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Abstract

Prostate cancer diagnosis and focal laser ablation treatment both require the insertion of a

needle for biopsy and optical fibre positioning. Needle insertion in soft tissues may cause tis-

sue motion and deformation, which can, in turn, result in tissue damage and needle position-

ing errors. In this study, we present a prototype system making use of a wasp-inspired

(bioinspired) self-propelled needle, which is able to move forward with zero external push

force, thereby avoiding large tissue motion and deformation. Additionally, the actuation sys-

tem solely consists of 3D printed parts and is therefore safe to use inside a magnetic reso-

nance 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 seg-

ment 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 tis-

sue when the friction force of the five retracting needle segments overcomes 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 tis-

sue with a slip ratio in the range of 0.78–0.95. The prototype is a step toward self-propelled

needles for MRI-guided transperineal laser ablation as a method to treat prostate cancer.

1. Introduction

1.1 Focal laser ablation

Prostate cancer is the second most common cancer diagnosed in men and the fifth 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 effects by preserving noncancerous tissue [2]. Focal laser ablation of the prostate is an
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appealing focal therapy option as it leads to homogeneous tissue necrosis caused by a laser

fibre 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 fibres 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 nee-

dle 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]. More-

over, 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 tar-

get 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 nee-

dle’s critical load, the needle will deflect laterally—a phenomenon called buckling [11]. The lat-

eral deflection might damage tissue in the needle vicinity and lead to poor control of the

needle path [12, 13].

1.2 State-of-the-art in self-propelled needles

In an attempt to reduce tissue damage during needle insertion, needle designs have been devel-

oped 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 actu-

ation 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 electro-

magnetic field is that they are not compatible with magnetic resonance imaging (MRI). Besides

electromagnetically actuated needles, wasp-inspired self-propelled needles have been devel-

oped [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]. The 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] (Fig 1A). A groove-and-tongue

mechanism interlocks the valves along their length [21, 22]. The advancing-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]. The advancement

and retraction forces produce a net force near zero, enabling a 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 1 holds:

Xp

i¼1

ðFfric;i þ Fcut;iÞ �

Xr

j¼1

ðFfric;jÞ ð1Þ

where p is the number of advancing needle segments, r is the number of retracting needle seg-

ments, and Ffric and Fcut are the friction and cutting force, respectively (Fig 1B). For the self-

propelled motion to occur, the friction force of the retracting needle segments should over-

come 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.
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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.

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 ultra-

thin 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 five segments [26]. Furthermore, it is possible to steer the needle by induc-

ing an offset between the needle segments, creating a discrete bevel-shaped tip [26].

1.3 Goal of this research

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 visualisation 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

Fig 1. Visualisation 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

ovipositor-inspired needle insertion into tissue with one advancing needle segment (yellow) and two retracting needle

segments (grey). 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.

https://doi.org/10.1371/journal.pone.0274063.g001
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[18, 25]. These needles cannot be used in MRI-guided procedures, as the electric motors inter-

fere with the magnetic field. The aim of this research was, therefore, to design an MR-safe actu-

ation system for a self-propelled needle and to evaluate its performance in human prostate

tissue.

2. Design

2.1 Design requirements

The 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-pro-

pelled 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 fibre positioning [6],

we used a maximum needle diameter of 1 mm. To enable evaluation in a closed-bore preclini-

cal 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 fitting 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 fibre.

Finally, the materials used in the needle and the actuation unit are MRI-compatible to allow

placing them inside the MRI system.

2.2 Overall system design

The needle’s self-propelled motion requires a sequential translation of the six needle segments

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

backwards over one-fifth of the stroke distance (Fig 2A). The needle segments are continu-

ously in motion in order to apply a constant strain to the surrounding tissue. We opted for a

manually-controlled actuation system 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. Fig 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, Fig 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 4 shows the working principle of our selector (in green). The cylindrical mechanism is

simplified and visualised in a two-dimensional (2D) schematic illustration to explain the work-

ing principle. The columns in Fig 4 show the subsequent steps in the motion cycle. The rows

in Fig 4 show the different layers of the selector. The selector (Fig 4A–4D) contains two sets

of aligned teeth. A fixed housing (in grey) also contains two sets of teeth. For the housing, the

teeth at the right are shifted over half a tooth width. The 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 (Fig 4A), the teeth on the right side of the selector

come in contact with the teeth on the right side of the housing (Fig 4B, the interacting teeth of

the housing are indicated in dark grey). The 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

PLOS ONE Design and evaluation of an MRI-ready, self-propelled needle

PLOS ONE | https://doi.org/10.1371/journal.pone.0274063 September 7, 2022 4 / 20

https://doi.org/10.1371/journal.pone.0274063


Fig 3. Click-pen mechanism of a ballpoint pen. Illustration of one of the first patented click-pen mechanisms (Parker

Pen Co Ltd) [31].

https://doi.org/10.1371/journal.pone.0274063.g003

Fig 2. Visualisation of the motion sequence of the needle segments. (A) During the motion, one needle segment

moves forward over the stroke distance while the other needle segments move slowly backwards 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.

https://doi.org/10.1371/journal.pone.0274063.g002
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selector is moved in the negative x-direction (Fig 4C) until the selector’s left teeth come in con-

tact with the housing’s left teeth (Fig 4D), causing the selector to move again in the negative y-

direction over half the teeth’ pitch distance until the motion is again blocked. The 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. Fig 4E–4H show how the selector contains small protruding cylinders (in dark

green) that can slide in straight horizontal slots in a cam (in orange). The housing prevents the

cam from translating in the horizontal x-direction. When the selector is translated in the posi-

tive or negative x-direction, the protruding cylinders transmit the selector’s stepwise transla-

tion in the y-direction to the cam. Fig 4I–4L show that the cam contains a V-shaped slot (in

light orange). Six needle segment holders (Fig 4I–4L, in yellow) contain small protruding cyl-

inders (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 Fig 4 is, in reality, a stepwise rotation around the x-axis in 3D. Fig

5 shows the 3D working principle of the selector (in green), surrounded by a concentric hous-

ing (in grey) 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.

Fig 4. Schematic representation of the selector motion mechanism in 2D, including the selector (green), housing

(grey), 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.

https://doi.org/10.1371/journal.pone.0274063.g004
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The housing and the selector both contain six teeth on the left and right sides. Therefore, 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 Corpora-

tion; Waltham, MA, USA). To facilitate the manual actuation of the selector, we added a trans-

lation ring to the actuation unit (Fig 6, Part 4 in red). The 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 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-

Fig 5. Schematic motion sequence of the selector in 3D, including the selector (green), housing (grey), cam

(orange), and needle segment holders (yellow).

https://doi.org/10.1371/journal.pone.0274063.g005
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shaped channels from the actuation unit to the needle tip. These channels allow the needle seg-

ments to move back and forth freely while avoiding buckling.

2.3 Prototype manufacturing

Material selection. The American Society for Testing and Materials (ASTM) F2503 stan-

dard 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-con-

ductive, 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 environment, 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 and MR compatible. Nitinol is metallic and, therefore, MR conditional at best.

Nitinol is paramagnetic, meaning an external magnetic field weakly magnetises it while it loses

its magnetism when the external magnetic field is removed [34]. Nitinol has a lower magnetic

susceptibility than stainless steel; hence it produces fewer image artefacts than stainless steel

[35, 36]. Therefore, medical devices made from Nitinol are frequently used in MRI-guided

clinical procedures [37, 38]. The susceptibility difference between a Nitinol needle and the sur-

rounding 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 visualisation of the Nitinol needle [38, 39].

To comply with the diameter of conventional optical biopsy needles and optical treatment

fibre positioning, the needle in this study consists of six 0.25-mm diameter rods, i.e., the needle

segments. The needle segments are superelastic straight annealed Nitinol rods with a diameter

Fig 6. Exploded view (A) and cross-section (B) of the actuation unit of the Ovipositor MRI-Needle, consisting 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).

https://doi.org/10.1371/journal.pone.0274063.g006
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of 0.25 mm and a length of 276 mm, of which we placed 76 mm inside the actuation unit and

200 mm outside. The needle length is 200 mm to reach the prostate transperineally [30]. We

glued the Nitinol rods (Pattex instant glue, Gold Gel) inside the needle segment holders (Fig

7). The cyanoacrylate-based glue is inherently biocompatible [40]. Fig 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 thick-

ness 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. The shrinking tube is glued

(Pattex instant glue, Gold Gel) to one of the needle segments to maintain its position at the

Fig 7. Ovipositor MRI-Needle (A) 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. (B) Assembled prototype. The grey parts, i.e., the housing components, were produced using fused deposition 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 polylactic acid (PLA) guide tube supports the needle in the

support structure.

https://doi.org/10.1371/journal.pone.0274063.g007
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needle tip. The remaining needle segments can move freely back and forth through the shrink-

ing tube while the needle segments are bundled at the tip. The 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 actu-

ation unit. The double 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 6A shows that the double cone’s outer part contains a hive structure. The

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. The hive structure facilitates the 3D-printing process by creating short bridges

that will not fail [41].

Fig 7B shows the 3D-printed components of the actuation unit as well as the assembled

prototype. The components of the actuation unit were 3D printed on two different 3D print-

ers, an SLA printer and a fused deposition modelling (FDM) printer. Two printers with dif-

ferent 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 3D 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 For-

mlabs Form 3B printer with a layer height of 0.050 mm, and the FDM parts using an Ulti-

maker 3 printer with a layer height of 0.1 mm. During assembly, we glued the housing

bottom and housing top together (Pattex instant glue, Gold Gel). 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 length is 163 mm (Fig 6B),

the outer diameter is 35 mm, and the outer diameter of the translation ring is 45 mm. The

hollow core has a diameter of 2 mm.

3. Evaluation

3.1 Goal of the experiment

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). The discarded human prostate sample

was collected anonymously at the Amsterdam University Medical Center (www.amsterdamu

mc.org). The human prostate sample came from a deceased patient who had approved to

donate his body to science, and his prostate was collected after autopsy. Therefore, this experi-

ment 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 nee-

dle with respect to the prostate tissue. More specifically, we calculated the slip ratio over an
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entire measurement as in Eq 2:

sratio ¼ 1 �
dm

de

� �

ð2Þ

where dm and de are the measured and expected travelled distance, respectively. The expected

travelled distance is 4 mm in one cycle due to the 4-mm stroke dictated by the cam track. In

one cycle, all six needle segments are advanced in one step and retracted in five steps, meaning

that one cycle equals a full rotation of the cam. For one cycle, we had to translate the transla-

tion 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 travelled dis-

tance during one cycle was equal to 40 mm. The measured travelled distance is the difference

in the position of the needle tip we measured in the MR images before and after the needle

actuation for ten cycles.

3.2 Experimental setup

Fig 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 sys-

tem (MR Solutions, Guildford, United Kingdom). Instead of moving a needle towards the tis-

sue, we decided to move the tissue in the tissue box towards the needle. Specifically, we kept

the actuation unit stationary, fixed to the MRI system, to use the manual actuation force solely

for the translation of the needle segments with zero external push force. The principle of nee-

dle insertion with zero external push force holds if the self-propelled needle pulls the tissue

towards itself by pulling itself deeper into the tissue, thereby pulling the tissue box towards 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 radio frequency (RF) coil was

positioned. Inside the RF coil, the tissue sample can be positioned to allow for visualisation

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 coil while constraining the rolling

motion in the lateral direction. The 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 S1 Appendix.

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, fixated 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 fit

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. The remaining

part of the tissue box filled 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 different parts of the prostate sample with a new needle trajectory for each

measurement. The 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 left to right (Fig 8C). We positioned the needle in front of the tissue so

it could move through the tissue. Unfortunately, because of tissue inhomogeneities or the
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absence of tissue behind the holes, experiments could only be carried out in a few specific

holes (no. 6, 7, and 9). The tissue behind these specific holes appears homogenous on the MR

images. Hence, we assumed the behaviour of the needle to be the same for the experiments

using these holes.

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 S2 Appendix for imaging parameters). We

conducted three measurements using three different insertion holes in a randomised 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 after the ten actuation cycles. S3

Fig 8. Experimental setup of the ex 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.

https://doi.org/10.1371/journal.pone.0274063.g008
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Appendix contains a detailed explanation of the steps in the experimental protocol. After each

measurement, we cleaned the needle with water and alcohol. All measurements were con-

ducted in one day.

3.4 Experimental results

3D gradient-echo acquisitions visualised the start and end position of the needle tip. Fig 9

shows the MR images of the needle tip positions (Original MR images can be found in S4

Appendix). Table 1 shows the insertion depth and travelled distance measurements. The initial

insertion depth was that of the needle tip when it was positioned in front of the prostate tissue.

The travelled distance was the distance the needle travelled inside the prostate tissue. The

Fig 9. MR images of the needle inside the agar and ex vivo prostate tissue. Each row represents one measurement.

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

travelled distance of the tissue box, dm, in mm, with respect to the previous MR image.

https://doi.org/10.1371/journal.pone.0274063.g009
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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 0.78–0.95. This slip indicates that the needle seg-

ments unintentionally slide with respect to the tissue, resulting in a shorter measured travelled

distance than the expected travelled distance.

4. Discussion

4.1 Needle performance

This study reported on the design and experimental validation of a self-propelled needle with

an MRI-ready actuation system. The 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 0.78–0.95. The 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. The 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 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’ advanc-

ing motions, thereby increasing the needle’s slip ratio. The degree to which the segments

diverged at the needle tip could not be quantified because of the low resolution of the MRI sys-

tem used.

4.2 Limitations

The 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. This 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 position

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.

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

Table 1. Results of the ex vivo evaluation.

Measurement Insertion hole Initial insertion depth

[mm]

Measured travelled distance, dm

[mm]

Cycles Expected travelled distance, de

[mm]

Slip ratio, sratio

1 9 44.1 8.8 10 40 0.78

2 6 50.9 2.3 10 40 0.94

3 7 51.9 1.9 10 40 0.95

For each measurement, the following information is reported: the insertion hole used on the tissue box, measured travelled distance [mm] of the box, number of cycles

needed to travel that distance, expected travelled distance [mm] that the box would have travelled if no slip occurred, and the slip ratio.

https://doi.org/10.1371/journal.pone.0274063.t001
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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.

4.3 Future work

In this study, we placed the tissue in a box that moved towards 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 towards 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 motorised 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 pressurised air is commonly avail-

able 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 [42]. 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 ºC in liquid nitrogen and

thawed prior to the experiment. While rapid freezing reduces ice crystal formation in the tissue

and minimizes morphological changes [43], Venkatasubramanian et al. [44] demonstrated

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 a

comparable slip ratio as the Ovipositor MRI-Needle in ex vivo prostate tissue.

Another limitation related to our experiment conditions, the agar (2.5%wt) in which the

prostate tissue was embedded was stiffer than the prostate tissue itself, which could have affected

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 stiffer compared to less stiff phantoms. This

indicates that the stiff agar in our experiment could have increased the slip ratio of the Oviposi-

tor 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 chal-

lenges, such as the imaging system, the presence of blood flow 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 fits the animal model, as the currently used preclinical

MRI system has an RF coil diameter of only 65 mm. Alternatively, other imaging options like
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ultrasound could be used, which will have their own advantages and disadvantages, such as low

contrast for soft tissues [45]. The presence of blood flow 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., figs) [46, 47] thanks to harpoon-like serrations on the

valves, which increase friction [47]. Similarly, a microtextured directional surface topography

could be added to the needle surface, as shown by Parittotokkaporn et al. [48]. Another chal-

lenge 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 gelatine with different stiffnesses [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 towards the needle. In clinical practice, the needle will have

to self-propel inside the patient while the tissue remains in place. The actuation unit could be

placed on a dedicated robotic arm to manipulate the needle towards 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 difficult to reach certain prostate locations [49]. Steer-

able needles can help the clinician compensate for positioning errors and follow a curved path

to reach all positions inside the prostate while avoiding anatomical obstacles. In a future ver-

sion 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 bevel-

shaped tip. The surrounding tissue exerts forces on the bevel-shaped tip in an asymmetric fash-

ion, resulting in the bending of the needle in the direction of the bevel [50]. 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 [51]. 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 [51, 52]. 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 fibres. 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.

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
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actuate the reciprocating motion of the six parallel needle segments using a selector. A contin-

uous hollow core through the actuation unit allows for needle functionalisation with an optical

fibre 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 artefacts. 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 transperi-

neal focal laser ablation to treat prostate cancer.

Supporting information

S1 Appendix. Support structure design and manufacturing.

(DOCX)

S2 Appendix. Magnetic resonance parameters.

(DOCX)

S3 Appendix. Experimental protocol.

(DOCX)

S4 Appendix. Study data and original MR images.

(DOCX)

S1 Video. Video of the needle tip moving the needle segments subsequently.

(MP4)

Acknowledgments

We would like to thank David Jager from DEMO (Dienst Elektronische en Mechanische Ont-

wikkeling) at the TU Delft for sharpening the needle segments and Daniel Martijn de Bruin,

Luigi van Riel, Gustav Strijkers, and Theo de Reijke from the AUMC (Amsterdam University

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.

Author Contributions

Conceptualization: Jette Bloemberg, Fabian Trauzettel, Dimitra Dodou, Paul Breedveld.

Data curation: Jette Bloemberg, Fabian Trauzettel, Bram Coolen.

Investigation: Jette Bloemberg, Fabian Trauzettel.

Methodology: Jette Bloemberg, Fabian Trauzettel, Bram Coolen, Dimitra Dodou, Paul

Breedveld.

Validation: Jette Bloemberg.

Writing – original draft: Jette Bloemberg.

Writing – review & editing: Jette Bloemberg, Fabian Trauzettel, Bram Coolen, Dimitra

Dodou, Paul Breedveld.

PLOS ONE Design and evaluation of an MRI-ready, self-propelled needle

PLOS ONE | https://doi.org/10.1371/journal.pone.0274063 September 7, 2022 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274063.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274063.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274063.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274063.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274063.s005
https://doi.org/10.1371/journal.pone.0274063


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. https://doi.org/10.3322/caac.21660 PMID:

33538338

2. Lodeizen O, de Bruin M, Eggener S, Crouzet S, Ghai S, Varkarakis I, et al. Ablation energies for focal

treatment of prostate cancer. World journal of urology. 2019; 37(3):409–18. https://doi.org/10.1007/

s00345-018-2364-x PMID: 29943219

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. https://doi.org/10.

1148/radiol.13121652 PMID: 23440319

4. Hodge KK, McNeal JE, Stamey TA. Ultrasound guided transrectal core biopsies of the palpably abnor-

mal prostate. The Journal of urology. 1989; 142(1):66–70. https://doi.org/10.1016/s0022-5347(17)

38663-9 PMID: 2659826

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. https://doi.org/10.1016/s0090-4295(03)00108-0 PMID: 12809894

6. Patelli G, Ranieri A, Paganelli A, Mauri G, Pacella CM. Transperineal laser ablation for percutaneous

treatment of benign prostatic hyperplasia: a feasibility study. Cardiovascular and interventional radiol-

ogy. 2017; 40(9):1440–6. https://doi.org/10.1007/s00270-017-1662-9 PMID: 28474112

7. Leibinger A, Oldfield MJ, Rodriguez y Baena F. Minimally disruptive needle insertion: a biologically

inspired solution. Interface focus. 2016; 6(3):20150107. https://doi.org/10.1098/rsfs.2015.0107 PMID:

27274797

8. Wright RM, Ramesh K. An axonal strain injury criterion for traumatic brain injury. Biomechanics and

modeling in mechanobiology. 2012; 11(1–2):245–60. https://doi.org/10.1007/s10237-011-0307-1

PMID: 21476072

9. Moreira P, van de Steeg G, Krabben T, Zandman J, Hekman EE, van der Heijden F, et al. The MIRIAM

robot: A novel robotic system for mr-guided needle insertion in the prostate. Journal of medical robotics

research. 2017; 2(04):1750006. https://doi.org/10.1142/S2424905X17500064

10. DiMaio SP, Salcudean SE. Needle insertion modeling and simulation. IEEE Transactions on robotics

and automation. 2003; 19(5):864–75. https://doi.org/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. https://doi.org/

10.1088/1748-3190/11/2/021001 PMID: 26891469

12. Abolhassani N, Patel R, Moallem M. Needle insertion into soft tissue: A survey. Medical engineering &

physics. 2007; 29(4):413–31. https://doi.org/10.1016/j.medengphy.2006.07.003 PMID: 16938481

13. Abolhassani N, Patel RV, Ayazi F. Minimization of needle deflection in robot-assisted percutaneous

therapy. The international journal of medical Robotics and computer assisted surgery. 2007; 3(2):140–

8. https://doi.org/10.1002/rcs.136 PMID: 17619247

14. Ilami M, Ahmed RJ, Petras A, Beigzadeh B, Marvi H. Magnetic needle steering in soft phantom tissue.

Scientific reports. 2020; 10(1):1–11. https://doi.org/10.1038/s41598-020-59275-x PMID: 32051477

15. Schwehr TJ, Sperry AJ, Rolston JD, Alexander MD, Abbott JJ, Kuntz A. Toward targeted therapy in the

brain by leveraging screw-tip soft magnetically steerable needles. HSMR2022 (The 14th Hamlyn Sym-

posium on Medical Robotics) 2022.

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. https://doi.

org/10.1007/s11701-011-0277-4 PMID: 27638271

17. Virdyawan V, Oldfield M, y Baena FR. Laser Doppler sensing for blood vessel detection with a biologi-

cally inspired steerable needle. Bioinspiration & biomimetics. 2018; 13(2):026009. https://doi.org/10.

1088/1748-3190/aaa6f4 PMID: 29323660

18. Scali M. Self-propelling needles: From biological inspiration to percutaneous interventions. 2020.

https://doi.org/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 Sci-

ences. 1995; 261(1360):99–103. https://doi.org/10.1098/rspb.1995.0122

20. Cerkvenik U, Van de Straat B, Gussekloo SW, Van Leeuwen JL. Mechanisms of ovipositor insertion

and steering of a parasitic wasp. Proceedings of the National Academy of Sciences. 2017; 114(37):

E7822–E31. https://doi.org/10.1073/pnas.1706162114 PMID: 28847936

PLOS ONE Design and evaluation of an MRI-ready, self-propelled needle

PLOS ONE | https://doi.org/10.1371/journal.pone.0274063 September 7, 2022 18 / 20

https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1007/s00345-018-2364-x
https://doi.org/10.1007/s00345-018-2364-x
http://www.ncbi.nlm.nih.gov/pubmed/29943219
https://doi.org/10.1148/radiol.13121652
https://doi.org/10.1148/radiol.13121652
http://www.ncbi.nlm.nih.gov/pubmed/23440319
https://doi.org/10.1016/s0022-5347%2817%2938663-9
https://doi.org/10.1016/s0022-5347%2817%2938663-9
http://www.ncbi.nlm.nih.gov/pubmed/2659826
https://doi.org/10.1016/s0090-4295%2803%2900108-0
http://www.ncbi.nlm.nih.gov/pubmed/12809894
https://doi.org/10.1007/s00270-017-1662-9
http://www.ncbi.nlm.nih.gov/pubmed/28474112
https://doi.org/10.1098/rsfs.2015.0107
http://www.ncbi.nlm.nih.gov/pubmed/27274797
https://doi.org/10.1007/s10237-011-0307-1
http://www.ncbi.nlm.nih.gov/pubmed/21476072
https://doi.org/10.1142/S2424905X17500064
https://doi.org/10.1109/TRA.2003.817044
https://doi.org/10.1088/1748-3190/11/2/021001
https://doi.org/10.1088/1748-3190/11/2/021001
http://www.ncbi.nlm.nih.gov/pubmed/26891469
https://doi.org/10.1016/j.medengphy.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16938481
https://doi.org/10.1002/rcs.136
http://www.ncbi.nlm.nih.gov/pubmed/17619247
https://doi.org/10.1038/s41598-020-59275-x
http://www.ncbi.nlm.nih.gov/pubmed/32051477
https://doi.org/10.1007/s11701-011-0277-4
https://doi.org/10.1007/s11701-011-0277-4
http://www.ncbi.nlm.nih.gov/pubmed/27638271
https://doi.org/10.1088/1748-3190/aaa6f4
https://doi.org/10.1088/1748-3190/aaa6f4
http://www.ncbi.nlm.nih.gov/pubmed/29323660
https://doi.org/10.4233/uuid%3A523e3e5f-08f0-4acb-ab45-abaa7ace3967
https://doi.org/10.1098/rspb.1995.0122
https://doi.org/10.1073/pnas.1706162114
http://www.ncbi.nlm.nih.gov/pubmed/28847936
https://doi.org/10.1371/journal.pone.0274063


21. Vilhelmsen L, Isidoro N, Romani R, Basibuyuk HH, Quicke DL. Host location and oviposition 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. https://doi.org/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. https://doi.org/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; Bangkok, Thailand: IEEE.

24. Oldfield MJ, Leibinger A, Seah TET, y Baena FR. Method to reduce target motion through needle–tis-

sue interactions. Annals of biomedical engineering. 2015; 43(11):2794–803. https://doi.org/10.1007/

s10439-015-1329-0 PMID: 25943896

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. Proceed-

ings of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 2010; 224

(6):775–88. https://doi.org/10.1243/09544119JEIM663 PMID: 20608494

26. Scali M, Pusch T, Breedveld P, Dodou D. Ovipositor-inspired steerable needle: design and preliminary

experimental evaluation. Bioinspiration & Biomimetics. 2017; 13(1):016006. https://doi.org/10.1088/

1748-3190/aa92b9 PMID: 29019464

27. Scali M, Breedveld P, Dodou D. Experimental evaluation of a self-propelling bio-inspired needle in sin-

gle-and multi-layered phantoms. Scientific reports. 2019; 9(1):1–13. https://doi.org/10.1038/s41598-

019-56403-0 PMID: 31882707

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. https://doi.org/10.1016/j.eururo.2010.03.008 PMID: 20346578

29. Stafford RJ, Shetty A, Elliott AM, Klumpp SA, McNichols RJ, Gowda A, et al. Magnetic resonance

guided, focal laser induced interstitial thermal therapy in a canine prostate model. The Journal of urol-

ogy. 2010; 184(4):1514–20. https://doi.org/10.1016/j.juro.2010.05.091 PMID: 20727549

30. Phee L, Xiao D, Yuen J, Chan CF, Ho H, Thng CH, et al. Ultrasound guided robotic system for transperi-

neal biopsy of the prostate. Proceedings of the 2005 IEEE international conference on robotics and

automation; 2005: IEEE.

31. Kent RN, inventor; Parker Pen Co Ltd, assignee. Writing instrument patent US3205863A. 1953 Sept.

14.

32. ASTM F2503-13, Standard practice for marking medical devices and other items for safety in the mag-

netic 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 exami-

nations? Archives of plastic surgery. 2019; 46(1):96. https://doi.org/10.5999/aps.2018.01466 PMID:

30685951
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