumen of the needle. Slender ideal columns under compression are subject to Euler buckling. 
Th e critical Euler buckling load can be calculated as Eq. 10.1.

where E is the Young’s Modulus of the needle [N mm-2], I the second moment of area of the 
cross-section of the needle [mm4], K a coeffi  cient that takes into account the end conditions 
of the needle [-], and L the unsupported length of the needle [mm] [7]. Th e extended critical 
Euler buckling load equation (Eq. 10.2) defi nes the critical load for a needle inserted into a 
substrate.

where μ is the spring stiff ness of the substrate [N mm-2] [8, 9]. To prevent buckling during 
needle insertion, the insertion force (Fin) applied to the needle inside the substrate should 
remain below the critical load of the needle (Fcr ext) [2]. 

To prevent needle buckling and reduce tissue damage during needle insertion, needles 
inspired by the ovipositor of the female parasitic wasp have been developed that can be ad-
vanced through the tissue without an external push force [10-13]. Female parasitic wasps 
use their ovipositor to lay eggs within hosts, which may hide in compact substrates such as 
wood [14]. Th e ovipositor of the parasitic wasp Diachasmimorpha longicaudata Ashmead 
(Hymenoptera: Braconidae) is characterized by its considerable length (5.7 ± 0.6 mm) [15] 
and small diameter (30-50 µm) [16]. It consists of three slender, parallel segments, called 
valves [17], which reciprocate through advancing and retracting movements with respect to 
each other (Figure 10.1). Th e reciprocal advancing and retracting forces create a net insertion 

(10.1)

(10.2)
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force near zero, facilitating self-propulsion within a substrate without buckling. 
The wasp-inspired needles use multiple mechanisms to prevent buckling. Firstly, the 

needle consists of multiple parallel needle segments that employ an advancing-retraction 
mechanism, where one needle segment is advanced while the other needle segments are 
retracted. The advantage of this advancing-retraction mechanism compared to pushing the 
entire needle through the tissue is the decreased axial load applied to the needle. The friction 
and cutting forces of the advancing needle segment inside the substrate are (partially) coun-
terbalanced by the friction force in the opposite direction of the retracted needle segments, 
thereby decreasing the insertion force required to insert the needle into the substrate, thus 
decreasing Fin. Secondly, the needle segments move incrementally forward, traversing over a 
short distance per needle movement, the unsupported length L inside the substrate is there-
fore kept low and independent of insertion depth, thereby increasing Fcr ext.

10.1.2 Problem definition
Inserting a needle into tissue results in forces acting on the needle by the surrounding tissue. 
Okamura et al. [1] demonstrated that these forces are the sum of the surface stiffness force 
(Fstiff) due to the needle puncturing the skin or surface membrane until the moment of punc-
ture [18], cutting force (Fcut) due to the plastic deformation and tissue stiffness experienced 
at the tip of the needle [19], and friction force (Ffric) along the needle length inside the tissue 
due to Coulomb friction, adhesive friction, and viscous friction [20]. The motion of the 
wasp-inspired needle is initiated after puncturing the skin or membrane and is accomplished 
by parallel needle segments, more specifically by a advancing segments that move forward 
and r retracting segments that move backward. The advancing segments experience a cutting 
and friction force, whereas the stiffness force is zero when assuming homogeneous tissue 
after puncturing. The retracting segments experience a friction force in the opposite direction 
compared to the advancing segments [21]. Using the conditions for the self-propulsion of the 

Figure 10.1. Visualization of the motion sequence of the ovipositor of a parasitic wasp. (a) The parasitic wasp uses 
its ovipositor to lay eggs in a substrate. (b) The ovipositor consists of three parallel valves (green, yellow, and blue) 
that can move reciprocally (based on Cerkvenik et al. [17]).
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wasp-inspired needle and Newton’s second law, we get: 

(10.3)

where Fstiff,i is the stiff ness force on the tip of the advancing needle segment, which is assumed 
to be zero, Ffric,i is the friction force along the advancing needle segment, Fcut,i is the cutting force 
on the tip of the advancing needle segment, and Ffric,j is the friction force along the retracting 
needle segments, which works in the opposite direction as the friction force of the advancing 
needle segments. Furthermore, Ffric,m is the friction force of the moving components, and mm

and am their mass and acceleration, respectively. Th e needle self-propels through the tissue 
if the friction force generated by the retracting needle segments counterbalances the friction 
and cutting force of the advancing needle segments and the friction force and inertia of the 
moving components. Th is way, the retracting needle segments remain stationary with respect 
to the tissue, whilst the advancing segments move forward into the tissue. 

For the self-propelled motion to be eff ective, the friction force and inertia of the moving 
components should be negligibly small. Current wasp-inspired self-propelled needles were 
constructed in either of the following confi gurations. In the fi rst confi guration, the actuation 
system remained stationary while the substrate was placed on a low-weight, low-friction 
support structure that could move towards the needle following the pace of the self-propelled 
motion of the needle [12, 13, 22-24] (Figure 10.2a). However, in clinical practice, the needle 
must self-propel inside the patient while the substrate, and thus the patient, remains in place. 
In the second confi guration, the substrate remained stationary while the actuation system and 
the needle were placed on a low friction cart that could move towards the substrate following 

Figure 10�2� Visualization of the motion sequence of the wasp-inspired needles� During the motion, one needle 
segment (in yellow) moves forward over the stroke distance while the others (in gray) move slowly backward. Ffric,i 
is the friction force along the advancing needle segment, Fcut,i is the cutting force on the tip of the advancing needle 
segment, and Ffric,j is the friction force along the retracting needle segments, which works in the opposite direction as 
the friction force of the advancing needle segments. Ffric,m is the friction force of the moving components, and mm and 
am their mass and acceleration, respectively. (a) Confi guration where the actuation system remains stationary while 
the substrate moves toward the needle. (b) Confi guration where the substrate remains stationary while the actuation 
system and the needle move toward the substrate.
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the pace of the self-propelled motion of the needle [25] (Figure 10.2b). A disadvantage of 
the second configuration is that the inertia and friction of the needle, including its actuation 
system, oppose the self-propulsion of the needle. 

10.1.3 Goal of this study
Current prototypes of wasp-inspired self-propelled needles are designed as experimental 
setups in which either the needle and actuation system remained stationary while the tis-
sue (phantom) was moved toward them [12, 13, 22-24], or the tissue remained stationary 
while the needle and actuation system could move [25]. Both options are not optimal for 
integration in clinical practice and the performance of the needle due to the inertia that neg-
atively affects the needle’s self-propelled motion. In clinical practice, the needle will have to 
self-propel inside the patient while both the actuation system and the tissue remain in place. 
Therefore, this study aims to design a stationary manual actuation system for a needle that 
uses the self-propelling principle of the parasitic wasp and can travel through stationary tissue 
(phantoms). Specifically, the moving components that connect the needle segments to the 
actuation system should have negligible influence on the self-propelled motion of the needle. 
Therefore, the moving components that connect the needle segments to the actuation system 
should have low inertia and the connection itself should introduce friction forces near zero. 

10.2 Design

10.2.1 Needle
The complete design, called the Splinositor, consists of a needle and an actuation system. 
The needle consists of six parallel needle segments following the designs by Scali et al. [13] 
and Bloemberg et al. [22] (Chapter 7). The needle self-propels through the substrate by a 
sequential translation of the six needle segments in six steps per cycle (Figure 10.3). During 
every step of the cycle, one needle segment moves forward over a specified distance called 
the “stroke”, while the other five needle segments move slowly backward over one-fifth of 
the stroke distance, similar to the needle design by Bloemberg et al. [22] (Chapter 7). Every 
needle segment is moved forward over the stroke distance once during one cycle.

When the distal ends of the needle segments are positioned inside tissue, they experience 
friction forces with the surrounding tissue. When the self-propelling principle, as in Eq. 10.3 
holds, the retracting needle segments remain stationary with respect to the tissue, whilst the 
advancing segment moves forward into the tissue. By repeating the actuation cycle, the needle 
as a whole advances in the tissue. 

10.2.2 Actuation system
We opted for a manually controlled actuation system that allows the operator to drive the 
needle directly and intuitively using a continuous manual rotation around the axis of needle 
insertion, i.e., the horizontal y-direction. By using the manual actuation force solely for an 
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Figure 10�3� Visualization of the motion sequence of the needle segments of the wasp-inspired needle� During 
the motion, one needle segment (in yellow) moves forward over the stroke distance while the other needle segments 
(in gray) move slowly backward over one-fi  h of the stroke distance in a consecutive manner.

input rotation, the operator cannot apply an external insertion force to the needle to push the 
needle into the tissue. Consequently, the operator cannot interfere with the self-propelled mo-
tion of the needle segments. Th e actuation system converts the input rotation into a sequential 
translation of the six needle segments in the required order and over the required stroke 
distance while minimizing the number of components that travel with the needle segments. 

To explain the working principle of our actuation system, the mechanism is simplifi ed 
and visualized in a schematic illustration in Figure 10.4a, where Columns A and B show two 
phases in the motion cycle (i.e., 60º diff erence) and Rows I-IV show the diff erent layers of the 
actuation system. Th e input motion is a rotation of the drive cylinder (in green) around the 
y-axis. Th e drive cylinder contains horizontal grooves. A follower cylinder (in pink) contains 
rims that fi t in the drive cylinder’s grooves. Hence, the grooves and rims transmit the rotation 
around the y-axis to the follower cylinder while enabling a translation in the y-direction of 
the follower cylinder relative to the drive cylinder. Around the follower cylinder, a cam is 
positioned containing a V-shaped slot, in which six cam followers (in yellow) can slide. Th e 
motion of the cam followers was restricted to solely a translation in the y-direction, driven by 
the motion of the V-shaped slot. Th e asymmetric shape of the V-shape in the slot causes one 
cam follower to move in the positive y-direction while the other cam followers move in the 
negative y-direction. 

To minimize the friction force introduced by the connection of the needle to the actuation 
system, we implemented a ball spline mechanism (Figure 10.4b). Th e ball spline incorporates 
balls within the grooves in both the drive and follower cylinder, facilitating linear rolling 
translation of the follower cylinder relative to the drive cylinder while simultaneously trans-
mitting rotation. Th e components of the actuation system that move with the needle segments 
include the follower cylinder, ball bearings of the ball spline mechanism, cam, and cam fol-
lowers that house the needle segments. Because of the low-friction ball spline mechanism, the 
moving components of the actuation system introduce a friction force near zero. 
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Figure 10.4. Schematic representation of the actuation system motion mechanism. (a) The actuation system in-
cludes the drive cylinder (green), follower cylinder (pink), cam (orange), and cam followers (yellow) that contain the 
needle segments. Columns A and B show two phases in the motion cycle (i.e., 60º difference) and Rows I-IV show 
the different layers of the actuation system. (b) The ball spline mechanism, including the drive cylinder (green) with 
grooves, cross-section of the ball spline follower cylinder (pink) with grooves, and ball bearings (gray) rolling within 
the grooves.
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 10.2.3 Final design
We used Solidworks (Dassault Systems Solidworks Corporation; Waltham, MA, USA) as 
Computer-Aided Design (CAD) so ware to design the Splinositor (Figure 10.5). To facilitate 
the manual actuation of the drive cylinder, we added a crank to the actuation mechanism that 
transmits the input rotation to the drive cylinder and the cam. Th e height of the cam track 
dictates a 4-mm stroke in the positive y-direction for the cam followers over a 60° rotation 
of the cam. During the following 300° rotation, the cam track dictates a 4-mm stroke in the 
negative y-direction. We chose off -the-shelf ball bearings as followers of the cam. Each cam 
follower contains a bearing axis, to attach it to a key, which was attached to a cam follower 
cylinder of a linear guide axis. A needle segment holder was also attached to the key. Th e 
six linear guides restrict the motion of the needle segment holders to a translation along the 
y-axis. 

To prevent buckling of the needle segments before they enter the needle segment tubes, 
the needle segments require a support structure. We needed a movable support structure ca-
pable of translating along with the cam, as the unsupported needle length decreases when the 
needle segments propel in the tissue. We chose to implement an origami structure, i.e., a tube 
derived from the Miura-origami (Miura-ori) pattern [26], which is stiff  in the z-direction but 
fl exible in the y-direction. When the cam moves in the positive y-direction, the Miura-ori 
tube contracts. Th e Miura-ori tube contains small holes through which the needle segments 
pass, guiding and supporting the needle segments’ movement along the y-axis while avoiding 
buckling. 

Th rough the actuation system, the needle segments run at a larger diameter than at the 
needle tip. To guide the needle segments smoothly from the actuation system to the needle 
tip, needle segment tubes with an S-curve were used. Th e S-curved needle segment tubes 
gently decrease the distance between the needle segments by guiding them smoothly through 
the S-shaped needle segment tubes from the actuation system to the needle tip. Th ese tubes 
provide continuous support to the needle segments to avoid buckling, while allowing them to 
move along the y-axis freely. 

 10.2.4 Prototype
Th e needle in this study consists of six spring steel rods, i.e., the needle segments, with a 
diameter of 0.3 mm and a length of 230 mm (Figure 10.6a). Th e tips of the needle segments 
were sharpened to an angle of 20° with wire Electrical Discharge Machining (EDM). Th e 
needle segments were held together at the tip using a 10-mm long heat shrink tube (103-0352, 
Nordson Medical Corp., Westlake, OH, USA). Th is tube was employed to limit the needle 
segments from diverging while only minimally increasing the needle diameter. To maintain 
its position at the needle tip, the heat shrink tube was glued to one of the needle segments us-
ing Pattex Gold Gel 1432562 (Pattex, Henkel AG & Co, Düsseldorf, Germany). Th e remaining 
needle segments can move freely back and forth through the heat shrink tube. Th e resulting 
total diameter of the needle, including the heat shrink tube, is 1.0 mm.
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Figure 10.5. Schematic representation of the complete design of the Splinositor. (a) Exploded view. Crank (1), 
proximal support (2), ball bearing (3), drive cylinder of the ball spline (4), linear guide axis (5), follower cylinder of 
the ball spline (6), cam (7), cam follower (8), origami support structure (9), needle segment tube (10), middle support 
(11), distal support (12), needle segment (13), base plate (14). (b) Complete design assembly. The cam follower (8) 
that rolls within the cam (7) consists of the cam bearing (8.1), bearing axis (8.2), needle segment holder (8.3), key 
(8.4), and cam follower cylinder (8.5).

Figure 10.6b shows the assembled prototype. The crank was produced using three-dimen-
sional (3D) printing, specifically the fused deposition technology in PolyLactic Acid (PLA) on 
an Ultimaker 3 printer. The ball splines used in the core mechanism of the actuation system 
(i.e., the drive cylinder) and the linear guides are stainless steel Ball Splines LSAG10C1R200 
(IKO Nippon Thompson Co. Ltd., Tokyo, Japan). The drive cylinder, with a length of 100 mm, 
facilitates a 100-mm travel distance of the needle inside the tissue. The central ball spline 
was positioned between two stainless steel Deep Groove Ball Bearings DDL-850ZZMTHA1P-
13LY121 (MinebeaMitsumi Inc., Tokyo, Japan). The cam was milled out of 7075-T6 alumi-
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Figure 10�6� Final Splinositor prototype� (a) Close-up of the needle tip consisting of six sharpened spring steel rods 
held together by a heat shrink tube (Nordson Medical Corp.) glued to one of the six rods. (b) Assembled Splinositor 
prototype.

num. Th e six cam bearings are stainless steel Deep Groove Ball Bearings DDL-310HA1P25LO1 
(MinebeaMitsumi Inc., Tokyo, Japan). Th e bearing axes are 125-245 HV30 steel Cylindrical 
Pens 2338H8100010005 (Bossard, Zug, Switzerland). Th e aluminum needle segment holders 
and keys were produced using wire EDM. Th e proximal, middle, and distal supports form 
the actuation system’s support blocks, and were made from 7075-T6 aluminum using wire 
EDM. Th e support blocks were attached to the aluminum base plate that was also produced 
using wire EDM. Th e Miura-ori tube was cut and folded out of lightweight drawing paper. 
Th e needle segment tubes (inner diameter 0.4 mm, outer diameter 0.6 mm) were constructed 
from brass due to the advantageous low coeffi  cient of friction between brass and the steel 
needle segments. 

 10.3 Evaluation

 10.3.1 Experimental goal and variables
To evaluate the performance of the Splinositor under controlled conditions, we performed 
two experiments in gelatin phantoms. Th e experiments aimed to investigate the performance 
behavior of the needle actuated (1) for diff erent actuation velocities and (2) inside diff erent 
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gelatin phantoms, both in terms of the slip of the needle with respect to the gelatin phantom. 
More specifically, we calculated the slip ratio of the needle while it advanced through the 
phantom, using Eq. 10.4.

(10.4)

where dm and dt are the measured and theoretical maximum traveled distance, respectively. 
The measured traveled distance is the difference in the position of the needle tip we measured 
in the video footage before and after needle actuation. The theoretical maximum traveled 
distance depends on the motion sequence (5:1), the stroke distance (S), which was 4 mm by 
design, and the number of actuation cycles (C) and was calculated using Eq. 10.5.

(10.5)

The first experiment aimed to find the most efficient technical configuration of the Spli-
nositor inside gelatin phantoms with a concentration of 15% weight (wt) powder in water. 
The independent variables were the mobility of the ball spline and the actuation speed (ω) of 
the needle. To investigate the effect of the central ball spline, we evaluated the prototype in 
two conditions in which: (1) the central ball spline was fixed to constrain its translation in the 
y-direction while allowing rotation around the y-axis, while the gelatin sample was placed on 
a low-friction cart, and (2) the central ball spline was able to move like intended (i.e., mobile) 
and the gelatin sample remained stationary. To investigate the effect of the actuation angular 
velocity (ω), ω was set at π, 2π, or 3π rad/s using a metronome. 

The second experiment aimed to investigate the effect of the stiffness of the gelatin phan-
tom on the Splinositor performance for the configuration with a mobile ball spline and an 
actuation velocity of π rad/s. The independent variable was the concentration of gelatin pow-
der in the phantoms, which was set at 5 wt%, 10 wt%, and 15 wt%. These concentrations lead 
to gelatin samples with moduli of elasticity of approximately 5.3 kPa, 17 kPa, and 31 kPa [13], 
respectively. The 5-wt% gelatin phantom approximates soft tissue such as healthy liver tissue 
(<6 kPa) [27]. The 10-wt% gelatin phantom approximates tissue with an intermediate stiffness 
such as muscle tissue (12-32 kPa) [28] and healthy prostate tissue (16 kPa) [29]. The 15-wt% 
gelatin phantom approximates stiff tissue such as cancerous prostate tissue (40 kPa) [29, 30].

In both experiments, the dependent variable was the slip ratio (sratio) between the nee-
dle and gelatin tissue phantom over one entire measurement. The control variable was the 
number of actuation cycles (C) set to 15. Table 10.1 shows the eight experimental conditions 
evaluated in gelatin phantoms.

10.3.2 Experimental facility and procedure
The experimental setup with the fixed ball spline differed slightly from the setup with the 
moving ball spline. The experimental setup with the fixed ball spline consisted of the Splinos-
itor prototype with cable clips to fix the ball spline in place and a gelatin tissue phantom on a 
low-friction cart (Figure 10.7a). The experimental setup with the moving ball spline consisted 
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of the prototype and a gelatin tissue phantom contained within a gelatin holder mounted on 
PMMA plates, which aligned the gelatin holder with the needle, mounted on the breadboard 
(Figure 10.7b). Th e position of the needle tip was recorded using a video camera (iPhone 8) 

Figure 10�7� Experimental setup� (a) Setup with a fi xed ball spline and a mobile gelatin phantom on a low-friction 
cart. (b) Setup with a fi xed gelatin phantom and a mobile ball spline mechanism.

Condition Central ball 
spline

Actuation 
velocity, ω
[rad/s]

Gelatin weight 
concentration 
[wt%]

Total measured 
traveled dis-
tance, dm [mm] 
(mean ± SD)

Slip ratio, sratio
(mean ± SD)

BF-V1-15% Fixed π 15 33 ± 4 0.54 ± 0.052

BF-V2-15% Fixed 2π 15 26 ± 5 0.64 ± 0.063

BF-V3-15% Fixed 3π 15 25 ± 1 0.66 ± 0.017

BM-V1-15% Mobile π 15 47 ± 3 0.35 ± 0.047

BM-V2-15% Mobile 2π 15 50 ± 4 0.31 ± 0.060

BM-V3-15% Mobile 3π 15 51 ± 4 0.29 ± 0.052

BM-V1-10% Mobile π 10 58 ± 0 0.19 ± 0.007

BM-V1-5% Mobile π 5 59 ± 1 0.18 ± 0.011

Table 10�1� Experimental conditions and mean slip ratios for the performance evaluation of the prototype in 
gelatin phantoms� Experimental condition, central ball spline position fi xed (BF) or mobile (BM), actuation velocity 
[rad/s], gelatin weight concentration [wt%], total measured traveled distance [mm] (mean ± standard deviation, 
n = 3), slip ratio (mean ± standard deviation, n = 3).
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mounted on a tripod, positioned directly above the needle to capture a top-down view of 
the needle tip within the gelatin phantom. Millimeter graph paper was placed at the bottom 
surface of the gelatin cart and gelatin holder to give reference to the traveled distance of the 
needle tip with respect to the gelatin phantom during the experiments with an approximative 
accuracy of 0.5 mm. To ensure the repeatability of the measurement method, the experimen-
tal setup was not moved in between the measurements. 

For the gelatin phantoms, gelatin powder of type Dr. Oetker 1-50-230004 (Dr. Oetker Pro-
fessional, Amersfoort, The Netherlands) was mixed with water. The gelatin/water mixtures 
were poured into molds and stored overnight at 5 °C to solidify. Subsequently, the gelatin 
phantoms were cut to their final dimensions, measuring 40 mm in width, 100 mm in length, 
and 20 mm in height. 

10.3.3 Results
Table 10.1 shows the mean and standard deviation of the slip ratio for each experimental 
condition. Figure 10.8 shows the slip ratio for each trial. In 15 wt% gelatin, the mean slip ratio 
was 0.32 for the experimental conditions where the central ball spline was able to move like 
intended (n = 9) and 0.61 for the experimental conditions where the central ball spline was 
fixed in position and the tissue was placed on a low friction cart (n = 9). Also, the mean slip 
ratio for each velocity evaluated was lower for the conditions where the central ball spline 
was able to move as intended than for the conditions where the central ball spline was fixed. 
Increasing the actuation velocity from π to 2π to 3π rad/s resulted in a decrease in the mean 
slip ratio for conditions where the ball spline was able to move while resulting in an increase 
in the mean slip ratio for conditions where the ball spline remained fixed. Lastly, decreasing 
the gelatin weight concentration from 15 wt% to 10 wt% to 5 wt% resulted in a decrease in 
the mean slip ratio.

Figure 10.8. Slip ratio of the needle in gelatin phantoms (a) for different actuation angular velocities and (b) for 
different gelatin weight concentrations. The orange squares indicate the single trials for the condition with a fixed 
base plate, a fixed ball spline, and a mobile gelatin sample on a low-friction cart. The blue circles indicate the single 
trials for the condition with a fixed base plate, a fixed gelatin sample, and a mobile ball spline.
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 10.4 Discussion

 10.4.1 Main fi ndings
We have presented the design of a manual actuation system for a needle that uses the 
self-propelling principle of the female parasitic wasp and can travel through stationary tissue 
phantoms. Th e manually controlled actuation system allows the operator to drive the needle 
directly and intuitively using a continuous manual input rotation. Based on the ball spline 
mechanism, the actuation system allows the needle to propel through tissue phantoms, while 
avoiding buckling. 

For each actuation velocity evaluated, the slip ratio was higher for the fi xed ball spline 
confi guration than that for the movable ball spline. Th e high slip ratio for the fi xed ball spline 
confi guration indicates that the cutting and friction forces acting on the advancing needle 
segment and the inertia of the tissue cart and friction force acting on the bearings of the tissue 
cart altogether were near the friction forces on the retracting needle segments (Eq. 10.3). 
Furthermore, it indicates that the inertia of the tissue cart and friction force acting on the 
bearings of the tissue cart hinder the self-propelled motion of the wasp-inspired needle more 
than the inertia and friction force introduced by the components of the actuation system 
that travel with the needle segments in the positive y-direction for the movable ball spline 
confi guration.

Th e performance evaluation of the Splinositor prototype in the movable ball spline con-
fi guration inside 15-wt% gelatin phantoms showed mean slip ratios of 0.35, 0.31, and 0.29 
for actuation velocities of π rad/s, 2π rad/s, and 3π rad/s, respectively. Th is slip ratio is lower 
than found in previous research by Scali et al. [13] in 15 wt% gelatin phantoms (i.e., slip ratio 
0.45-0.8), and by Bloemberg et al. [22] in ex vivo human prostate tissue (0.82-0.96). Th e mean 
slip ratios of 0.18 and 0.19 of the Splinositor prototype in the 5-wt% and 10-wt% gelatin 
phantoms, respectively, are slightly lower than the slip ratios found in previous research by 
Scali et al. [13] in 5-wt% and 10-wt% gelatin phantoms (i.e., slip ratios 0.2 and 0.3, respec-
tively). Th is indicates that the low net insertion force exerted on the needle segments by the 
actuation system of the Splinositor reduces the slip ratio, thereby enhancing the effi  ciency of 
needle advancement through gelatin phantoms, compared to wasp-inspired needles that can 
self-propel through gelatin phantoms with a zero net insertion force.

 10.4.2 Buckling prevention
Previous work regarding wasp-inspired needles shows that a wasp-inspired needle can 
self-propel through a substrate with a zero net insertion force or even a net pulling force 
[12, 13, 22-24]. However, to prevent buckling, the insertion force does not need to be zero or 
negative, rather, it should remain below the critical load of the needle. Th erefore, the insertion 
force exerted on the needle segments by the actuation system should remain below the critical 
load of the needle segments. When taking the following needle design and tissue parame-
ters: Esteel = 200 GPa, ⌀needle segment = 0.3 mm, K = 0.78 for a needle inserted into tissue [31], 
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L = 20 mm and 4 mm, which are the maximum unsupported lengths of a needle segment 
in the actuation system and the substrate, respectively, and μ ≈ 8 kPa for soft tissue [9], the 
theoretical critical load for each needle segment is approximately 3.2 N. Force measurements 
of manual insertion of our needle bundle, consisting of six needle segments, into 5-wt% and 
10-wt% gelatin phantoms using a force gauge showed peak insertion forces of 0.15 ± 0.082 N 
(mean ± standard deviation, n = 3) and 0.80 ± 0.15 N (mean ± standard deviation, n = 3), 
respectively. This indicates that the insertion force on each needle segment during insertion 
of the needle bundle in 5-wt% and 10-wt% gelatin samples remains below the critical load 
of the needle segments. However, in 15-wt% gelatin phantoms, the needle bundle buckled, 
making it incapable of successful insertion. This indicates that the insertion force on each 
needle segment required to push the needle bundle into 15-wt% gelatin phantoms was higher 
than the critical load of the needle segments. 

On the other hand, performance evaluation of Splinositor inside 15-wt% gelatin phan-
toms showed needle insertion without buckling. Therefore, we can conclude that the insertion 
force exerted on the needle segments by the actuation system remained below the critical load 
of the needle. We performed force measurements using a force gauge to show the insertion 
force exerted on the needle segments by the actuation system. The peak force was in the range 
of 0.05-0.40 N (0.18 ± 0.12 N; mean ± standard deviation, n = 5), which indicates the low 
net insertion force of 0.05-0.40 N remains below the critical load of the needle and therefore 
prevents needle buckling. 

10.4.3 Limitations
The actuation system design in this study allows the needle to travel over 100 mm. This travel 
distance is limited by the length of the drive cylinder of the ball spline. The follower cylinder 
of the ball spline and, thus, the cam and the needle segments can travel 100 mm in the y-di-
rection. This travel distance can be extended by extending the drive cylinder length, however, 
this would linearly increase the length of the actuation system design. 

The current design consists of a tabletop actuation system and a needle. However, for the 
design to replace the conventional needles used in percutaneous procedures in a clinical set-
ting, the design should be adapted to a hand-held device. In future prototypes, the actuation 
system could be miniaturized and included in a handle that moves forward following the 
wasp-inspired motion of the needle. 

The components of the actuation system that travel with the needle segments in the pos-
itive y-direction have a mass, and therefore, their effect of inertia cannot be ruled out. These 
components include the follower cylinder of the ball spline, cam, cam followers, and origami 
structure. To decrease the inertia, the mass of the moving components could be minimized, 
and the actuation sequence could be adapted to a continuous motion, so the components 
move with a constant velocity. 

Throughout the experiments, we ensured the horizontal alignment of the experimental 
setup by using a spirit level. This was crucial to prevent gravitational effects on the move-
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ment of the follower cylinder of the ball spline and, consequently, the needle segments. In 
the horizontal position, gravity works solely in the z-direction, which is perpendicular to 
the direction of motion of the needle segments and the corresponding moving components. 
When the operator tilts the prototype at an angle, creating an inclined plane, the wasp-in-
spired motion of the needle segments becomes subject to the gravitational forces within the 
actuation system. In the tilted position, the force of gravity resolves into two components, one 
parallel to the inclined surface and the other perpendicular to the inclined surface. Th e force 
component parallel to the inclined surface would infl uence the friction forces involved in the 
wasp-inspired motion. 

At the needle tip, the six needle segments are bundled by a heat shrink tube, which might 
hinder the needle’s propagation into a substrate (e.g., a gelatin phantom or tissue sample). Th e 
needle’s wasp-inspired propulsion with a low net insertion force depends on the surface area 
of the needle segments in direct contact with the substrate. As the needle is advanced further 
into the substrate, the surface area of the needle segments in direct contact with the tissue in-
creases, whereas the surface area of the heat shrink tube in contact with the substrate remains 
unchanged. Consequently, the infl uence of the heat shrink tube on the needle propulsion 
declines as the needle advances further into the tissue. Future versions of the Splinositor could 
incorporate a diff erent bundling mechanism to improve the needle’s wasp-inspired propul-
sion mechanism. 

 10.4.4 Recommendations and future research
To assess the prototype’s functioning in a clinical setting, ex vivo or in vivo experiments should 
be conducted. Th ese experiments will shed light on the eff ects of inhomogeneous tissue prop-
erties and the presence of diff erent tissue layers (e.g., skin, fat, and muscle) with diff erent 
mechanical properties (e.g., modulus of elasticity), as well as blood, on the self-propelling 
performance of the needle. Th e ability of the self-propelled needle to advance in ex vivo hu-
man prostate tissue has been exemplifi ed successfully in a previous study [22]. Furthermore, 
Scali et al. [13] showed that the self-propelled needle could advance in multilayered tissue 
phantoms. 

To clinically use the Splinositor as a passageway to a target location inside the body, to 
inject or extract fl uids, extract tissue samples, and position instruments such as radioactive 
seeds and optical fi bers in the body, a functional element should be added as a central element 
of the needle or should replace one of the needle segments. In future work, it will be inter-
esting to investigate the implementation of a functional element, such as an optical fi ber or a 
tube connected to a syringe, into the Splinositor and investigate the eff ect on its self-propelled 
motion. Furthermore, the Splinositor employs a manual actuation system. Further studies 
could explore alternative actuation methods that allow for downscaling of the actuation sys-
tem, such as piezoelectric actuation.

In this study, we developed a stationary manual actuation system for a needle that uses the 
self-propelling principle of the parasitic wasp and can travel through stationary tissue. Th e 
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moving components of the needle have low inertia. Its connection to the actuation system 
using a ball spline introduces a small friction force, generating a small insertion force on the 
needle that facilitates the needle’s propulsion into tissue while preventing needle buckling. 
In future work, it will be interesting to develop an actuation system capable of exerting an 
insertion force equivalent in magnitude to the pulling force induced by the wasp-inspired 
self-propelled motion within the tissue.

10.5 Conclusion
This study presents the design of a manually actuated needle that uses the self-propelling 
principle of the female parasitic wasp and can travel through stationary tissue phantoms. We 
have shown that a continuous input rotation can actuate the reciprocating motion of six paral-
lel needle segments using a ball spline-based actuation system. The prototype allows the tissue 
to remain in place while the needle propels inside the tissue using a low net insertion force 
of 0.05-0.40 N (0.18 ± 0.12 N; mean ± standard deviation) exerted by the actuation system. 
The mean slip ratio for each velocity evaluated in 15-wt% gelatin was lower for the conditions 
where the central ball spline was able to move like intended (i.e., 0.35, 0.31, and 0.29 for 
π rad/s, 2π rad/s, and 3π rad/s, respectively) than for the conditions where the central ball 
spline was fixed (i.e., 0.54, 0.64, and 0.66 for π rad/s, 2π rad/s, and 3π rad/s, respectively). This 
indicates that the actuation system's low net insertion force helps propel the needle through 
the tissue with a low slip ratio and without buckling. Furthermore, evaluation in 15-wt%, 
10-wt%, and 5-wt% gelatin tissue phantoms showed that decreasing the gelatin concentration 
decreased the mean slip ratios from 0.35 to 0.18 and 0.19, respectively. In conclusion, the 
ball spline-based actuation system is a step forward in developing a wasp-inspired needle for 
percutaneous procedures that prevents buckling. 

Supplementary material
The appendices and data underlying this study are available at doi: 10.4121/90412947-edbb-
452e-ace9-f757f6860ea7. 
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Abstract
In percutaneous interventions, long and thin needles are used to reach deep target locations 
within the body. However, inserting a long and thin needle into the tissue can cause needle 
buckling, resulting in poor control of the needle’s trajectory and reduced targeting accuracy. 
In nature, the female parasitic wasp prevents the buckling of her long and slender ovipositor 
through a self-propelled motion. This study presents a stationary actuation system that can 
advance a wasp-inspired self-propelled needle consisting of seven 0.3-mm stainless steel rods 
with a theoretically unlimited insertion length. Based on the pencil lead advance mechanism 
in mechanical pencils that advances the pencil lead at a fixed increment when the pencil 
button is pushed, our actuation system advances the seven needle segments that comprise 
our needle by locking, advancing, releasing, and retracting the advance mechanisms. 
Experimental evaluation demonstrated that the actuation system successfully executes these 
actions, enabling step-by-step propulsion of the needle segments in gelatin-based tissue-
mimicking phantoms. Moreover, the needle achieved mean motion efficiencies of 98 ± 2%, 
68 ± 5%, and 57 ± 7% in air, 5-wt% gelatin, and 10-wt% gelatin, respectively, over 15 actuation 
cycles. This actuation system prototype, which is based on a mechanical pencil, is a step 
forward in developing self-propelled needles for targeting deep tissue structures. 
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 11.1 Introduction
Needles serve as passageways to target specifi c locations within the body, facilitating a wide 
range of applications, such as extracting tissue samples for biopsies and positioning instru-
ments for needle-based therapies in deep tissue structures such as the prostate gland. When 
a needle is pushed through the tissue, forces arise at the needle tip and along the needle 
sha  [1]. Okamura et al. [1] demonstrated that inside homogeneous tissue, these forces com-
prise cutting and friction forces. To move a needle through tissue, the operator should apply 
a force that overcomes the sum of these forces acting on the needle. If the axial force on the 
needle tip exceeds the critical load of the needle, the needle buckles [2]. Needle buckling 
might lead to poor control of the needle path, thereby decreasing needle targeting accuracy, 
which aff ects the eff ectiveness of biopsies and needle-based therapies [3].

To prevent needle buckling, self-propelled needles inspired by the ovipositor of the fe-
male parasitic wasp have been developed [4-11] (Figure 11.1a, Table 11.1). Wasp-inspired 
self-propulsion inside a substrate is accomplished by a set of parallel needle segments that 
can advance with respect to one another (Figure 11.1b). Th e advancing needle segments 
experience both a cutting force at their tips and a friction force along the length of their 
sha s in contact with the surrounding substrate [12]. Th e non-advancing needle segments, 
however, only experience a friction force in the opposite direction. If the sum of the friction 
and cutting forces on the advancing needle segments is equal to the sum of the friction forces 
on the non-advancing needle segments, the wasp-inspired needle can propel forward through 
a substrate with a zero net insertion force (Eq. 11.1), as shown in previous works [4-11]. 
Th is can be achieved by keeping the number of advancing needle segments smaller than the 
number of non-advancing needle segments so that the diff erence between the forces acting on 
the two groups of needle segments increases with the insertion distance. 

where a is the number of advancing needle segments, n is the number of non-advancing 
needle segments, Ffric,adv is the friction force along the sha s of the advancing needle segments, 
Fcut,adv is the cutting force on the tips of the advancing needle segments, and Ffric,non-adv is the 
total amount of friction along the sha s of the non-advancing needle segments, which works 
in the opposite direction to the friction force of the advancing needle segments.

In existing prototypes of ovipositor-inspired needles, the needle and actuation system are 
integrated [4-11]. As a result, when the needle advances into the tissue, the actuation system 
must move in conjunction with it. Th e inertia of the moving components adversely aff ects the 
needle’s self-propelled motion. To address this issue, Bloemberg et al. [14] developed an ac-
tuation system that keeps the external parts of the actuation system stationary, allowing only 
the needle and internal parts to move (Chapter 10). However, a limitation of this mechanism 
is that the length of the actuation system restricts the achievable needle insertion distance. 
Th erefore, this study aims to design a stationary actuation system capable of advancing a 
wasp-inspired self-propelled needle over very long insertion distances. 

(11.1)
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11.2 Design

11.2.1 Needle
Our design comprises a needle and a motorized actuation system. The needle consists of 
seven parallel needle segments inspired by the parallel valves of the parasitic wasp ovipositor 
(Figure 11.1b). To accommodate a central functional needle segment, such as an optical fiber, 
we opted for six outer needle segments surrounding a seventh segment, which can be substi-
tuted with the functional segment. In the two-dimensional cross-section, arranging six cylin-
drical needle segments concentrically around the seventh needle segment forms an optimal 
configuration when all needle segments have the same diameter. Each outer needle segment 
contacts the central needle segment as well as two adjacent needle segments. This minimizes 

Figure 11.1. Schematic representation of ovipositor-inspired needle motion. (a) Schematic illustration of a female 
parasitic wasp using its ovipositor to lay eggs inside a substrate. The ovipositor consists of three parallel “valves” 
(green, yellow, and blue) that can move reciprocally (based on Cerkvenik et al. [15]). (b) Schematic illustration of 
ovipositor-inspired needle insertion into tissue with one advancing needle segment (green) and six non-advancing 
needle segments (gray). Ffric,adv is the friction force along the advancing needle segment, Fcut,adv is the cutting force on 
the tip of the advancing needle segment, and Ffric,non-adv is the total amount of friction of the non-advancing needle 
segments, which works in the opposite direction to the friction force of the advancing needle segment.
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Table 11�1� State-of-the-art in wasp-inspired needles, showing the reference, the number of needle segments the 
needle comprises, the outer diameter of the needle in [mm], the material of the needle segments, and a descrip-
tion of the needle design�

Reference
Number 
of needle 
segments

Outer 
diameter 
[mm]

Material Needle design

Frasson et al. [4] 2 4.4 Tango BlackTM Axially interlocked halves

Leibinger et al. [5] 4 4 VeroGrey Axially interlocked quadrants

Scali et al. [6] 7 1.55 Nitinol Converging/diverging ring with 
7 holes interlocks the needle 
segments

Scali et al. [8] 7 1.2 Nitinol Flower-shaped ring with 7 holes 
interlocks the needle segments

Scali et al. [7] 6 0.84 Nitinol Heat shrink tube interlocks the 
needle segments

3 0.59

6 0.42

Bloemberg et al. [9, 10] 
(Chapters 9, 7)

6 0.84 Nitinol Heat shrink tube interlocks the 
needle segments

Bloemberg et al. [14] 
(Chapter 10)

6 1.0 Steel Heat shrink tube interlocks the 
needle segments

Bloemberg et al. [11] 
(Chapter 5)

7 3 Nitinol Internal ring through needle 
segment slots interlocks the 
needle segments

the total cross-sectional area and results in the least empty space between the needle segments 
where tissue could potentially accumulate. Using the wasp’s self-propelling principle, the nee-
dle self-propels through the substrate by incrementally advancing the seven needle segments 
forward one by one. In this study, the motion sequence that involves advancing all seven 
needle segments one time is referred to as one “actuation cycle.” Th e distance each needle 
segment travels per actuation cycle is called the “needle stroke distance.”

 11.2.2 Actuation system
To achieve long needle insertion distances through incremental steps, the actuation system 
must sequentially advance the individual needle segments. For each needle segment, this can 
be accomplished via a clamp that operates in a four-step cycle: (1) locking, (2) advancing, 
(3) releasing, and (4) retracting (Figure 11.2). First, the clamp (in yellow) locks around the 
needle segment, thereby clamping the needle segment at a defi ned position (in red). Second, 
the locked clamp advances, thus advancing the needle segment forward (in dark green). 
Th ird, the clamp releases the needle segment at the new position (in orange). Finally, the 
clamp moves backward to its original position (in light green), whereas the needle segment 
remains in its propelled position. Once the clamp arrives at its original position, it can clamp 
the needle segment at its new propelled position (in red). Th is cycle repeats until the needle 
segment arrives at its destination. 
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The incremental needle segment advance mechanism mirrors the functionality of a 
mechanical pencil, where pressing the button advances the pencil lead by a fixed amount 
(Figure 11.3). The mechanical pencil comprises five complex-shaped components that can 
move with respect to each other: (1) a housing, lead retainer, and nut portion (in gray and 
pink), (2) a button, central tube, and rear tube (in dark and light green) formed around a 
three-finger collet (in yellow), (3) a sleeve (in orange), (4) a compression spring (in blue), and 
(5) a pencil lead (in black). Among these components, the advance mechanism (in lighter 
colors) consists of the nut portion, the rear tube, the collet, the sleeve, and the spring. The nut 
portion contains two ridges that limit the horizontal translation of the sleeve over a distance t 
(Figure 11.3a). The sleeve is positioned around the collet. The collet is similar to that found in 
milling machines and closes around the pencil lead (in black). When the sleeve is positioned 
at the tip of the collet, the collet's fingers are closed, and the pencil lead is held firmly in place 
for writing. Conversely, when the sleeve is retracted from the tip of the collet, as shown in 
Figure 11.3a, the fingers of the collet are opened, and their grip on the pencil lead is released, 
allowing it to move.

To explain the mechanism of the mechanical pencil, we assume that the first component 
(i.e., the housing, lead retainer, and nut portion) remains stationary while the button is 
pressed. Pressing the button on the mechanical pencil causes the advance mechanism to move 
from its locked to its released state by translating the second component (i.e., the button, 
central tube, rear tube, and collet), causing the spring to compress. The sleeve also moves with 
the collet over distance t until the sleeve encounters the right ridge of the nut portion. Until 
this moment, the sleeve was positioned at the tip of the collet because of the friction between 

Figure 11.2. 2D schematic representation of the clamp mechanism to achieve needle actuation in incremental 
steps. The figure shows the simplified motion sequence of clamps actuated by a cam track (gray). During the red 
phase of the cam, the clamp (yellow) is locked around the needle segment (black). During the dark green phase of the 
cam, the clamp follows the cam track in the positive x-direction, thereby moving the needle segment in the positive 
x-direction. During the orange phase of the cam, the needle segment is released. During the light green phase of 
the cam, the clamp follows the track in the negative x-direction while the needle segment remains in its propelled 
position.
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the sleeve and the collet, thereby closing the collet's fi ngers and advancing the pencil lead 
fi rmly held by the collet. Th e right ridge of the nut portion limits the sleeve’s forward motion, 
determining the pencil lead’s advancement distance. When the sleeve is halted, the rear tube 
and the collet move further forward, overcoming the friction between the sleeve and the collet 
and pushing the collet’s fi ngers out of the sleeve, causing the collet’s fi ngers to open and release 
the pencil lead. Th e lead retainer at the tip of the pencil prevents the pencil lead from falling 
out of the pencil or retracting due to the frictional force between the lead retainer and the 
pencil lead.

Once the button is released, the spring extends, and the advance mechanism moves from 
its released state to its locked state by retracting the central tube, rear tube, and collet. Th e 
collet’s retraction pulls the sleeve back over distance t into its original position within the 
nut portion. Th e collet’s fi ngers remain open until the sleeve encounters the le  ridge of the 
nut portion, closing the collet’s fi ngers again around the pencil lead. Th e pencil lead remains 
extended despite the collet’s movement due to greater friction between the pencil lead and 
the lead retainer than between the pencil lead and the open collet. Without the lead retainer, 

Figure 11�3� Th e pencil lead advance mechanism of a mechanical pencil� (a) Schematic illustration of the assembly 
and cross-section view of the pencil lead advance mechanism in its released state showing the button and central tube 
(dark green), housing and lead retainer (gray), pencil lead (black), spring (blue), rear tube (light green), nut portion 
(pink), sleeve (orange), and collet (yellow). Distance t indicates the distance over which the sleeve can move within 
the nut portion, constrained by the ridges of the nut portion. (b) Picture of the cross-section of a pencil lead advance 
mechanism highlighting the rear tube (green), nut portion (pink), sleeve (in orange), and collet (yellow).
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the frictional force between the pencil lead and the collet would cause the pencil lead to 
retract with the collet during its backward motion. Finally, the spring force causes the collet to 
retract even further to its original position, and the sleeve closes the collet’s fingers around the 
pencil lead at its propelled position, securing the pencil lead and preventing it from retracting 
during writing.

We adapted an existing pencil lead advance mechanism of a mechanical pencil as the base 
for our needle segment advance mechanism. Rather than advancing a pencil lead, our nee-
dle segment advance mechanism enables the movement of a needle segment with the same 
diameter as the pencil lead. The advance mechanism is in its locked state when the spring is 
extended, thereby clamping the needle segment. Conversely, when the spring is compressed, 
the advance mechanism is in its released state, allowing it to translate in the longitudinal 
direction to clamp the needle segment at its new position. 

In our actuation system design, seven advance mechanisms, arranged in a circle, drive the 
seven needle segments. To actuate the advance mechanisms, we use a cam containing two 
tracks that are followed by sliders attached to the distal and proximal ends of the advance 
mechanisms. The spring within each advance mechanism ensures continuous contact be-
tween the sliders and the cam tracks. A frame encasing the cam constrains the movement of 
the sliders to solely a translation in the horizontal x-direction. Consequently, the motion of 
the advance mechanisms is restricted to solely a translation in the x-direction, guided by the 
cam tracks. 

To explain the motion cycle of our actuation system, the mechanism is simplified and 
visualized in a schematic illustration in Figure 11.4. The input motion is a rotation of the cam 
(in light gray) around its longitudinal x-axis. The cam controls the position of the proximal 
and distal sliders (in dark gray) that operate the advance mechanisms. The cam tracks govern 
the motion of each advance mechanism through four distinct phases of rotation: the red, 
dark green, orange, and light green phases, similar to Figure 11.2. First, the proximal slider 
of the advance mechanism moves in the negative x-direction, causing the spring to extend 
and the advance mechanism to lock the needle segment (red phase). We added the second 
and fourth cam phases because the pencil lead’s advancement distance t is too short for our 
needle stroke distance. In the second cam phase, both the proximal and distal sliders move 
in the positive x-direction, moving the advance mechanism in its locked state forward and 
thus advancing the locked needle segment (dark green phase). Third, the distal slider remains 
stationary as the proximal slider continues to move in the positive x-direction, compressing 
the spring and releasing the needle segment (orange phase). In the fourth and final phase, 
both the proximal and distal sliders move in the negative x-direction, retracting the advance 
mechanism in its released state while the released needle segment remains in its propelled 
position (light green phase). Once the advance mechanism returns to its original position, it 
locks the needle segment at its new propelled position (red phase). This cycle repeats until the 
needle segment reaches its target location.

Thesis.indb   270Thesis.indb   270 25-8-2025   15:49:0725-8-2025   15:49:07



A Universal Actuator for a Self-Propelled Needle

11

271

 11.2.3 Final design
Th e fi nal design contains seven advance mechanisms, one for each needle segment, and each is 
operated by two sliders that follow the cam tracks (Figure 11.5). To facilitate the self-propelled 
motion, only one of the seven needle segments is in the dark green phase during each step of 
the actuation cycle, ensuring that the number of advancing needle segments remains less than 
the number of non-advancing segments. Th e cam's dark and light green phases each provide 
a 4-mm stroke. Th e orange and red phases result in a 3-mm stroke for releasing and locking 
the advance mechanisms. Th e corners of the cam tracks between the phases were rounded 
to facilitate smooth transitions between the cam phases. One actuation cycle is defi ned as 
a single full rotation of the cam, during which all seven needle segments are advanced once 
over the needle stroke distance. 

In the actuation system, the needle segments run at a larger diameter than at the needle 

Figure 11�4� Schematic representation of the needle segment advance mechanism actuated by a cam� (a) Th e 
rolled-out cam shows the needle segment advance mechanism that comprises seven adapted pencil lead advance 
mechanisms (shown in the cross-section top view) that function as the clamp mechanisms actuated by the cam. (b) 
Cross-section side view of one needle segment advance mechanism with the proximal and distal sliders (dark gray) 
running in the cam tracks using ball bearings (dark blue) on axes (white).
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tip. The seven needle segments are arranged in a circular formation within the actuation sys-
tem, whereas at the needle tip, one segment is centrally positioned with six segments arranged 

Figure 11.5. Design drawing of the final design. (a) Assembly. (b) Exploded view. (c) Exploded view of the advance 
mechanism adapted from the Pentel P203 pencil lead advance mechanism. (d) Cam showing one of the seven ad-
vance mechanisms in the cam tracks and rolled-out cam.
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in a circle around it. To guide the seven needle segments smoothly from the actuation system 
to the needle tip, seven S-shaped tubes followed by seven straight tubes were used. Th e needle 
segments run through the S-shaped tubes that gradually decrease the distance between the 
needle segments from the actuation system to the needle tip. Th ese tubes provide continu-
ous support to the needle segments to avoid buckling while allowing free movement along 
the x-axis. Th e seven straight tubes further guide the needle segments into their insertion 
formation, where one segment is centrally located and six segments surround it. Th e friction 
between the tubes and the needle segments exceeds the friction between the open collets and 
the needle segments during the light green phase as the advance mechanisms retract. Conse-
quently, the needle segments stay at their propelled positions while the collets are retracted.

 11.2.4 Prototype
Th e actuation system design limits the needle segment diameter to 0.3 mm but does not 
impose any restrictions on the needle segment length. Th e needle used in this study consists 
of seven blunt spring steel rods with a diameter of 0.3 mm and a length of 1 m. Following 
the designs of Scali et al. [7] and Bloemberg et al. [9, 10, 14], the needle segments were held 
together at the tip using a 10-mm long heat shrink tube (103-0352, Nordson Medical Corp., 
Westlake, OH, United States). Th is bundling mechanism prevents the needle segments from 
diverging while only slightly increasing the overall diameter of the needle. To maintain its po-
sition at the needle tip, the heat shrink tube was secured to one of the needle segments using 
Pattex Gold Gel (1432562, Pattex, Henkel AG and Co., Düsseldorf, Germany). Th e remaining 
needle segments can move freely through the heat shrink tube. Th e total diameter of the 
needle, including the heat shrink tube, is 1.0 mm.

Th e assembled prototype, called the Ovipositor Needle Clamp Actuator (ONCA), is 
shown in Figure 11.6. Components of the needle segment advance mechanisms were adapted 
from off -the-shelf Pentel P203 mechanical pencils (Pentel Co. Ltd., Penteru Kabushiki Gaisha, 
Japan), specifi cally the rear tube, nut portion, sleeve, and collet. Th e rather stiff  pencil springs 
were replaced with so er DR970 springs (Alcomex springs, Opmeer, Netherlands; ⌀outer= 
3.6 mm, ⌀wire= 0.4 mm, L0= 12.80 mm, K = 0.78 N/mm, Lc= 5.50 mm) because the tactile 
feedback from the stiff er springs is unnecessary for our prototype. Th e proximal and distal 
sliders were produced out of Aluminum 7075-T6 by wire Electrical Discharge Machining 
(EDM), a er which the holes for the needle segments and axes were drilled, and screw threads 
were added for fi xation of the nut portions. Th e bearing axes were machined at length out of 
high-speed steel by wire EDM. Th e bearings are stainless steel Deep Groove Ball Bearings 
DDL-310HA1P25LO1 (MinebeaMitsumi Inc., Tokyo, Japan). 

Th e cam, motor cap, and tip cap were produced by CNC milling and turning of Aluminum 
7075-T6. Th e frame was constructed from brass, providing low friction with the aluminum 
sliders. Th e outer heptagon shape of the frame and its slots for the sliders were CNC milled. 
Subsequently, the inner heptagon shape was machined by wire EDM. Finally, the frame was 
machined to its fi nal length by wire EDM. Th e S-shaped tubes (inner diameter of 0.4 mm and 
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outer diameter of 0.6 mm) were manually bent from stainless steel. The cover, cylindrical ring, 
and conical ring were produced by stereolithography 3D printing on a Formlabs Form 3B 
printer using Clear resin (Formlabs, Somerville, MA, USA). The motor used is a 1016M012G 
DC-micromotor with a 10/1 256:1 gearbox (Faulhaber, Schönaich, Germany).

Figure 11.6. Ovipositor Needle Clamp Actuator (ONCA). (a) Without cover. (b) With cover. (c) Close-up of the 
needle tip consisting of seven rods held together by a shrinking tube (Nordson Medical) glued to one of the seven 
rods.
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 11.3 Evaluation

 11.3.1 Experimental goal
To evaluate the performance of the ONCA, we conducted experiments in air and in tis-
sue-mimicking phantoms. Th e goal was to investigate the ONCA’s insertion performance in 
terms of its motion effi  ciency, ηm(C), over the number of actuation cycles, C. More specifi cally, 
we investigated how ηm(C) was infl uenced by two factors: (1) the slip between the needle 
segments and the advance mechanisms, which refl ects the actuation system’s clamp effi  ciency, 
ηc(C), and (2) the slip between the stationary needle segments and the substrate (i.e., air or 
tissue-mimicking phantoms), which refl ects the needle’s propulsion effi  ciency, ηp(C). 
• C [-]: number of actuation cycles
• ηm(C) [%]: motion effi  ciency of the ONCA
• ηc(C) [%]: clamp effi  ciency of the advance mechanisms inside the actuation system of 

the ONCA
• ηp(C) [%]: propulsion effi  ciency of the needle of the ONCA

For ηc(C)=100%, the advance mechanism clamps function perfectly, and the needle seg-
ments do not slip with respect to the advance mechanisms. We assumed that when the needle 
travels in the air, the advance mechanisms operate at ηc(C) = 100% and advance the needle 
segments over the needle stroke distance during every actuation cycle. When the needle 
travels in a tissue-mimicking phantom, the cutting and friction forces acting on the needle 
segments can decrease ηc(C), thereby advancing the needle segments over less than the needle 
stroke distance during every actuation cycle.

For ηp(C) = 100%, the needle advances into the substrate over the same distance that the 
advance mechanisms move the needle segments during each actuation cycle. Th is means that 
the advancing needle segments advance in the substrate while the non-advancing needle seg-
ments remain stationary with respect to the substrate, meaning there is no slippage between 
the stationary needle segments and the substrate. 

 11.3.2 Experimental facility
Th e experimental setup consists of the ONCA kept stationary in a holder and the substrate 
(i.e., a tissue-mimicking phantom) on a Perspex cart (Figures 11.7a,b). Th e cart fi ts on an 
air track (Eurofysica), facilitating near-frictionless linear translation of the cart. Millimeter 
paper was attached at the bottom of the cart and used as a reference for the traveled distance, 
dn(C), of the needle tip in the substrate on the cart. Th e variable dn(C) was measured by cal-
culating the diff erence between the initial needle insertion distance, xn(0), and the insertion 
distance, xn(C), in the substrate a er a number of actuation cycles C from the video footage 
(Figures 11.7c,d). Moreover, we measured the distance dc(C) over which the cart was pushed 
forward with respect to the air track during needle insertion. Th e variable dc(C) was deter-
mined by calculating the diff erence between the initial cart position and the cart position a er 
the number of actuation cycles, C, with respect to the air track from the video footage using 
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Figure 11.7. Experimental setup. (a) Side view of the cart in the experimental setup. (b) Top view of the experimen-
tal setup. (c) Example of the initial position of the needle inside the tissue-mimicking phantom. Variable xn(0) is the 
measured initial insertion distance of the needle in the substrate at zero actuation cycles. (d) Example of a final po-
sition of the needle inside the gelatin phantom. Variable xn(C) is the measured distance of the needle in the substrate 
after C number of actuation cycles and dc(C) is the measured displacement of the cart with respect to the air track.

the ruler on the air track (Figures 11.7c,d).
•	 xn(0) [mm]: initial needle insertion distance
•	 xn(C) [mm]: needle insertion distance
•	 dn(C) [mm]: traveled distance of the needle tip in the substrate
•	 dc(C) [mm]: traveled distance of the cart with respect to the air track

Thesis.indb   276Thesis.indb   276 25-8-2025   15:49:1125-8-2025   15:49:11



A Universal Actuator for a Self-Propelled Needle

11

277

(11.2)

(11.3)

(11.4)

 11.3.4 Experimental procedure
Before each experiment run, the cart was manually translated over approximately 30 mm 
to ensure xn(0) ≈ 30 mm, establishing suffi  cient contact between the needle surface and the 
substrate for the self-propelled motion. Th e initial manual insertion is required to enable the 
needle’s self-propelled motion. A er the initial manual insertion, the actuation system was 
turned on, allowing the needle segments to move within the substrate. Th e actuation system 
was turned off  when the needle segments reached an insertion distance, xn(C), of 110 mm or 
when the actuation system ran for 60 seconds. Each experimental condition was repeated six 
times.

 11.3.5 Results
Th e means and standard deviations of dn(C) and dc(C), as well as those of ηc(C), ηp(C), and 
ηm(C), for each experimental condition are presented in Table 11.2 and Figure 11.8. In the air, 
the needle had already reached xn(C) = 110 mm a er an average of 18 actuation cycles. Hence, 
the traveled distances and effi  ciencies for more than 15 actuation cycles are provided only for 
the tissue-mimicking phantoms, as indicated by the gray overlay in Figure 11.8.

Th e data in Table 11.2 show that the mean ηc(C) in 5-wt% gelatin remained approximately 
constant and comparable to the mean ηc(C) in air over the 20 actuation cycles. In contrast, the 
mean ηc(C) in 10-wt% gelatin decreased over the number of actuation cycles from 100 ± 6% 

Th e distance over which the advance mechanisms advance the needle segments equals 
dn(C) + dc(C). Th e expected traveled distance, de(C), of the needle tip was computed by aver-
aging the distance traveled by the needle tip with respect to the air track per actuation cycle 
in the air (i.e., the needle stroke distance) and multiplying it by C.
• de(C) [mm]: expected traveled distance of the needle tip

 11.3.3 Experimental variables
In the experiments, the independent variables were C, which was set to 5, 10, 15, and 20, and 
the substrate through which the needle was propelled, which was either air or tissue-mim-
icking phantoms. Th e concentration of gelatin powder in the tissue-mimicking phantoms 
was set at weight ratios (wt) of 5 wt% or 10 wt%. Th ese weight ratios lead to gelatin samples 
with moduli of elasticity of approximately 5.3 and 17 kPa, respectively [7], resembling healthy 
liver tissue (<6 kPa) [16] and healthy muscle tissue (12-32 kPa) [17] or healthy prostate tissue 
(16 kPa) [18]. 

Th e dependent variables were dn(C) and dc(C). Th e dependent variables and de(C) were 
used to compute ηc(C) (Eq. 11.2), ηp(C) (Eq. 11.3), and ηm(C) (Eq. 11.4). 

Thesis.indb   277Thesis.indb   277 25-8-2025   15:49:1225-8-2025   15:49:12



Chapter 11

11

278

over the first five actuation cycles to 66 ± 9% over 20 actuation cycles.
The mean ηp(C) in air and 5-wt% gelatin increased with the number of actuation cycles, 

increasing from 93 ± 5% and 56 ± 8%, respectively, during the first five cycles, to 98 ± 2% and 
70 ± 5% over 15 actuation cycles. In contrast, the mean ηp(C) in 10-wt% gelatin remained 
approximately constant in the 73-77% range. 

From the mean ηm(C), we can see that in air and in 5-wt% gelatin, the mean percentages 
increased over the number of actuation cycles from respectively 93 ± 8% and 53 ± 7% over 
the first five actuation cycles to 98 ± 2% and 68 ± 5% over 15 actuation cycles. However, in 
10-wt% gelatin, the mean ηm(C) decreased from 77 ± 5% over the first five actuation cycles to 
57 ± 7% over 15 actuation cycles. 

11.4 Discussion

11.4.1 Main findings
In this study, we presented the design of a stationary actuation system that can advance a 
wasp-inspired self-propelled needle by clamping and advancing the parallel needle segments, 
resulting in a theoretically unlimited insertion length. However, achieving theoretically un-
limited insertion length requires at least three parallel needle segments and a corresponding 
driving mechanism. Based on the pencil lead advance mechanism in a mechanical pencil that 
advances the pencil lead over a fixed increment when the pencil button is pressed, the ONCA 
advances the seven needle segments that comprise our needle one by one. The actuation 

Table 11.2. Results of the experiment, showing the substrate through which the needle traveled, number of actua-
tion cycles, traveled distance of the needle tip in the substrate, traveled distance of the cart, clamp efficiency, propul-
sion efficiency, and motion efficiency, with mean values and standard deviations.

Substrate
Number of 
actuation 
cycles, ((CC))

Traveled dis-
tance needle 
tip [mm], 
ddnn((CC))  
(mean ± SD)

Traveled 
distance cart 
[mm], ddcc((CC)) 
(mean ± SD)

Clamp effi-
ciency [%], 
ηηcc((CC))  
(mean ± SD)

Propulsion 
efficiency 
[%], ηηpp((CC)) 
(mean ± SD)

Motion effi-
ciency [%], 
ηηmm((CC))  
(mean ± SD)

Air

5 22 ± 2 2 ± 1 100 ± 6 93 ± 5 93 ± 8

10 44 ± 2 2 ± 1 100 ± 3 96 ± 2 96 ± 4

15 67 ± 2 2 ± 1 100 ± 1 98 ± 2 98 ± 2

5-wt%  
gelatin

5 13 ± 2 10 ± 2 95 ± 2 56 ± 8 53 ± 7

10 29 ± 3 16 ± 3 98 ± 0 64 ± 7 62 ± 6

15 47 ± 3 21 ± 4 98 ± 1 70 ± 5 68 ± 5

20 66 ± 3 24 ± 4 98 ± 1 74 ± 5 72 ± 3

10-wt% 
gelatin

5 18 ± 1 6 ± 1 100 ± 6 77 ± 3 77 ± 5

10 32 ± 3 9 ± 1 89 ± 8 77 ± 2 68 ± 6

15 39 ± 5 13 ± 2 76 ± 9 75 ± 2 57 ± 7

20 45 ± 7 16 ± 2 66 ± 9 73 ± 2 49 ± 7
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Figure 11�8� Experimental results of (a) the traveled distance for the needle tip in the substrate (ddnn) [mm] and the 
traveled distance of the cart (ddcc) [mm], (b) clamp effi  ciency (ηηpp) [%], (c) propulsion effi  ciency (ηηpp) [%], and (d) 
motion effi  ciency (ηηmm)[%] over the number of actuation cycles (CC)� Th e circles and solid lines are the mean values 
for the needle, the squares and dashed lines are the mean values for the cart, and the error bars are the standard devi-
ation. Th e gray overlay indicates that the traveled distances and effi  ciencies for over 20 actuation cycles are provided 
only for the 5-wt% and 10-wt% gelatin-based tissue-mimicking phantom.

system enables the needle to propel itself through stationary tissue-mimicking phantoms by 
locking, advancing, releasing, and retracting the needle segment advance mechanisms while 
the actuation system maintains its stationary position.

In an ideal scenario, ηp(C) = 100%, meaning that the needle will only self-propel and not 
push the substrate forward (dc(C) = 0 mm). When the advance mechanisms, in that case, 
operate at ηc(C) = 100%, this leads to ηm(C) = 100%. Th e results of this study suggest that for 
the needle operating in air, the advance mechanisms functioned at ηc(C) = 100% and ηp(C)
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was nearly 100%. More specifically, the mean ηp(C) in air was not 100%, because of a slight 
movement of the cart, which was probably caused by the friction between the moving needle 
segments and the cart.

When ηp(C) < 100%, while ηc(C) = 100%, dn(C) is less than de(C), as the cart is pushed for-
ward and also travels a certain distance (dc(C) > 0 mm). This situation is shown in the results 
for the needle in 5-wt% gelatin, where the mean dn(C) was lower than that in air, although, 
in both 5-wt% gelatin and in air, the mean ηc(C) percentages were nearly 100%. This can be 
attributed to slipping of the stationary needle segments in the substrate. Nevertheless, over 
the number of actuation cycles, the mean ηp(C) in 5-wt% gelatin increased; thus, the slip in 
the substrate decreased. This is likely due to the friction force on the needle segments, which 
increased with increasing insertion depth, whereas the cutting force remained constant [19].

When the advance mechanisms operate at ηc(C) < 100%, they fail to move the needle 
segments forward by de(C) due to slipping within the clamps, which likely occurs during the 
dark green advance phase (i.e., when the collet is closed around the needle segment). This 
may be due to the cutting and frictional forces acting on the tip and the shaft of the advancing 
needle segment, which may be greater than the clamping force of the advance mechanism. 
This effect is shown in the experimental results for the needle in 10-wt% gelatin, where the 
measured mean ηc(C) decreased with increasing number of actuation cycles, likely due to the 
increasing friction force on the needle segment with increasing insertion distance, which in 
turn increased the required clamping force. 

To compare the performance of our needle with that of state-of-the-art wasp-inspired 
needles, we used dn(C) and dc(C) to compute the slip ratio (sratio(C)) of our needle in the 
substrate (Eq. 11.5). sratio(C) quantifies the slip between the stationary needle segments and 
the substrate, which limits the self-propulsion capabilities of the needle. 

(11.5)

The mean sratio(20) values of our needle of 0.26 ± 0.045 and 0.27 ± 0.019 in 5-wt% and 
10-wt% gelatin, respectively, are greater than the slip ratios reported in previous research on 
wasp-inspired needles of 0.18 ± 0.011 [14] and 0.2 [7] in 5-wt% gelatin, and 0.19 ± 0.007 [14] 
and 0.3 [7] in 10-wt% gelatin. The differences in the slip ratios can be attributed to several 
factors. First, an actuation system using low-friction ball splines applies a small insertion push 
force onto the needle segments, which helps the advancing needle segment overcome the 
cutting and friction forces in the stationary tissue-mimicking phantom [14]. Consequently, 
this approach likely resulted in a lower slip ratio than our approach did. Second, Scali et al. 
[7] used fewer needle segments (six compared with seven) with smaller diameters (0.25 mm 
compared with 0.3 mm) than we did, leading to an overall smaller needle diameter than our 
needle (0.8 mm compared with 1.0 mm). A smaller needle diameter reduces forces at the tip 
of the needle, resulting in a lower slip ratio. Previous research has confirmed that the peak 
axial needle insertion force increases with increasing needle size [20].
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 11.4.2 Limitations
Among the seven parallel needle segments comprising our needle, the segment with the 
heat shrink tube (i.e., the bundling segment) exhibited a shorter traveled distance than the 
other segments did, resulting in a lower measured mean ηc(C) for the bundling segment. Th e 
resultant ηc(C) values of the bundling segment (mean ± SD) over the total insertion distance 
were 59  ±  13% and 15 ± 2% in the 5-wt% and 10-wt% gelatin samples, respectively. Th e 
shorter traveled distance of the bundling segment is likely caused by the increased friction 
and cutting forces compared with those of the other segments. Th ese forces may overcome the 
clamping force of the needle segment advance mechanism, leading to the bundling segment 
slipping within the advance mechanism and causing a decrease in ηc(C). As the bundling 
segment lags behind the other needle segments, the other needle segments begin to protrude 
while they are no longer bundled at the tip. Th is protrusion allows the needle segments to 
diverge at their tips, which increases the force required to advance the bundling segment 
over the other needle segments. Consequently, the lag of the bundling segment worsens with 
increasing insertion distance, decreasing ηc(C) with increasing number of actuation cycles. 
To address this issue, future versions of the ONCA should incorporate an internal bundling 
mechanism that does not interfere with the needle’s wasp-inspired self-propelled motion [11].

Th e design of the actuation system, particularly the needle segment advance mechanisms, 
constrains the needle segment diameter to 0.3 mm. Th is diameter constraint prohibits the 
integration of a needle or functional segment with a diff erent diameter into the system. Con-
sequently, a direct experimental comparison between the wasp-inspired segmented needle 
and a conventional needle using the ONCA is currently not possible. Nevertheless, a previous 
study has shown that a wasp-inspired self-propelled motion can reduce tissue motion and 
deformation as compared to needle insertion of a conventional needle [5]. In future ex vivo 
experiments using the ONCA, tissue damage can be evaluated through histological analysis, 
similar to the approach used by Gidde et al. [21, 22], to enable comparison with conventional 
needle insertion. 

 11.4.3 Recommendations and future research
In the experiments, we evaluated the ONCA’s ηc(C), ηp(C), and ηm(C). Our results show that 
in air and 5-wt% gelatin, the mean ηc(C) was near 100%, whereas in 10-wt% gelatin, the mean 
ηc(C) was lower. ηc(C) is a characteristic of the pencil lead advance mechanism used and can 
be increased by increasing the clamping force of the advance mechanism. We performed force 
measurements using a force gauge to quantify the clamping and insertion forces exerted on 
the needle segments by the actuation system. During actuation, the measured peak insertion 
force applied by the actuation system to the needle ranged from 0.5 N to 0.8 N (0.7 ± 0.1 N, 
mean ± standard deviation, number of repetitions = 6). Th e measured peak clamping force 
applied to the individual locked needle segments ranged from 0.7 N to 2.9 N (1.6 ± 0.8 N, 
mean ± standard deviation, number of repetitions = 6). Increasing the clamping force can 
help resist forces acting on the needle segment within the stiff er substrate. Th e clamping force 
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of the advance mechanism can be increased, for instance, by increasing the spring’s stiffness 
or by reducing the taper angle of the sleeve. Nevertheless, the clamping force should not 
have such a high value that the needle segment deforms. This risk of deformation or damage 
increases when the needle segment is replaced with a functional segment, such as a hollow 
tube or optical fiber.

In order to enhance ηp(C) of the ONCA, the friction between the stationary needle seg-
ments and the surrounding substrate can be increased by incorporating a directional friction 
surface topography on the needle shaft, as shown by Frasson et al. [23], Parittotokkaporn et 
al. [24], and Fung-A-Jou et al. [25]. Another method to increase ηp(C) involves decreasing the 
friction and cutting forces on the advancing needle segment by, for example, sharpening the 
needle segment tips to lancet points [26, 27] or inserting the needle segment via a rotational 
or a vibratory insertion motion [28, 29]. Additionally, ηp(C) can be increased by preventing 
the separation of the needle segments by incorporating an internal bundling mechanism [11].

To clinically use the ONCA as a passageway to a target location deep within the body, 
a functional segment can replace the central needle segment, as illustrated in Figure 11.9a. 
The functional segment can be an optical fiber for prostate cancer focal laser ablation. Focal 
laser ablation is a prostate cancer treatment option that leads to homogeneous tissue necrosis 
caused by an optical fiber that is positioned near the tumor using a needle [30]. Figures 11.9b-
d demonstrate the ability of the needle to successfully propel out of various fruits with dif-
fering stiffnesses and inhomogeneous anatomies, with the optical fiber serving as the central 
needle segment. In all cases, the needle was initially inserted halfway through the fruit and 
then actuated to propel itself further and out of the fruit. The self-propelled actuation enabled 
the needle to effectively penetrate all the fruits, including their relatively tough skins. 

Besides functionalization, addressing sterilization and image guidance techniques is essen-
tial. The ONCA is a modular design that can be a so-called “reposable” device [31, 32], which 
integrates disposable and reusable modules. The needle segments can be easily removed from 
the actuation system when the advance mechanisms are in their released state. In our design, 
the needle that is in contact with the patient can be disposable, while the actuation system 
can be reusable. The main challenge that remains is the interconnection between the reusable 
actuation system and disposable needle segments. Research into a sterile barrier around the 
actuation system will be incorporated into future prototypes of our design. Furthermore, 
image guidance techniques can be used to visualize the trajectory of the needle inside the 
tissue, and implementing a feedback control system within the actuation system can enable 
real-time correction of this trajectory. 

Our experiments were conducted in a controlled environment using tissue-mimicking 
phantoms made with gelatin powder. However, to assess the ONCA’s functioning in a clinical 
setting, ex vivo or in vivo experiments are needed. These experiments will help us to investi-
gate the effects of inhomogeneous tissue properties and the presence of different tissue layers 
(e.g., skin, fat, and muscle) with other mechanical properties (e.g., modulus of elasticity), as 
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well as blood, on the self-propelling performance of the needle. During our evaluation, the 
needle was manually inserted 30 mm into the substrate before being actuated. In clinical 
practice, the needle must fi rst puncture the skin of the patient before being able to self-propel 
through the tissue. Th e skin introduces a surface stiff ness force due to the needle puncturing 
the skin until the moment of puncture [1]. To overcome this, manual insertion of the needle 
through the skin could be an option using an initial puncture needle, ensuring suffi  cient con-
tact between the needle segments and the surrounding tissue for the self-propelled motion. 
Th e ability of a wasp-inspired self-propelled needle to advance in ex vivo porcine liver and 

Figure 11�9� Demonstration of the needle with optical fi ber as central needle segment propelling through fruits 
with varying stiff nesses� (a) Close-up of the needle tip consisting of six stainless steel rods and a central optical fi ber 
as the seventh central needle segment. Th e pictures on the le  show the initial position of the needle halfway inside 
the fruit before actuation. Th e pictures on the right show the needle propelled through the fruit a er actuation, where 
the arrow marks the needle tip. Fruits: (b) grape, (c) tomato, and (d) banana.
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human prostate tissue has been exemplified successfully in previous studies [9, 10]. Moreover, 
Scali et al. [7] showed that a wasp-inspired self-propelled needle can advance in multilayered 
tissue-mimicking phantoms. These previous studies suggest that the ONCA can achieve a 
similar performance. To conclusively demonstrate this, evaluating the ONCA in ex vivo and 
in vivo experiments is necessary.

11.5 Conclusion
This study presents the design and evaluation of a stationary actuation system that can 
advance a needle through stationary tissue-mimicking phantoms. Based on the pencil lead 
advance mechanism in a mechanical pencil that advances the pencil lead at a fixed increment 
when the pencil button is pressed, our actuation system advances the seven needle segments 
that comprise our needle by locking, advancing, releasing, and retracting the advance mech-
anisms. This actuation system allows advancing a wasp-inspired self-propelled needle with a 
theoretically unlimited insertion length. Experimental evaluation revealed that the needle can 
self-propel in air, 5-wt% gelatin, and 10-wt% gelatin. The prototype’s mean clamp efficiency in 
5-wt% gelatin remained approximately constant and comparable to that of the needle in the 
air over the 20 actuation cycles. Meanwhile, in 10-wt% gelatin, the measured clamp efficiency 
decreased with increasing number of actuation cycles. In conclusion, the mechanical pen-
cil-based actuation system is a step forward in developing self-propelled needles for targeting 
deep tissue structures.

Supplementary material
The data underlying this study are available at doi: 10.4121/82c5b1b0-9135-4a97-85af-
4931cca0c6d0.
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12.1 Findings of this thesis
TransPerineal Laser Ablation (TPLA) is a localized prostate cancer treatment that relies 
on needle control. For TPLA applications, parasitic wasp-inspired needles are particularly 
interesting due to their abilities to self-propel, transport, and steer, thus enabling trajectory 
adjustments. The aim of this thesis was to present and evaluate new wasp-inspired needle de-
signs developed to enhance needle trajectory control for TPLA treatment. In order to achieve 
this goal, we have developed two wasp-inspired needles and five actuation systems. Our main 
findings can be summarized in the following research contributions:

In Chapter 2, we investigated the main challenges associated with needle positioning 
during therapeutic interventions for prostate cancer. These challenges include (1) access 
restrictions to the prostate gland caused by the pubic arch, known as Pubic Arch Interference 
(PAI), and (2) needle positioning errors. Current clinical guidelines addressing PAI and 
needle positioning errors are ambiguous, and compliance in the clinical setting varies across 
institutions. This lack of clarity complicates the differentiation between acceptable and unac-
ceptable levels of PAI and needle positioning errors. We discovered that needle positioning 
errors are generally considered unacceptable when they exceed 2-4 mm for off-axis errors and 
2-15 mm for longitudinal errors. For measuring PAI, various methods are reported, including 
assessing the overlap distance from the inner surface of the pubic arch to the border of the 
prostate. PAI is considered unacceptable at overlap distances of 4-10 mm in the lithotomy 
position and 10-11 mm in the supine position of the patient. 

Given that novel needles can improve trajectory control, Chapter 3 provided an over-
view of the state-of-the-art in bioinspired needle designs. Designing medical needles using 
bioinspiration is a relatively new field, with the first article on the topic published in 2002 [1]. 
Bioinspiration for needle design was initially mainly limited to the parasitic wasp and the 
mosquito. However, to date, a variety of over 25 biological species has been investigated. We 
classified existing bioinspired needle designs based on their needle-tissue interaction and 
propulsion strategies. Most needle designs use friction-reduction strategies and are inserted 
using a free-hand technique.

To identify future directions of the technologies applied by the instruments for localized 
cancer treatment, Chapter 4 gave a comprehensive overview of the patent literature on min-
imally- and non-invasive focal therapy instruments to treat localized cancer. We developed a 
classification based on the treatment target (cancer cell or network of cancer cells), treatment 
purpose (destroy the cancerous structure or disable its function), and treatment means 
(energy, matter, or a combination of both). Most instruments in the patent literature apply a 
mechanism that destroys the cell structure using energy or combined energy and matter, or 
disables the cell function using energy. 

Female parasitic wasps use their ovipositors to transport and deposit eggs into hosts. In 
order to reach the host in solid substrates such as wood without buckling the ovipositor, 
these wasps can self-propel their ovipositors. This is achieved by relying on the friction 
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force between the ovipositor’s parallel valves and the surrounding substrate. In the scientific 
literature, it is hypothesized that parasitic wasps use a similar friction-based principle to 
transport eggs through their ovipositors, relying on the friction force between the egg and the 
valves. In Chapter 5, these wasp-inspired transport and self-propulsion capabilities were, for 
the first time, integrated into a Transport Needle design. The resulting needle consists of six 
parallel needle segments interconnected by an internal ring, which passes through slots along 
the length of the needle segments. The needle prototype, constructed from nitinol rods and 
internal stainless steel rings, measures 3 mm in outer diameter and 1 mm in inner diameter. 
The evaluation demonstrated successful friction-based self-propulsion and transport of 
tissue-mimicking phantoms. The self-propelling motion and the lateral compressive forces 
applied by the tissue on the needle segments resulted in the needle moving forward with a 
zero net push force on the needle, making it less prone to buckling as it propagated through 
the tissue-mimicking phantom.

In addition to self-propulsion and transport, the wasp can curve and steer its ovipositor 
to reach the desired target location. In the scientific literature, it is hypothesized that steer-
ing is achieved through asymmetry at the tip and pretension in the ovipositor’s valves. In 
Chapter 6, we investigated how to apply these steering mechanisms in a multi-segmented 
self-propelled needle called the Prebent Ovipositor Needle. In order to avoid separation of the 
needle segments, we developed a new interlocking mechanism consisting of an external hex-
agonal ring and six outer needle segments with an indent arranged in a circle around a central 
needle segment. The result is a sub-millimeter needle containing a central needle segment 
with a bevel-shaped prebent tip. We developed an actuation system consisting of six electric 
linear actuators that drive the six outer needle segments in the required wasp-inspired mo-
tion sequence. In an experimental evaluation in tissue-mimicking phantoms with a stiffness 
similar to healthy liver tissue (~5 kPa), we demonstrated that the Prebent Ovipositor Needle 
self-propelled in forward and steering motions. The needle steered successfully with a mean 
radius of curvature of 44 mm and was able to change its steering direction during insertion.

For the application of wasp-inspired needles in TPLA treatment, it is essential to ensure 
compatibility with the used image guidance technology, specifically Magnetic Resonance Im-
aging (MRI). In order to enable MR guidance, the needle must be actuated using a technology 
that does not incorporate metallic, magnetic, or conductive materials. Consequently, two 
MRI-compatible actuation systems were developed and evaluated in an MR environment. In 
Chapter 7, we presented the Ovipositor MRI Needle, which comprises a click-pen-inspired 
manual actuation system for a self-propelled needle. The manual actuation system solely con-
sists of MR-safe 3D-printed parts, and the needle consists of six parallel 0.25-mm diameter 
Nitinol rods bundled using a heat shrink tube, resulting in a needle with an outer diameter of 
0.84 mm. The evaluation within a preclinical 7-Tesla MRI system resulted in the first wasp-in-
spired needle shown to achieve successful self-propulsion through ex vivo human prostate 
tissue. The needle was visible in the MR images and self-propelled through the tissue with a 
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slip ratio of 0.82-0.96, indicating less effective propulsion than demonstrated by the Prebent 
Ovipositor Needle (Chapter 6), which can be explained by the higher stiffness of the prostate 
tissue as compared to the liver-mimicking phantom.

In Chapter 8, we enhanced the Ovipositor MRI Needle by integrating a steering system into 
the manual actuation system and accommodating an optical fiber for TPLA applications. To 
allow for steering, the housing of the handle can be rotated relative to the cone that converges 
the needle segments, similar to a 2-degrees-of-freedom joystick. Rotating the housing pushes 
and pulls the needle segments into and out of the cone, thereby shifting the needle segments 
in a controlled manner, resulting in a discrete bevel-shaped tip. We demonstrated that the 
needle prototype was able to self-propel and steer with a maximum deflection-to-insertion 
ratio of -0.088 in tissue-mimicking phantoms with a stiffness similar to prostate tissue (~17 
kPa). This shows that a discrete bevel-shaped tip is less effective for steering than a prebent 
bevel-shaped tip, as used in the Prebent Ovipositor Needle (Chapter 6). 

Chapter 9 introduced the Pneumatic Ovipositor Needle, which is composed of a pneu-
matic actuation system and a self-propelled needle, enabling urologists to operate the needle 
under MR guidance without the need for manual actuation within the confined space of the 
MRI bore. The pneumatic actuation system consists of MR-safe 3D-printed resin parts and 
off-the-shelf plastic screws and uses pressurized air and a control system to actuate the needle 
segments. The needle consists of six parallel 0.25-mm diameter Nitinol rods bundled using a 
heat shrink tube, resulting in a needle with an outer diameter of 0.84 mm. We demonstrated 
that the prototype was able to self-propel through ex vivo porcine liver tissue under MR 
guidance with a slip ratio of 0.88, similar to the Ovipositor MRI Needle in human prostate 
tissue (Chapter 7). 

In addition to ensuring MRI compatibility, it is essential for TPLA applications that the 
needle can extend to the required length to reach the prostate. Current prototypes of wasp-in-
spired needles in the scientific literature were designed as needle holders, with the actuation 
system directly coupled to the needle. As a result, inserting the needle into the tissue requires 
moving the tissue or the entire actuation system. In the confined space of the MRI bore, the 
needle must be able to self-propel inside the patient while the actuation system should remain 
in place. Therefore, we explored two design strategies to extend the needle to its required 
length, decoupling the needle and the actuation system. 

Chapter 10 presented the Splinositor, which uses a low-friction ball-spline mechanism that 
sequentially moves the needle segments in their self-propelled sequence while telescopically 
extending them from the actuation system. In this design, the low mass of the moving com-
ponents of the needle and its connection to the actuation system via a ball spline introduces 
a small friction force, generating a small net push force on the needle that facilitates propul-
sion into tissue while still preventing buckling. We demonstrated that the needle prototype 
self-propelled with mean slip ratios of 0.18, 0.19, and 0.35 in tissue-mimicking phantoms 
with a stiffness similar to healthy liver tissue (~5 kPa), healthy prostate tissue (~17 kPa), and 
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cancerous prostate tissue (~31 kPa), respectively. This indicates that the small net push force 
reduces the slip ratio, thereby enhancing the efficiency of needle advancement.

While the insertion distance of the Splinositor is limited to 100 mm by the length of the 
ball spline, Chapter 11 introduced a universal actuation system with a theoretically unlimited 
insertion length, named Ovipositor Needle Clamp Actuator (ONCA). The ONCA is based on 
the lead advance mechanism in mechanical pencils. In the ONCA, this mechanism was used 
to advance needle segments at fixed increments. The actuation system moves the seven needle 
segments that comprise our needle by clamping, advancing, and releasing them sequentially. 
We demonstrated that the ONCA self-propelled needle segments through tissue-mimicking 
phantoms with a stiffness similar to healthy liver tissue (~5 kPa) and healthy prostate tis-
sue (~17 kPa) with mean motion efficiencies of 68% and 57%, respectively. These motion 
efficiencies are similar to those achieved with the Prebent Ovipositor Needle but lower than 
those achieved with the Splinositor, which can be explained by slipping of the needle segments 
within the advance mechanisms during insertion through stiff tissues. After replacing one of 
the needle segments with a TPLA fiber, the ONCA was still able to self-propel them through 
fruits with differing stiffnesses and inhomogeneous anatomies. 

12.2 Needle and actuation: Toward clinical implementation

Technical challenges
This thesis presents various designs of wasp-inspired needles and actuation systems. Devel-
oping a complete needle design for clinical use requires the integration of a wasp-inspired 
needle with an actuation system optimized for clinical practice. Our findings from Chapters 6 
and 8 indicate that the ideal wasp-inspired needle design for TPLA can self-propel and steer 
while allowing for optical fiber placement in the needle’s central lumen. 

The thesis presented two omnidirectional steering methods inspired by prevalent hypoth-
eses on how the wasp achieves ovipositor steering: asymmetry (i.e., a bevel-shaped tip) and 
prebending. In terms of both self-propulsion and steering efficiencies, the combination of a 
bevel-shaped tip and prebending was the preferred steering method, enabling lateral steering 
of up to 20 mm over an insertion distance of approximately 40 mm (Chapter 6), demonstrating 
its potential to overcome excessive PAI and correct needle positioning errors during TPLA 
treatment. However, to critically evaluate the needle’s trajectory control performance in a 
clinical setting, future research should focus on assessing the endpoint error [2]. Additionally, 
this needle design does not allow for steering when a straight optical fiber replaces the prebent 
central needle segment.

To solve this challenge, the needle can be steered to the target location using the prebent 
central needle segment, which is then removed and replaced by an optical fiber. This approach 
is similar to using a guidewire to guide a catheter through a vascular network. However, 
the current external interlocking ring fails to maintain the hexagonal arrangement of the 
outer needle segments once the central needle segment is removed. In contrast, the internal 
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interlocking ring described in Chapter 5 does preserve this hexagonal arrangement, but its 
miniaturization is challenging with the current manufacturing technique. 

An alternative approach would be to incorporate the prebending in the outer needle seg-
ments instead of the central needle segment, similar to the prebending method exhibited in 
a wasp ovipositor [3]. When the ovipositor valves are aligned with their tips, the pretensions 
in the valves counteract each other, resulting in a straight structure. In contrast, when a valve 
protrudes, its tip curves inward toward the other valves. In order to incorporate prebending 
in our outer needle segments, we can prebend the outer needle segments inward at the tip 
(Figure 12.1a). When the needle segments are aligned tip-to-tip and the interlocking ring is 
positioned at the tip, the prebendings within the needle segments, in principle, counterbal-
ance each other, thereby ensuring a straight needle. When an outer needle segment protrudes, 
its tip curves inward for a curved trajectory. 

A disadvantage of prebent outer needle segments combined with a stiff interlocking ring is 
that the prebents increase the friction force with the interlocking ring as the needle segments 
advance. This increases the axial force on the advancing needle segments and causes buckling 
of their shafts. Moreover, it can cause an unstable situation in which the interlocking ring 
moves into the backward position, causing unwanted twisting of the needle segment tips, 
making them all point outward, as we observed in explorative tests (Figures 12.1b,c). This 
creates so much resistance with the tissue that it causes unwanted tissue damage and effec-
tively blocks the forward motion. The explorative tests were conducted using the control and 
actuation system described in Chapter 6 and were performed in tissue-mimicking phantoms 
with a stiffness similar to healthy prostate tissue (~17 kPa).

In order to overcome these interlocking challenges, the stiff interlocking ring can be 
replaced by a solution closer to biology: an interlocking structure along the entire length of 
the needle all the way to its tip (Figure 12.1d), inspired by the olistheter mechanism of the 
wasp’s ovipositor. Creating complex shapes with a high aspect ratio, similar to the olistheter 
mechanism, is challenging. Recently, a thermal fiber drawing process has emerged to produce 
complex high-aspect-ratio geometries out of polycarbonate and polypropylene [4-6]. The pro-
cess begins with a macroscopic preform created using 3D printing or conventional machining 
[7], typically several centimeters in diameter and tens of centimeters in length. Subsequently, 
the preform is softened at elevated temperatures and drawn into a thin fiber with a diameter 
down to 1.3 millimeters while preserving the complex cross-sectional geometry throughout 
the length of the fiber [4-6]. The thermal fiber drawing process has successfully been applied 
in catheter prototypes for medical applications such as cardiovascular interventions and 
neurosurgery [4-6]. However, the current prototypes are unsuitable for deep percutaneous 
interventions such as TPLA because the thermally drawn polymer fibers cannot cut through 
the tissue and are prone to buckling, bending, and breaking under axial loads resulting from 
the tissue. In the near future, we expect that advancements in manufacturing techniques will 
enable the development of interlocking mechanisms made from materials that are both suffi-
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ciently drawable to very thin dimensions and stiff enough to cut through and be advanced into 
tissue without buckling. To further optimize the wasp-inspired needle desigs, future research 
should focus on developing needle-tissue interaction models that incorporate cutting forces 
at the neede tip, buckling behavior, insertion velocity, and the effects of Coulomb, viscoelastic, 
and adhesive friction. These models should be calibrated using experimental in vivo data to 
ensure predictive accuracy.

Our insights from the designs presented in Chapters 7-11 suggest that the ideal actua-
tion system is compatible with MR guidance and facilitates universal actuation. In order to 
achieve MRI compatibility in the universal actuation system presented in Chapter 11, the 
components of the universal actuation system should be made MRI compatible. This would 

Figure 12.1. Illustration of technical challenges in applying ovipositor-inspired steering. (a) Needle with prebent 
outer needle segments (gray), containing indentations and bundled with an interlocking ring (blue) at the needle tip. 
When the needle segments are aligned at their tips, the prebendings in the segments counteract each other, resulting 
in a straight needle. When a needle segment protrudes, its tip curves inward, enabling steering. (b) Unwanted unsta-
ble twisting and outward bending of the needle segment tips when the interlocking ring is pushed backward by the 
substrate during the self-propelled motion, illustrated by a photo (c) of an explorative test with this steering system in 
a tissue-mimicking phantom (~17 kPa). (d) Needle with olistheter-inspired interlocking structure. The needle con-
sists of four segments (gray): three outer needle segments with an olistheter-like interlocking structure and a central 
cylindrical needle segment that can be removed for tissue transport and replaced by a functional element, such as an 
optical fiber. Drawback of this needle design is that it is hard to manufacture at a very small scale.

Thesis.indb   294Thesis.indb   294 25-8-2025   15:49:1725-8-2025   15:49:17



Discussion

12

295

involve manufacturing the lead advance mechanisms of the mechanical pencil and the other 
actuation system components from MR-safe materials, like those presented in Chapters 7-9, 
or paramagnetic metals such as titanium. Furthermore, the motor of the actuation system 
should be replaced with, for example, a pneumatic actuator. 

An alternative approach is to substitute the lead advance mechanisms with different 
universal advance mechanisms that are MRI compatible. In a side project of this research, van 
der Helm [8] developed a universal actuation system that does not rely on the lead advance 
mechanism of a mechanical pencil; instead, it uses a friction-based advance system (Fig-
ure 12.2). The system contains a cam mechanism that functions in two directions: (1) the cam 
path varies in radial direction to clamp the needle segments and (2) the cam path varies in 
axial direction to advance the needle segments. Clamping is performed by leaf-spring-driven 
cam followers, which apply a normal force to the needle segments, resulting in a friction 
force between the followers and the needle segments. When this friction force overcomes the 
friction force between the needle segment and the low-friction surface in the housing, the 
needle segment is successfully advanced. The actuation system prototype consists primarily 
of MR-safe 3D-printed resin parts, with only the follower components and the low-friction 
surfaces made from MR-unsafe materials. These components can be replaced with substitutes 
constructed from MR-safe materials or paramagnetic metals such as titanium. Evaluation of 
the prototype showed self-propulsion through tissue-mimicking phantoms with a stiffness 
similar to healthy liver tissue (~5 kPa) and healthy prostate tissue (~17 kPa) with a high slip 
ratio as compared to the universal actuation system presented in Chapter 11, which can be 
explained by slipping of the needle segments within the friction-based advance mechanisms 
during insertion through tissues. 

Toward clinical implementation
Technology Readiness Levels (TRLs) ranging from 1 to 9 are a method to assess the maturity 
of new technologies, with TRL 1 representing a technology of which the basic principles are 
observed and reported and TRL 9 representing a commercially ready technology that has 
been proven to work in an operational environment [9]. The needles and actuation systems 
developed in this thesis are at TRL 3, which in the medical field involves ex vivo evaluation 
but does not yet include in vivo testing [10]. TRL 3 is, therefore, exempt from regulatory ap-
proval, such as compliance with the Medical Device Regulation 2017/745 (MDR) in Europe. 
However, when moving toward in vivo evaluation (TRL 4), some crucial aspects, such as 
user-system interaction and sterilization techniques, should be addressed (MDR: Chapter I, 
2.1, Annex VIII) [11].

First, the actuation system should have an ergonomic design that facilitates needle actua-
tion and steering within the confined space of the MRI bore. Important design challenges re-
main regarding the interaction between the clinician positioned outside the MRI bore and the 
actuation system inside it. Consequently, the needles will likely require manual teleoperation 
(i.e., remote control by the clinician from outside the MRI bore), similar to the MR-guided 
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Figure 12.2. Friction-based universal actuation system [8]. (a) Exploded view. Prototype photos: (a) exploded view 
(the complete prototype contains six followers and six low-friction surfaces, one for each of the six needle segments), 
(c) detailed exploded view of one of the followers, and (d) assembly view.
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teleoperated needles presented by de Vries et al. [12], Franco et al. [13], and Krieger et al. [14]. 
Additionally, addressing sterilization techniques is essential. Common sterilization 

methods are heat or steam sterilization (i.e., autoclave), chemical sterilization, and gamma 
irradiation [15]. All sterilization methods impose challenges in ensuring the functionality of 
the components post-sterilization [16, 17]. A solution to consider is developing a modular 
wasp-inspired needle that integrates disposable and reusable modules, a so-called “reposable” 
device [18, 19]. The disposable modules only need to be used once and, therefore, only require 
one sterilization cycle, which can be incorporated into the production process. In this case, 
the needle that is in contact with the patient can be disposable, while the actuation system can 
be reusable. The main challenge that remains is the interconnection between the reusable and 
disposable modules. A sterile cover can create a sterile barrier around the actuation system. 
Detachable needle clamps can transfer the actuation motion from the actuation system to 
the disposable needle through the sterile cover. These clamps can be similar to the needle 
guides presented by Stoianovici et al. [20] and can be either disposable and delivered with 
the disposable needle or reusable and meet the requirements for cleaning, disinfection, and 
sterilization of medical devices, such as having smooth and flat surfaces and featuring easily 
accessible lumens for brushing and rinsing [21]. This reposable design approach can enhance 
safety and efficiency in clinical settings while promoting sustainability by minimizing waste 
associated with single-use devices.

12.3 Nature and engineering: A future outlook
The design of the ovipositor in parasitic wasps presents inherent challenges due to its high 
aspect ratio, which results in a low critical buckling load, making it susceptible to buckling 
during the oviposition process. In order to address this challenge, parasitic wasps have devel-
oped several solutions, such as the self-propelled motion inside the substrate and reducing 
the effective length or increasing the diameter and second moment of area of their ovipositors 
outside the substrate. 

In this thesis, we have explored the application of wasp-inspired mechanisms for self-pro-
pulsion, transport, and steering. To prevent buckling of the individual needle segments 
outside the substrate, several strategies have been implemented in our designs, including: 
(1)  supporting the needle with additional structures outside the substrate, such as rings 
around the needle prototype presented by Scali et al. [22] (Figure 12.3a), telescopic tubes 
in the Prebent Ovipositor Needle (Figure 12.3b) and a Miura-origami structure in the Spli-
nositor (Figure 12.3c), and (2) disconnecting the actuation system from the needle in the 
ONCA (Figure 12.3d), allowing placement of the actuation system directly against the skin, 
thereby reducing the needle length outside the substrate to 0 mm. Nevertheless, the potential 
application of wasp-inspired mechanisms to prevent buckling outside a substrate remains an 
area for future exploration. Given the wide range of hosts and host-associated substrates, dif-
ferent parasitic wasp species have evolved unique anatomical modifications to support their 
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ovipositor. These modifications include supporting the ovipositor with additional structures 
outside the substrate, such as their hind legs (Figure 12.4a) [23], a groove inside the abdomen 
(Figure 12.4b) [24, 25], or specialized sheaths (Figure 12.4c) [3, 26-28], and telescopically 
extending the ovipositor from their abdomen (Figures 12.4d,e) [29]. 

Specialized sheaths (Figure 12.4c) are, for example, seen in Diachasmimorpha longicaudata 
Ashmead (Hymenoptera: Braconidae) and are flexible appendages that originate at the ventral 
side of the wasp’s abdomen similar to the ovipositor [26]. These sheaths are not inserted into 
the substrate the ovipositor is probing in, but gradually peel away over their entire length in an 
arc-like shape with increased insertion [3]. Moreover, the tips of the sheaths are hypothesized 
to help anchor the tip of the ovipositor during the initial phase of the oviposition process [26]. 

The telescopically extendable ovipositor (Figure 12.4d,e), possessed by the Scelio fulgidus 
Crawford (Hymenoptera: Scelionidae) and related genera, is positioned inside the abdomen 
at rest, whereas for the oviposition process, the ovipositor telescopically extends from the ab-
domen by an increase in hydrostatic pressure caused by muscle contraction [29]. The distance 
that the ovipositor can be extended is limited by the number of telescopic sections that can be 
stored within the abdomen in the retracted state and successfully extended by the hydrostatic 
extension system. The number of telescopic sections in the Scelinoid genus Scelio is two or 
three, resulting in an extension ratio of two to four [29]. An in-depth understanding of how 
different parasitic wasp species reduce the functional length or increase the diameter and 
second moment of area of their ovipositors may serve as a source of inspiration for enhancing 
the actuation system of our wasp-inspired needles, as well as other bioinspired engineering 
designs.

Figure 12.3. Schematic representation of applied strategies to prevent buckling of individual needle segments 
(red) between the actuation system (gray) and the substrate (pink). The needle is supported by (a) rings (green), 
(b) telescopic tubes (blue), or (c) a Miura-origami structure (orange). (d) The needle is directly extended from the 
actuation system, which allows the actuation system to be positioned directly against the substrate, reducing the 
effective length of the needle outside the substrate to 0 mm.
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Figure 12.4. Schematic representation of parasitic wasp anatomy modifications to reduce the effective length or 
increase the diameter and second moment of area of the ovipositor (red) outside the substrate (pink) to increase 
the penetration force that the wasp can apply without buckling the ovipositor. (a) The ovipositor (red) is held 
between the hind legs (green) in the wasp species Apocrypta westwoodi Grandi (Hymenoptera: Pteromalidae) [23]. 
(b) The ovipositor (red) lays in a groove (blue) on the ventral side of the abdomen (arrow 1) in the wasp species Mega-
rhyssa atrata Fabricus (Hymenoptera: Ichneumonidae) [24] or in a groove between the bases of the hind legs (arrow 
2) in the wasp species Pristaulacus comptipennis Enderlein (Hymenoptera: Aulacidae) [25]. (c) The ovipositor (red) 
is enveloped by sheaths (orange) that originate from the ventral side of the abdomen in wasp species such as the Di-
achasmimorpha longicaudata Ashmead (Hymenoptera: Braconidae) [28] and Watshamiella Wiebes (Hymenoptera: 
Pteromalidae) [27]. The sheaths detach and arch away during insertion when a considerable length of the ovipositor 
has been inserted into the substrate. (d) The ovipositor (red) shown in its retracted state is connected using telescopic 
tubes (yellow) to the abdomen in the wasp species Scelio fulgidus Crawford (Hymenoptera: Scelionidae) and related 
genera [29]. (e) The ovipositor in the extended state results in an extension ratio of ± 3.5 [29].

“Bioinspired design” is a well-known design approach that draws inspiration from the 
forms, functions, processes, and strategies found in biological organisms, which have devel-
oped themselves over millions of years of evolution, to solve engineering challenges [30, 31]. 
In its most effective form, bioinspired design is not based on simple imitation of biological 
organisms but, instead, on uncovering fundamental mechanisms and working principles 
underlying desirable traits of biological organisms and applying these mechanisms and 
working principles in new engineering designs [32]. Such designs adopt some of the features 
of the biological model after suitable adaptation to fulfill the different contexts of biology and 
engineering [32]. There are many examples of bioinspired designs, including Velcro, which 
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was invented by Georges de Mestral, who was inspired by the burdocks caught in his dog’s fur 
[33], self-cleaning paints inspired by the lotus leaf [34], and the wasp-inspired needle designs 
presented in this thesis. Biology offers infinite resources of forms, functions, processes, and 
strategies, and it is up to us to understand and translate these to solve future engineering 
challenges. 

So far, we have explored bioinspired design as a one-sided approach, where biology is 
a source of inspiration for engineering challenges. However, what if we shift our focus to 
the reciprocal interaction between engineering and biology by exploring the concept of 
“engineering-inspired biology”? Engineering-inspired biology refers to applying engineering 
principles to influence evolutionary processes or validate existing biological mechanisms 
[35]. For example, engineering-inspired biology is exemplified in synthetic biology, which 
uses engineering concepts to modify genetic structures and create organisms with specific 
traits (e.g., Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) technolo-
gy) [36]. However, this form of engineering-inspired biology requires human intervention to 
apply engineering concepts. This raises philosophical questions: To what extent can human 
engineering practices be considered part of biological evolution? What if human intervention 
were unnecessary? What if biology could directly draw inspiration from engineering? Imag-
ine a scenario in which parasitic wasps autonomously evolve by drawing inspiration from our 
designs to develop an ovipositor capable of being inserted over unlimited lengths, such as 
the ONCA (Chapter 11). The reciprocal interaction between biology and engineering opens 
a future full of shared ideas, where even biology might start taking notes from our designs.

12.4 Conclusions
This thesis demonstrates that wasp-inspired, self-propelled, and steerable needles contribute 
to a new generation of devices that enhance needle trajectory control, primarily for TPLA in 
prostate cancer treatment. To be able to actuate these needles in a clinical setting, we devel-
oped modular extension mechanisms and MRI-compatible actuation systems tested under 
MRI guidance. Although the focus was on TPLA, these needle designs have the potential to 
be applied across a broad range of percutaneous interventions in soft tissues. Steerable and 
self-propelled needles offer physicians greater accessibility and controllability of the needle 
trajectory and its final position in the patient’s body, leading to improved outcomes and 
reduced risks of adverse effects. The needles could be used for ablation procedures or other 
focal therapies and minimally invasive procedures in difficult-to-reach soft tissues, such as the 
liver, pancreas, lungs, kidneys, and brain [37, 38]. Furthermore, steering and self-propulsion 
capabilities can improve the sampling accuracy in biopsy procedures, reducing procedure 
time and increasing diagnostic accuracy. Simple modifications to the material, shape (e.g., 
solid rod or hollow tube), diameter, length, and number of needle segments allow the needles 
to be adapted to a wide range of clinical applications, thereby broadening their impact in 
percutaneous interventions. 
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