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

Medical needles are common devices used in percutaneous procedures, such as tissue 

sample removal (biopsy),1 internal radiotherapy  (brachytherapy),2 and localized drug 

delivery.3 The success of these procedures depends on the accuracy and precision with which 
the target site is reached. During biopsy procedures, for example, malpositioning of the 

medical needle can lead to false diagnosis and healthy tissue damage.4,5 Similarly, accurate 

positioning of radioactive seeds is necessary for brachytherapy,6 and wrong positioning of 

the needle during peripheral or central anesthesia could cause neurological complications.7 
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When the target is reachable via a straight trajectory, rigid needles are typically used. The 
physician carefully chooses the puncturing angle and pushes the needle for- ward in order to 
reach the target. Once the needle is inside the tissue, only small adjustments of the trajectory 
are possible. Misestimating the puncturing angle requires withdrawing and reinserting the 
needle, which elongates   procedure   times   and   increases   patient discomfort. 

Flexible steerable needles have the potential to allow the surgeon to reach targets located 
deep inside  the body with higher accuracy and precision than rigid straight needles do. 
However, several parameters undermine the accurate placement of steerable needles, including 
needle deflection due to needle–tissue interaction, organ movement due to physiological 

processes (e.g. breathing), and human error.8,9 

The navigation of a flexible steerable needle in the human   anatomy   can   be   controlled   
manually  or automatically. In the latter case, a robot is used to align the needle with the target 

location in real time, thereby reducing human error during the pre-insertion phase.10 Real-time 
correction of the needle path requires a detailed model of the interaction between  the  tissue 
and the needle. Defining the right model for the procedure is challenging due to a vast 
amount of variables that have to be taken into account, such as needle geometry and tissue 

properties (for a comprehensive review on this subject, see Gao et al.11). Therefore, mainly 
manually controlled steerable needles are used in percutaneous interventions. Manually 
controlled  needles allow the physician to correct the trajectory of the needle toward the target 
by, for example, maneuvering the tip of the needle with a joystick, at the cost of inducing 

human  error.12 
The steerability of a flexible needle depends on the mechanical design of the needle and the 

control strategy used, with the latter having been more broadly investigated than the former13 

(for a review, see Abolhassani et al.14). So far, needle steerability in terms of mechanical design 

has been investigated in two reviews.15,16 Cowan et al.15 distinguished between three steering 
methods: (1) tip-based steering, relying on an asymmetric needle tip for deflection, (2) lateral 
manipulation, in which the base of the needle is moved perpendicularly to the needle insertion 
axis, and (3) steering by means of tissue manipulation, in which instead of steering the needle 
toward a stationary target, external forces are applied to the tissue to align the target with the 

needle trajectory. In the sec- ond review,16 a distinction was made between active steering, 
referring to needles that are steered by means of actuation with no need of tissue interaction, and 
passive steering, relying on needle–tissue interaction forces that lead to deflection of the needle. 

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

 
 

Literature  search  methods 

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

 
Scientific literature search 

We conducted our scientific literature search in Scopus. Scopus offers several advantages 
compared to both Google Scholar and Web of Science. Google Scholar provides the 

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

both.18 
In our Scopus search, we used the function ‘‘LIMIT TO’’ to limit the search to English 

language papers and within the subject areas ‘‘Engineering’’ and ‘‘Medicine,’’ which means 
that all the papers classified in Engineering and Medicine were included (i.e. even those 
that were not exclusively classified to these two disciplines but were cross-classified to third 
disciplines). The entire search query was TITLE-ABS-KEY((needle OR probe OR cannula 
OR stylet) AND (tissue OR medic* OR surg*) AND (steer* OR deflect* OR articulat* OR 
maneuv* OR manoeuv* OR ‘‘flexible needle’’) AND NOT (sutur* OR syringe)) AND 
(LIMIT-TO (SUBJAREA, ‘‘MEDI’’)  OR LIMIT-TO(SUBJAREA, ‘‘ENGI’’)) AND (LIMIT-
TO(LANGUAGE, ‘‘English’’)). 

No limitation to the publication year was applied. Besides the search in Scopus, we checked 
the references of the papers included in this review for retrieving relevant works that were not 
captured by the Scopus search. 

 
Patent literature search 

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

comprise information about the uses and advantages of the technology.19 A search in the 
edited title and abstract can be performed using the DII ‘‘Topic search’’ (TS) field. 

We restricted our search within the technological field with Derwent Class Code (DC) ‘‘P3,’’ 
which corresponds to the health section of the engineering area. Section P3 contains several 
subsections. We focused our search on the following subsections: ‘‘P31,’’ containing results 
from the group ‘‘Diagnosis, surgery’’; ‘‘P33,’’ representing ‘‘Medical aids, oral 
administration’’; and ‘‘P34,’’ representing ‘‘Sterilizing, syringes, electrotherapy.’’ We further 
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restricted the search region- ally using the first two letters of the patent number (PN). 
Specifically, we searched only for US (US*) and European (EP*) patents, as well as patent 
applications (WO*). The entire search query was TS = ((needle OR probe OR cannula OR 
stylet) AND (tissue OR medic* OR surg*) AND (steer* OR deflect* OR articulat* OR 
maneuv* OR manoeuv* OR ‘‘flexible needle’’) NOT (sutur* OR syringe)) AND DC = (P31 OR 
P33 OR P34) AND PN = (US* OR WO* OR EP*). No limitation to the publication year was 
applied. Patents in which priority date and inventor names were identical were considered to 
be potential duplicates. After checking the edited title and abstract of such patents for false 
positives, duplicate patents were removed. 

 
Eligibility criteria 

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

 
Study selection 

The title and abstract of the scientific papers were initially screened by the first author 
(M.S.) based on the above-mentioned eligibility criteria. The references of the two previous 

reviews15,16 were also checked but did not reveal papers that were not already retrieved by our 
search. Next, the full text of the remaining papers was read. To test the clarity of our eligibility 
criteria, a sample of 50 scientific papers was chosen by M.S. and independently classified as 
relevant or not by the last author (D.D.). The blind test resulted in 92% (46 out of the 50 
papers) agreement between the two authors. 

The patents were also first screened based on the eligibility criteria by reading the title 
and edited abstract. Next, the selected patents were split between M.S. and T.P.P. and 
studied in depth by reading the full text. When in doubt (six patents), the two authors 
discussed the relevance of the work until consensus was reached about whether or not to 
include the work. 

 

Literature  search  results 

The searches yielded 1292 scientific papers and 1014 patents (last update 15 February 
2016). A total of 78 patent duplicates were excluded, leaving 936 unique patents for further 
inspection. After checking the title and abstract of these papers and patents based on our 
eligibility criteria, 1102 papers and 857 patents were excluded, leaving 190 scientific 
papers and 79 patents for full-text inspection. After full-text inspection, 22 papers and 22 
patents were identified fulfilling all criteria. After checking the references of these 44 works, 
two more relevant papers were found and added, leading to a total of 24 papers (Table 1) 
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and 22 patents (Table 2) included in this review. 
 

Classification of possible mechanical solutions for 3D steering 

To identify fundamentally distinct steering mechanisms, we first analyzed the instrument 
motions and geo- metrical features that are responsible for 3D steering. We assumed that 
every needle can be pushed forward (i.e. translated) and rotated about its longitudinal axis. 
Note, however, that when the needle interacts with the tissue, these motions can be 
compromised. Specifically, when a long and thin needle is pushed into the tissue, buckling 

can occur,64 whereas rotation of a needle as it is advanced in the tissue can generate a 
torsional stress on the needle body which may result in angular lag between the orientation 

of the needle base and the needle tip, making the control of the needle trajectory difficult.65 

Moreover, to maneuver a needle in  3D, translation and rotation are  not sufficient. To 
enable 3D steering, the needle (or its tip) should be also able to deflect. The first level of our 
classification concerns the way in which needle (or tip) deflection is induced. Specifically, we 
distinguish between needles with a pre- defined deflection angle and needles with an on-demand 
deflection angle. Needles with a pre-defined deflection angle have a pre-defined shape that 
determines the deflection angle of the needle. These needles can have a particular tip shape 
(e.g. bevel tip) or a particular body shape (e.g. pre-curved needles). Needles with an on- 
demand deflection angle have one or more means (e.g. wires, a magnetic head, etc.) able to 
change the deflection angle of the needle upon actuation. 

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

The third level of our classification depicts eight distinct design solutions derived as 
combinations of the deflection method (first level of the classification) and the number of 
deflection planes (second level of the classification): 
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Table 1. Author(s), year of publication, key clinical application(s), affiliation of the first author of the relevant papers, and corresponding category in the classification of the relevant papers. 

 

Author(s) Publication year Clinical application(s)a Affiliation Classification 

Adebar et al.20 2016 Liver biopsy Stanford University, Stanford, CA, USA One on-demand deflection angle 
Ayvali et al.21 2012 N/A University of Maryland, College Park, MD, USA One on-demand deflection angle 
Burrows et al.22 2013 Neurosurgery Imperial College, London, UK Two on-demand deflection angles 
Chen and Chen23 2009 N/A University of Hong Kong, Hong Kong, China Bevel tip
Drummond and Scott24 1980 Central anesthesia University of Edinburgh, Edinburgh, UK Bevel tip
Hamzavi et al.25 2008 Liver biopsy University of Singapore, Singapore Two on-demand deflection angles 
Ko and Rodriguez y Baena26 2014 Neurosurgery Imperial College, London, UK One on-demand deflection angle 
Konh et al.27 2015 N/A Temple University, Philadelphia, PA, USA One on-demand deflection angle 
Kratchman et al.28 2011 Lung biopsy Vanderbilt University, Nashville, TN, USA One on-demand deflection angle 
Losey et al.29 2013 N/A Vanderbilt University, Nashville, TN, USA Two on-demand deflection angles 
Okazawa et al.12 2005 N/A University of British Columbia, Vancouver, BC, Canada One-plane pre-curved
Ryu et al.30 2015 Brachytherapy Stanford University, Stanford, CA, USA One on-demand deflection angle 
Sears and Dupont31 2006 N/A Boston University, Boston, MA, USA Two-plane pre-curved
Swaney et al.13 2013 Neurosurgery Vanderbilt University, Nashville, TN, USA Bevel tip
Swaney et al.32 2015 Bronchoscopy Vanderbilt University, Nashville, TN, USA Two-plane pre-curved
Tang et al.33 2008 N/A University of Hong Kong, Hong Kong, China Two on-demand deflection angles 
Terayama et al.34 2007 Liver biopsy, anesthesia Osaka University, Suita, Japan One-plane pre-curved
Torabi et al.35 2014 Brachytherapy Harvard University, Cambridge, MA, USA One-plane pre-curved
Van de Berg et al.36 2015 N/A Delft University of Technology, Delft, The Netherlands Two on-demand deflection angles 
Wang et al.37 2010 N/A Tianjin University of Technology, Tianjin, China Bevel tip
Wang et al.38 2012 N/A Tianjin University of Technology, Tianjin, China One on-demand deflection angle 
Webster et al.39 2006 N/A Vanderbilt University, Nashville, TN, USA Two-plane pre-curved
Yan et al.40 2007 N/A Jefferson University, Philadelphia, PA, USA One on-demand deflection angle 
York et al.41 2015 Neurosurgery Vanderbilt University, Nashville, TN, USA One on-demand deflection angle 

N/A is used when no specific application is mentioned. 
aThe clinical applications mentioned in the table do not represent the full scope of possible applications mentioned in the selected paper. 
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Table 2. Inventor(s), priority date, key clinical application(s), affiliation of the first author of the relevant patents, and corresponding category in the classification of the relevant patents. 

 

Inventor(s) Priority date Clinical application(s)a Affiliation Classification 

Arramon42 2003 Vertebroplasty ArthroCare Corporation, Austin, TX, USA One-plane pre-curved
Arvanaghi43 2006 Biopsies Independent inventor Bevel tip
Brockman and Harshman44 2012 Vertebroplasty Stryker Corporation, Kalamazoo, MI, USA One on-demand deflection angle/

Burger et al.45 
 

2009 
 

Vertebroplasty/ 
 

Osseon Therapeutics, Inc., Santa Rosa, CA, USA 
Two on-demand deflection angles
One on-demand deflection angle 

Desai and Ayvali46 
 

2012 
kyphoplasty
Biopsies (breast,

 
University of Maryland, College Park, MD, USA 

 
One on-demand deflection angle/Two on-demand 

prostate), deflection angles

Eck47 
 

2006 
brachytherapy
Drug delivery 

 
Philips Intellectual Property & Standards GmbH 

 
Two on-demand deflection angles 

and Koninklijke Philips Electronics N.V.,

Germain48 
 

2001 
 

Brachytherapy
Amsterdam, The Netherlands 
DFINE, Inc., San Jose, CA, USA

 
One on-demand deflection angle

Kaplan49 2001 Brachytherapy Microsperix LLC, Atlanta, GA, USA One-plane pre-curved/
Kraft and Hole50 2002 Biopsies (bone Independent inventor One-plane pre-curved/One on-demand deflection 

marrow, fat, muscle angle/Two on-demand deflection angles

Krueger and Linderman51
 

2005 
tissue)
Vertebroplasty

 
Allegiance Corp. and CareFusion 2200 Inc.

 
One-plane pre-curved

Kuhle52 2002 Biopsies Independent inventor Bevel tip
Liu et al.53 2007 Vertebroplasty/ Osseon Therapeutics Inc., Santa Rosa, CA, USA One-plane pre-curved/One on-demand deflection angle 

Mathis et al.54 
 

2004 
kyphoplasty
Biopsies (lung)

 
PneumRx Inc., Mountain View, CA, USA

 
One on-demand deflection angle

Mehta et al.55 2010 Tissue repair to Independent inventor One on-demand deflection angle
shoulder or other

Melsheimer56 
 

2009 
joint area
Biopsies (bone, 

 
Cook Inc. and Cook Medical Technologies LLC, 

 
One-plane pre-curved/Bevel tip and one-plane pre- 

Pellegrino et al.57 
 

2010 
organs)
Vertebroplasty/ 

Bloomington, IN, USA
Relievant Medsystems Inc., Redwood City, CA, 

curved
One-plane pre-curved 

Rodriguez y Baena and Frasson58 
 

2009 
kyphoplasty
Brain or liver surgery

USA
Imperial College, London, UK 

 
Two on-demand deflection angles

Ryan and Winslow59 1991 Discectomy Surgical Dynamics, Inc., Concord, CA, USA One on-demand deflection angle/Two on-demand 

Salcudean et al.60 
 

2002 
 

N/A 
 

University of British Columbia, Vancouver, BC, 
deflection angles
One-plane pre-curved 

Smits et al.61 
 

2002 
 

N/A 
Canada
Medtronic, Minneapolis, MN, USA

 
One on-demand deflection angle/Two on-demand 

Swaney and Webster62 
 

2013 
 

Biopsies, 
 

Vanderbilt University, Nashville, TN, USA 
deflection angles
Bevel tip

brachytherapy, drug

Webster et al.63 
 

2005 
delivery
Bio-sensing 

 
Johns Hopkins University, Baltimore, MD, USA 

 
Two-plane pre-curved 

N/A is used when no specific application is mentioned. 
aThe clinical applications mentioned in the table do not represent the full scope of possible applications mentioned in the patent. 
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1. Bevel-tip needles 

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

 
2. One-plane pre-curved needles 

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

 
3. Double bevel-tip needles 

 
These needles have a tip which is beveled on two sides perpendicular to each other. 

 
4. Two-plane pre-curved needles 

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

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

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

 
6. Needles with one on-demand deflection angle 

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

 
7. Needles with two on-demand deflection angles 

 

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

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

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

We dismissed solution 3 (‘‘Double bevel-tip needle’’) as practically meaningless: a 
‘‘double’’ bevel tip is in essence not distinct from the bevel tips in solution 1. Therefore, in 
the remainder of this review, we will con- sider only seven possible solutions as part of our 
classification (Figure 1). 

 

Allocation  of  the  retrieved  steerable needle designs in the classification scheme 

The needle designs retrieved from the literature were allocated into the seven possible 
mechanical solutions of our classification for 3D steering. Below, the working principle of each 
of these seven solutions is described, papers and patents which apply the respective solution 
are presented, and the main design variations are highlighted. 
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Bevel-tip needles 

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

studies66–68 for examples of applications of this control strategy). 
The bevel tip has been used in needles for percutaneous interventions already in the 

1980s24 and remains one of the most popular  designs  for steering during such procedures.69 

Several variations of the basic bevel- tip geometry have been presented in literature. The main  
purpose  of  these  variations  is  to  increase  the maximum deflection angle of the needle 
either by geo- metric modifications of the shaft (or a segment of the shaft) that lower its 

bending stiffness13,23,37,43,62 or by increasing the surface area that is in contact with the 

tissue.52 Swaney et al.13 and Swaney and Webster62 presented a needle with a flexure joint 
incorporated in the bevel tip, which creates a so-called ‘‘flexure tip’’ (Figure 2). Upon 
insertion into the tissue, the flexure tip deflects more than the shaft due to the low 
bending stiffness of the flexure. The configuration of the flexed needle looks similar to a 

kinked bevel-tip needle and can bend more than a standard bevel-tip needle.70 The 
curvature of the needle is adjusted using the ‘‘duty cycling’’ control strategy, where the 
needle is simultaneously rotated and advanced. When only rotation is applied to the 
needle body, the flexure at the tip disappears and the needle returns to a configuration 
similar to a standard bevel tip. The flexure joint can be replaced with a compliant 

mechanism, as shown in Chen and Chen,23 in which the needle has a bevel tip and two 
compliant hinges, that is, flexible members that store energy when they are deformed 
(input) and transfer   this   energy   to   the   environment   (output). Another way to increase 

the deflection angle of a bevel-tip needle is presented by Wang et al.,37 who developed an 
articulated bevel-tip needle made of multiple sections. The head of the needle bends due to 
asymmetric forces applied at the bevel tip, with the articulations that are distributed along 
the needle body increasing the deflection angle. Another approach for increasing the 

deflection angle relatively to a bevel tip is described by Kuhle,52  who patented a needle 
having a bevel tip with a larger diameter than the diameter of the shaft. The underlying 
principle of this mechanism is that the larger diameter of the tip creates a larger contact area 
with the tissue, which leads to greater resistance from the tissue, thereby a larger deflection 
as compared to a needle with uniform diameter. 
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Figure 1. Classification of possible mechanical solutions for 3D steering through solid organs. Arrows 
indicate the planes in which the instrument can deflect. The question mark indicates that no examples of such 
instruments were found in the literature. 

 
 
 

 
 

Figure 2. Example of a bevel-tip needle. The design presents a flexure joint at the tip, which deflects more than  
the shaft upon insertion in the tissue: (a) a schematic drawing (adapted from Swaney and Webster) and (b) a 
photo of the prototype (courtesy of  PJ  Swaney). 
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One-plane pre-curved needles 

These needles consist of a straight tubular outer part (cannula) and a cylindrical inner part 
(stylet) with a pre-set curvature. The pre-curved stylet is fed through the cannula which forces 
the stylet to assume an approximately straight configuration. As the stylet is moved out of the 
distal end of the cannula, it returns to its initial bent shape, allowing the needle to follow a 
curved trajectory. Note that there exist nested cannula systems that cannot bend once into the 
tissue due to their high stiffness. These systems have been excluded from our review. 

We found six needles that use this steering mechanism of a pre-curved stylet/straight 

cannula12,34,35,51,53,57,60 and four needles with small variations of this mechanism.42,49,50,56 

Okazawa et al.12 described a pre-curved stylet/straight cannula concept of a steerable needle 

(for the complete design description of the instrument, see also Salcudean et al.60) manually 

controlled with a joystick (Figure 3). Torabi et al.35 used such a steerable needle in 
combination with a robotic system for placing seeds during brachytherapy. Another example 

of a straight cannula and pre-curved stylet is presented by Terayama et al.34 in combination 
with ultrasound imaging that provided information about the position of the needle during the 
advancement through the tissue. 

In one variation of the basic pre-curved stylet/ straight cannula design, the shaft has notches of 
various shapes and dimensions, which increase the flexibility of the instrument and hence achieve 

a greater deflection angle.50 An increase in the deflection angle can be also achieved by having a 
cannula and a stylet that are both pre-curved in such a way that they enable (i.e. rein- force) 

deflection toward the same direction.57 In a more substantial design variation, the instrument 
consists of a cannula with a pre-set curvature and a straight stylet. The instrument is in its straight 
configuration when the stylet supports the entire cannula length. Steering can be accomplished 
by retracting the straight stylet (fully or partially) to allow the pre-curved tip of the cannula to 

deflect.42 Another variation is a hybrid instrument combining a pre-curved stylet with a bevel 

tip, both causing deflection in the same plane.49,56 Among the pre-curved needles, the one 

presented by Liu et al.53 is commercially available under the name of ‘‘Osseoflex SN,’’ used for 
the treatment of vertebral compression fractures. 

 
 

 

Figure 3. Example of a straight cannula and pre-curved stylet. The design shows the deflection of the 
stylet once it is pushed out of the cannula: (a) a schematic drawing (adapted from Salcudean et al.60) and 
(b) a photo of the prototype (from Okazawa et al.12). 
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  Two-plane pre-curved needles 

Two-plane pre-curved needles have at least two segments with a pre-set curvature 
perpendicular to each other. The working mechanism of these needles is the same as that of 
single pre-curved needles, with the difference that two-plane pre-curved needles can follow a 3D 
path through the tissue without having  to rotate the entire needle. Two-plane pre-curved needles 
consist of multiple pre-curved concentric tubes arranged in a telescopic way. Each of the tubes 
can independently be extended and rotated axially with respect to one another. Each section of 
the shaft follows the trajectory of the tip, in what is called a ‘‘follow-the-leader’’ concept (see 

Sears and Dupont31 for a detailed description of the concept). The overall shape of the needle is 
deter- mined by the position and orientation of each of the concentric tubes (Figure 4). 

Webster et al.39 named this design ‘‘active cannula’’ (for the complete design description of 

the system, see also Webster et al.63). Recently, the concentric tube steering mechanism has 

been combined with the aforementioned flexure bevel- tip needle13 to steer through lung tissue 

and reach peripheral lesions (design and application are described in Swaney et al.32). 
 

Bevel-tip and one-plane pre-curved needles 

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

Melsheimer,56 it is mentioned that the segment  with  the  bevel  angle  can  be  used  to  
generate needle  deflection  in  the  plane  perpendicular  to  the plane of the pre-curved segment. 

 
 

 

Figure 4. Example of a two-plane pre-curved needle. The design consists of multiple pre-curved 
concentric tubes arranged in a telescopic way: (a) a schematic drawing (adapted from Webster et al.63) 
and (b) a photo of the prototype (from Webster et al.39). 
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Needles with one on-demand deflection angle 

Needles with one on-demand deflection angle have at least one actuated part which causes 
deflection of the needle on demand. The deflection angle of the needle can be locally and 
actively controlled. Once deflected, the needle can be steered along a curved path. Even though 
needles of this type seem very diverse due to the wealth of possible actuation means (e.g. 
mechanical, thermal, and magnetic actuation), they all follow the same working principle of 3D 
steering. 

Tendon-driven needles are examples of mechanically actuated steerable needles  in  which  
control  wires or rods are used to make the needle deflect.20,28,41,44,45,48,50,53-55,59,61 Two tendons 
(wires) run along the length of the needle body, whereas a handle at the needle base is used to pull 
one of the tendons, increasing the tendon tension. Since the wires are eccentrically attached to 
the needle tip, the tension in one of the tendons makes the tip deflect. The deflection angle of 
the tip depends on the force applied on the tendon, with a larger pulling force corresponding 

to a larger deflection angle. In two examples, Burger et al.45 and Liu et al.,53 the shaft of the 
instrument has segments with lower bending stiffness than the bulk of the shaft. Because of the 
lower bending stiffness, these segments deflect upon actuation more than the rest of the shaft. A 

series of asymmetric cuts at the needle tip is presented in York et al.,41 creating a compliant 
region, which bends in one direction by pulling a single wire. 

In another design of a tendon-driven needle, a flexural conical tip (inspired  by  the  flexure  

tip  in  Swaney et al.13) is used to create an articulated tip.20 The tip is actuated by a nitinol pull 
wire that runs along the needle shaft, in combination with a miniaturized cable pulley. Among the 

needles that are tendon-driven, the one presented by Mathis et al.54 is commercially avail- able 
under the name of ‘‘Seeker Steerable Biopsy Needle™’’ (PneumRX, Mountain View, CA, USA). 
The needle has a cannula and a stylet. Its trajectory is controlled by a joystick which allows the 
physician to make fine adjustments intra-operatively. This needle is mainly used for transthoracic 

lung biopsy.28 
Actuation for 3D steering can be achieved using shape-memory or pseudoelastic materials, 

which can change their shape in response to a stimulus (e.g. heat). When embedded in the shaft of 
a needle, these so-called smart materials enable active and local control of the needle deflection 
without the need of tissue interaction forces. Shape-memory alloy (SMA) wires, for example, are 
used to connect several deflectable segments in the shaft of the needle described by Ayvali et 

al.21 and Desai and Ayvali46. The SMA wires are initially deformed with an annealing process 
to assume an arc shape. They are then straightened and placed between the segments of the 
needle. By increasing the temperature (e.g. induced electrically by Joule heating), the SMA wires 

return to their original arc shape (Figure 5). Similarly, Ryu et al.30 presented a needle with a 
cannula and a stylet locally actuated by magnetic resonance imaging (MRI)-compatible SMA 
wires integrated  at the end of the stylet. The MRI compatibility of this needle is achieved using 
laser heating instead of electrical current to actuate the SMA wires. Optical fibers run parallel 
to the body needle axis and conduce laser light over the tip, transmitting optical heating to the 
SMA wires. 

As mentioned in the section on bevel-tip needles, adding a flexure joint near the tip 
increases the deflection angle of the needle as compared to a needle with- out a flexure joint. 

Konh et al.27 described a needle in which a flexure bevel tip is combined with SMA-wire 
actuation to control the needle deflection angle. The needle body is made of two hollow tubes 
connected by a nylon flexure joint and a nitinol wire which lies on the surface of the needle with 
one end crimped on the tip and the other end glued along the body of the needle. When the  
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needle bends upon  actuation  of the SMA wire, the presence of the joint allows for a larger 
deflection angle than in the case of a jointless needle. 

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

In the category ‘‘bevel-tip needles,’’ we described the design of an articulated bevel tip 

presented by Wang et  al.,37   where  articulations  are  used  to  increase  the deflection of the 
needle as compared to needles without articulations. The same  authors  proposed  a  variation of 

this needle composed of the same segments and a magnetic head.38 An external magnetic field 
generates magnetic forces, which are used to manipulate the needle trajectory. By changing the 
direction and magnitude of the magnetic field, the needle can be steered in two perpendicular 
planes. 

Another design of a needle with one on-demand deflection angle consists of two body parts 
aligned parallel to each other and each movable independently along the needle by means of two 

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

 
 

 

Figure 5. Example of a needle with one on-demand deflection angle. The design consists of several 
deflectable segments connected by shape-memory alloy (SMA) wires. The needle deflects upon 
actuation of the SMA wires: (a) a schematic drawing (adapted from Desai and Ayvali46) and (b) a photo 
of the prototype (from Ayvali et al.21). 
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Needles with two on-demand deflection angles 

Needles with two on-demand deflection angles have at least two parts that lead to deflection in 
perpendicular planes upon actuation. Many of the mechanisms mentioned in solution 5 can be 
extended toward needles with two on-demand deflection angles. This is the case for the 
patents44,46,50,59,61 which present alterations of the designs of one on-demand deflection needle to 
allow for deflection in two perpendicular planes. 

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

In a similar way to the tendon actuation, the design of needles actuated by means of smart 
materials can be modified to allow for two on-demand deflection angles. Ayvali et al.21 and Desai 
and Ayvali46 proposed a modification of the needle design presented in the previous group by 
positioning the SMA elements in a configuration that allows deflection in two perpendicular 
planes. Another example of smart materials used as actuators in steerable instrument is 
magnetorheological (MR) fluids. In a patent by Eck,47 the body of the needle is filled with an 
MR fluid that can switch between a fluid and a solid state by the selective activation of an 
external magnetic field. The transition from a fluid to a solid state increases the stiffness of the 
needle, thereby generating compression on the surrounding tissue. The needle is able to follow a 
desired path by means of solidifying the needle body, pushing it further, and then reducing the 
compression again by switching the state of the MR from solid to fluid. 

Another method to introduce deflection in two perpendicular planes is shown in Tang et al.,33 

where the needle consists of a magnetized head and a body made of diamagnetic material. The 
two parts are separated by a compliant hinge, which increases the flexibility of the needle. 
When an external magnetic field is applied, the head of the needle bends, resulting in a change 
of the needle trajectory. 

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

needle.58,71 The body of this needle consists of four parts, each part having a curved outer surface 
and two inner surfaces that are interlocked to the surfaces of the adjacent body sections with a 
mechanism that enables a sliding motion (Figure 6). The frontal end of each of the body parts 
has a bevel tip, so that in the aligned configuration, the tip of the needle has a conical shape. 
When one body section moves forward, it will bend due to interaction forces between the tissue 
and the bevel tip. The rest of the needle will follow the bent part. The curvature of this multi-
part needle can be controlled at any time during the insertion procedure by changing the offset 

between the body part which is moved forward and the rest of the needle. Burrows et al.22 

developed and tested a prototype with a diameter of 8 mm to demonstrate the 3D steerability of 
such a needle in an arbitrary 3D path with eight principal directions. This prototype is an 

improvement of the previous two-body-part prototype presented by Ko and Rodriguez y Baena26 

(solution 5). As explained earlier, because the steering mechanism depends not only on the bevel 
tip but also on the actuation sequence, we decided to include this design in the ‘‘two on-demand 
deflection angles’’ category. 
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Figure 6. Example of a needle with two on-demand deflection angles. The design consists of four parts 
interlocked with a mechanism that enables a sliding motion: (a) a schematic drawing (adapted from Rodriguez y 
Baena and Frasson58) and (b) a photo of the prototype (from Burrows et al.22). 

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

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

 

 

Discussion 

In this article,  we provided an overview  of possible mechanical solutions for 3D steering of a medical needle. 
First, we distinguished between needles that deflect due to a pre-defined shape (pre-defined deflection angle) 
and needles that deflect due to a means of actuation that changes the deflection angle of the needle (on- 
demand deflection angle). Second, we differentiated between needles that deflect in one plane (single 
deflection) and needles that deflect in two perpendicular planes (double deflection). Finally, we defined seven 
mechanical solutions and classified the needle designs retrieved both from the scientific and patent literature 
into these solutions. 

 

Comparative study 

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

 

Tissue interaction 
 

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

Needles with a bevel tip require tissue interaction forces in order to be steered. The distribution of 
these forces on the tip is asymmetric due to the presence of the bevel. As a result, the needle bends in 
the direction of the bevel. The deflection of the needle due to the bevel is a function of several 
parameters, including needle diameter, bevel angle, insertion velocity, and gel elasticity.73 

Macroscopic and microscopic observations of needle–gel insertion74 showed that increasing the velocity 
and the needle diameter results in smaller needle deflections, while increasing the gel elasticity results in 
larger needle deflections. Increasing the bevel angle shows a non-monotonic variation in the needle 
deflection. Needles with three different bevel angles (30°, 60°, and 75°) were inserted in a gel with known 
stiffness. A bevel angle of 30° and 75° resulted in larger needle deflection compared to the bevel 
angle  of 60°.  This behavior is explained by the coupling between the rupture and the compression of 
gel at the tip in microscopic observations. Specifically, during the insertion of the needle with bevel 
angle of 30°, a long and narrow gel rupture and low compression of the gel were observed, while using 
the needle with bevel angle of 75° resulted in a wide and short gel rupture and high compression of the 
gel. These two combinations (30° and 75°) generated higher needle deflection compared to a needle 
with bevel angle of 60°. In general, increasing the gel elasticity results in larger needle deflections. 

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

depending on their working principle. Specifically, the wire- and SMA-actuated needles75 can be 
steered without the need of interaction forces. Designs in which the bevel tip is used to steer and the 
actuation means is used to change the bevel tip continuously (e.g. the multiple needle   part   presented   
by   Rodriguez   Y   Baena   and Frasson58) can only deflect when needle–tissue interaction forces are 
present. 

 

Design choices related to the deflection angle of steerable needles 

 

One of the requirements to take into consideration during the design of a steerable needle is the 
maximum curvature to be achieved. The curvature of a steerable needle depends on the geometrical 
characteristics of the needle, such as the tip shape and the shaft diameter, and the material properties of 
the environment, such as tissue stiffness. For example, in our survey, we showed that there are 

different ways to increase the curvature with respect to  a  standard  bevel-tip  needle.  Swaney et al.13 
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showed how a flexure joint at the needle tip increases the deflection with respect to the standard 
bevel tip. In the same way, the use of compliant hinges at the tip increases the flexibility of the needle, 

which in turn results in larger deflection angles.33 A needle with a pre-curved segment can achieve 

larger deflection angles than a needle with a bevel tip.70 A combination of a pre-curved segment with 

bevel tip49 or a combination of a pre-curved cannula with a pre-curved stylet57 will reinforce the 
deflection in one direction. 

The diameter of the shaft is another parameter that can be changed with respect to the tip of the 
instrument in order to achieve larger deflection angles. A smaller shaft diameter means higher shaft 

flexibility, leading to a larger deflection angle once the needle is inserted into the tissue. Kuhle52 

presented a needle in which the diameter of the bevel tip is larger than the diameter of the shaft. In 
this way, the contact area at the tip is increased, while the diameter of the shaft is kept small. The 

same design choice can be found in Engh et al.,67 where a stainless steel tip of 16 gauge is attached 
to a nitinol shaft of 29 gauge. Adding notches of various shapes and dimensions at the tip increases 

the flexibility of the instrument and facilitates the deflection in one direction.50 The same happens in 

the design of the ‘‘wrist needle’’41 where asymmetric cuts at the end of the shaft create a compliant 
region that facilitates needle deflection. 

Tissue properties also influence the deflection angle of the needle. For example, Majewicz et al.76 

found a significant difference in performance of the same pre- bent needle in ex vivo experiments 
versus in vivo experiments (minimum curvature radius achieved: 5.23 and 10.4 cm, respectively). The 
authors explained this difference as an effect of the increased stiffness and the inhomogeneity of the 
tissue due to perfused blood vessel in vivo. 

 
Commercially available instruments 

 
We found four commercially available steerable needles: the Osseoflex SN steerable needle 

(Osseon LLC,77 Santa Rosa, CA, USA54), the Seeker Steerable Biopsy Needle  (PneumRx), the  
Morrison  Steerable  Needle78 (AprioMed AB, Uppsala,  Sweden), and the Pakter curved needle set 

(Cook Medical Inc., Bloomington, IN, USA79). The patents corresponding to the needles by Osseon 
and PneumRx were retrieved from our systematic patent search, whereas the AprioMed and Cook 

needles were not in the list of the 952 retrieved patents. The Osseoflex SN is presented in Liu et al.53 

and categorized as an example of ‘‘one-plane pre-curved needle.’’ It is used mainly for the treatment of 
vertebral compression fracture (Figure 7). The Seeker Steerable Biopsy Needle is presented in Mathis 

et al.54 described as an example of a tendon-driven needle in ‘‘needles with one on-demand deflection 
angle.’’ It is mainly used for transthoracic lung biopsy (Figure 8). The Morrison Steerable Needle was 
only found when searching for commercially available instruments in Google using the query 
‘‘steerable needle.’’ The edited title and abstract of the corresponding patent in the DII database used 
the word ‘‘mandrel’’ to characterize the instrument, which was not included in our selected keywords 
for specifying instrument type. Adding the word ‘‘mandrel’’ to our patent search query yielded extra 25 

patents. Within these works, only the patent from AprioMed was relevant for our study.80 The 
AprioMed instrument fits in the ‘‘on-demand deflection angle - single deflection’’ solution of our 
classification and uses the control wire/rod principle to allow deflection. The needle com- prises a 
tubular stationary outer part with a semi- circumferential slot-like opening and a movable rod- like 
inner part that is attached to the stationary part only at the side of the opening that is close to the 
tip. As the movable part slides in and out of the stationary part, the distal section of the stationary 
part deflects. The Morrison Steerable Needle is mainly used for musculoskeletal percutaneous injection, 
aspiration procedure, and tissue sampling (Figure 9). The edited title and abstract of the patent of 
‘‘Pakter curved needle set’’ do not include any of the words we used for describing the function of the 
needle, such as ‘‘steer’’ or ‘‘deflect.’’ This needle has a straight cannula in stainless steel (cannula) and a 
pre-curved stylet in nitinol; therefore, it could fall in the category of the ‘‘one-plane pre-curved 

needles.’’81  Discography is a typical procedure where the Pakter curved needle set is used to inject 
contrast medium into the center of the disks (Figure 10). 
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Figure 7. Osseoflex SN steerable needle (Osseon, Santa Rosa, CA, USA).77 

 

 
 

Figure 8. Seeker Steerable Biopsy Needle™ (PneumRx Inc., Mountain View, CA, USA).54 
 

  Limitations 
 

This review focuses on the mechanical principles of steerable needles without taking into account 
additional technologies that can be used to help the physician during the percutaneous intervention (e.g. 
image guidance). We also did not consider control methods, computational modeling, and motion 
planning algorithms used in robotic-assisted needle steering.64 Real-time data from image systems 
(computed tomography (CT) scan, MRI, fluoroscopy, and ultrasound) give information about the 
shape and position of the instrument during minimally invasive procedures.82,83 Combining these data  
with  computational  models  that  predict  needle deflection during insertion in the tissue would result 
in an accurate planning of the procedure.84,85 Several models describing needle insertion into soft 
tissue are presented in the literature. Misra et al.86 divided these models in linear elasticity-based 
models, nonlinear (hyperelastic) elasticity-based finite element (FE) models, and other models that are 
not based on FE methods or continuum mechanics (e.g. mass–spring–damper models). 

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

 
 

 
 
 

Figure 9. Morrison Steerable Needle™ (AprioMed AB, Uppsala, Sweden).78
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Figure 10. Pakter curved needle sets (Cook Medical Inc., Bloomington, IN, USA).79 
 
 

Conclusion  and  future  work 

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