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Abstract
In virtue of a curved insertion path inside tissues, needle steering techniques have revealed the potential with the assistance 
of medical robots and images. The superiority of this technique has been preliminarily verified with several maneuvers: 
target realignment, obstacle circumvention, and multi-target access. However, the momentum of needle steering approaches 
in the past decade leads to an open question—“How to choose an applicable needle steering approach for a specific clinical 
application?” This survey discusses this question in terms of design choices and clinical considerations, respectively. In 
view of design choices, this survey proposes a hierarchical taxonomy of current needle steering approaches. Needle steering 
approaches of different manipulations and designs are classified to systematically review the design choices and their influ-
ences on clinical treatments. In view of clinical consideration, this survey discusses the steerability and acceptability of the 
current needle steering approaches. On this basis, the pros and cons of the current needle steering approaches are weighed and 
their suitable applications are summarized. At last, this survey concluded with an outlook of the needle steering techniques, 
including the potential clinical applications and future developments in mechanical design.
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Abbreviations
BT  Brachytherapy
CED  Convection-enhanced delivery
CT  Computed tomography
CTN  Concentric tube needle
DBS  Deep brain stimulation
DOF  Degree of freedom
G  Gauge
HCC  Hepatocellular carcinoma
TBNA  Transbronchial needle aspiration

ICH  Intracranial hemorrhage
MIS  Minimally invasive surgery
MRI  Magnetic resonance imaging
MWA  Microwave ablation
PAI  Pubic arch interference
PBN  Programmable bevel-tip needle
PCNL  Percutaneous nephrolithotomy
RFA  Radiofrequency ablation
ROC  Radius of curvature
SMA  Shape memory alloy
US  Ultrasound
3D  Three dimensional
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Introduction

The term “minimally invasive surgery (MIS)” was first 
coined in 1984 by John Wickham [9]. Over time, MIS 
procedures are more approved by patients in compari-
son to open surgery with upsides of fewer complications, 
shorter hospital stays, and superior long-term overall sur-
vival [10]. Needles, characterized by elongated bodies and 
invasive tips, are considered the least invasive medical 
tools in MIS, where needle insertion is performed to reach 
the target region to conduct subsequent local diagnosis or 
therapies [11, 12].

In virtue of advanced medical image techniques and 
specialized surgical robots, surgeons are able to compre-
hend the spatial structure of the anatomy and work in tan-
dem with robots to perform new procedures that were con-
sidered too dangerous in previous times [21–23]. Despite 
the purported advantages of image-guided robotic-assisted 
needle interventions, needle insertion still suffers major 
challenges in some clinical applications including tumor 
surgery and neurosurgery. First, there is a notable chal-
lenge in accurately targeting a tumor. Needles will devi-
ate from the intended trajectory due to unavoidable errors 
such as imaging quality, tissue heterogeneity, and respira-
tion affection [24]. This could lead to serious problems 
ranging from false negatives in diagnosis [25] to local 
tumor recurrence in therapy [26]. Second, it is difficult to 
find a safe path to avoid anatomical obstacles (e.g., bones) 
and sensitive parts (e.g., vessels) to reach the target in 
brain surgery [27]. In some cases, a safe path does not 
even exist [28].

Needle steering techniques enable a needle to reach tar-
gets with a curved insertion path, showing great potential 
to solve the aforementioned challenges and expand the 
current medical practices in the past two decades. Vari-
ous needle steering approaches have been developed to 
achieve the curved insertion path. A technological road-
map in Fig. 1 shows the major achievements of needle 
steering approaches, from which it is known that various 
types of active needles become a significant issue in recent 
years. Active needles, which can be directly manipulated 
intracorporeally, possess larger steering potential and 
controllability than passive needles (traditional needles 
which can only be interfered with extracorporeally) and 
have drawn a lot of attention from researchers in recent 
years. The progress in a variety of design choices and their 
supporting actuation systems have induced and facilitated 
the development of some potential steering approaches. 
The earliest practice of manipulation to steer the needle 
can be traced back to the time when physicians performed 
needle insertion. They discovered that bevel-tip needles 
(the most common asymmetric-tip needle) can naturally 

bend when inserted into tissue, resulting in a deflection 
error on the tip. Instead of decreasing the deflection error 
(e.g., using needles with larger bending stiffness), physi-
cians exploited such error to counterbalance other errors 
through some extracorporeal manipulation (e.g., rotation 
of the needle base) [29]. With the development of surgi-
cal robots and medical image techniques, some robotic-
assisted image-guided extracorporeal manipulation (e.g., 
duty-cycled rotation [30]) were developed to manipulate 
the traditional needle, enabling more sophisticated steer-
ing motions. For passive needles, it is unable to control the 
part of needles inside the tissue. Thus, the manipulation 
can only be applied extracorporeally; for active needles, 
the manipulations are based on the mechanical and actua-
tion design of the needles. The active parts of the nee-
dles can be manipulated to help with needle steering. For 
instance, concentric tube needles (CTNs) consist of several 
concentric tubes that can steer along a time-independent 
curve outside the tissue [31]. This steering approach is 
considered to have the potential for new surgical proce-
dures via cavity such as transbronchial needle aspiration 
[32]. In short, over the last two decades, a variety of nee-
dle steering approaches have been developed, and active 
needles with different design choices have shown great 
potential in clinical procedures.

Motivations

Our survey is motivated and structured by several factors 
based on the surveys related to needle steering techniques 
in the last ten years. In comparison with them, this survey 
enables a more definite taxonomy of design choices, a more 
systematic discussion of design considerations, and a more 
complete summary of potential applications, as briefed 

Fig. 1  Technological roadmap toward needle steering approaches. 
Ayvali et al. [1]. Pratt et al. [2]. Berg et al. [3]. Matheson et al. [4]. 
Glozman et al. [5]. Farooq et al. [6]. Berg et al. [7]. Rox et al. [8]
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in Table 1. Specifically, the motivations are concluded as 
follows:

• First, an organized taxonomy of needle steering 
approaches is required. It has been almost a decade since 
the highest-cited survey was published [13], in which 
needle steering approaches are classified as the needle is 
either active or passive. This classification was reason-
able at that time and provided guidance for subsequent 
designs; however, since a variety of design choices then 
emerged, a modified classification based on the previ-
ous literature is in urgent need. Recently, a classification 
has been proposed [15], which focuses on the principles 
that implement three-dimensional (3D) steering motion 
based on several combinable motion choices. However, 
the mechanical designs as well as their clinical considera-
tions are not discussed at length.

• Second, the applicability of needle steering approaches 
for specific medical treatment needs to be considered. On 
the one hand, although the needle steering approaches 
proposed in recent years have advantages in steerability, 
some manipulations, and design choices may increase 

clinical risks or even conflict with medical demand. On 
the other hand, some needle steering approaches have 
potential benefits for clinical treatment such as improving 
imaging quality. Thus, an insightful discussion of clinical 
considerations is deeply needed for a specific procedure.

• Last, needle steering techniques have shown superiority 
in some promising clinical treatments. To the best of our 
knowledge, the most instructive summary is concluded 
in 2006 [33]. Over the decade, more potential applica-
tions such as in transbronchial lung biopsy [34] are being 
explored. Although some of them are also mentioned in 
recent surveys [17, 35], the reviewed applications are 
partial and not related to the needle steering approaches, 
which is not conducive to demand-oriented design for 
engineers.

Contributions

This survey gives a comprehensive summary of needle 
steering approaches to answer an open question—“How to 

Table 1  Comparison of coverage between featured surveys in literature and this survey about needle steering

*Reviews of top three citations. The data was recorded from Google Scholar on July 10, 2023

Reviews Topic Description Year

van de Berg et al.* [13] Design choices in needle steering Classifying needle steering as either the needle is pas-
sive or active prior to August 2014; Discussing the 
applicability in terms of mechanical design.

2015

Rossa et al.* [14] Complementary components that constitute a closed-
loop needle steering system

Discussing the components including modeling 
needle-tissue interaction, sensing needle deflection, 
controlling needle trajectory, and hardware imple-
mentation.

2017

Scali et al.* [15] Mechanical solutions for 3D needle steering Classifying needle steering approaches with a logically 
derived result toward 3D steering; Discussing the 
working principles and design variations.

2017

Li et al. [16] Needle-tissue interactions and steering control Investigating needle-tissue interactive mechanism, path 
planning, and steering control in the past 10 years.

2018

Audette et al. [17] Technical innovations and neurosurgical applications Summarizing advanced steering approaches, funda-
mental models, practical path planning systems, and 
neurosurgical applications.

2020

Babaiasl et al. [18] Comprehensive review of current research and chal-
lenges

Introducing the clinical motivations, steering 
approaches, path planning, steering control, and 
clinical acceptance.

2022

Wu et al. [19] Path planning and the control methods Reviewing path planning from the algorithm and 
system control of passive needles.

2022

Lu et al. [20] Actuation design and targeting accuracy Analyzing the targeting error of needle steering tech-
nique; Discussing the actuation methods and working 
principles of some active steering approaches.

2023

This survey Design choices and clinical considerations of the nee-
dle steering approach

Classifying the current needle steering approaches 
hierarchically and discussing the design choices; 
Presenting clinical considerations for choosing the 
appropriate steering approach and design choices for 
a specific surgery; Concluding potential applications 
and future development.

2024



1495A Survey of Needle Steering Approaches in Minimally Invasive Surgery  

choose an applicable needle steering approach for a specific 
clinical application?” Since the concerned topics of mod-
eling, path planning, and control of needle steering have 
been well reviewed recently [14, 16, 18, 19], we discuss the 
topic related to design choices in this survey. The contribu-
tions are listed as follows:

• This survey first proposes a hierarchical taxonomy of 
needle steering approaches based on two unambiguous 
and rational classification criteria. To this end, the tax-
onomy can provide insight into the characteristics and 
considerations of current steering approaches. In addi-
tion, the hierarchical structure also provides room for 
newly developed steering approaches.

• This survey summarizes the clinical considerations of 
current needle steering approaches, providing compre-
hensive considerations for peers when they solve related 
clinical problems. These considerations are summarized 
in connection with engineering and clinical issues. Deep 
thinking on these issues is a prerequisite for a medical-
graded steerable needle system for a specific application.

• This survey presents the potential clinical applications 
and outlooks of the mechanical design of the needle 
steering approaches. The potential applications of brain, 
lungs, liver, kidneys, and prostate are discussed from four 
perspectives, i.e., leading diseases, promising treatments, 
steering strategies, and beneficial results. Furthermore, 
we conclude the design development into three aspects: 
miniaturization of needle structure, integration of steer-
ing approaches, and intellectualization toward needle-like 
robot.

Organization

The structure of this survey is organized as hereunder 
mentioned. In “Overview and Hierarchical Classification” 
section, an overview of the needle steering techniques is 
presented, where the concept of the needle is identified, 
including the concept, structures, and mechanisms of the 
needle steering. Based on the overview, a hierarchical tax-
onomy of current needle steering approaches is proposed. 
Accordingly, the needle steering approaches can be first 
divided into two groups: passive steering approaches in 
“Passive Steering Approaches” section and active steer-
ing approaches in “Active Steering Approaches” section. 
For each subcategory, the mechanism, working principles, 
design choices, and clinical applicability are detailedly 
reviewed. In “Discussions” section, we discuss the clinical 
considerations of needle steering and weigh up the pros and 
cons of the current steering approaches for specific clinical 
applications. At last, in “Outlooks” section, we summarize 
the five most potential clinical applications as expectations 

for the future and put forward the future developments of 
steerable needles in terms of mechanical design.

Overview and Hierarchical Classification

This section demonstrates an overview for a better and 
deeper understanding of the needle steering techniques. 
We first differentiate the needles from other easily confused 
interventional tools. Then, some key mechanical compo-
nents and functional sections of needle steering, which are 
continued to use in this survey, are clarified. After that, the 
concepts of passive and active needle steering mechanisms 
are carried out and elaborated with an example. At last, a 
hierarchical taxonomy is proposed to classify the current 
needle steering approaches.

Differentiating Needles from Catheters and Wires

Previous research findings in the engineering field into 
needle steering confuse the needle with some other inter-
ventional tools due to their similarity in structure (mostly 
catheters and wires); however, these interventional tools are 
markedly different in clinical usage. To reduce confusion, 
we draw a distinction between the needles and the cathe-
ters and wires in the context of interventional radiology (a 
medical specialty that performs various image-guided MIS 
procedures).

In interventional radiology, needles are medical tools 
with invasive tips, helping create access inside the body 
through insertion motion in the tissue. Wires are usually 
introduced into vessels after the access is created by needles. 
Catheters are always advanced over a wire to avoid scraping 
the vessel lumen or are introduced in the internal cavity [36]. 
Although the catheters and wires can be used with invasive 
tips [37, 38], the two are notably different from the needles 
in the tissue environment [39].

Mechanical Components and Functional Sections

Figure 2a shows a schematic diagram of the insertion of a 
trocar needle into tissue with a bevel tip, in which most of 
the needle-steering-related components are included. The 
template and sheath are two assistant components com-
monly used in some needle interventions. For instance, the 
grid templates are used in prostate brachytherapy (BT) to 
precisely determine the distance between seeds [40]. The 
sheaths are used in some percutaneous needle insertion pro-
cedures to lend support and provide controlled access [41].

The components of the needle are divided into three sec-
tions according to their functions: (1) needle base (manipu-
lation section), through which the cannula and stylet are 
manipulated, (2) needle body (curve section), which is 
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flexible and bends during needle steering, and (3) needle 
tip (invasion section), which overcomes cutting force to cut 
the tissue. Of note, both stylet and cannula can be invasive. 
However, in the context of needle steering, the cannula is 
often used to prevent stylet from contacting tissue or to 
actively bend [42, 43]. Thus, the cannula in Fig. 2a is illus-
trated in a non-invasive pattern.

Needle Steering Mechanisms

Although there are many steering approaches based on vari-
ous types of needles, we suppose the steering mechanisms 
can be categorized as one of two: (1) passive steering mech-
anism and (2) active steering mechanism. The essential dif-
ference between these two mechanisms is whether the force 
that bends the needle body is generated passively during 
insertion or actively by interventions.

The following parts introduce the two steering mecha-
nisms in detail and end with an example to better illustrate 
their major differences.

Passive Steering Mechanism

The passive steering mechanism depends on tip asymmetry 
during needle insertion. Needles with asymmetric tips bend 
unavoidably during insertion due to the resultant lateral load, 
as presented in Fig. 2b. The bevel-tip needle (the most com-
mon type of asymmetric-tip needle) is used as an example 
to illustrate this mechanism from mechanical and phenom-
enological aspects.

Mechanically, after the bevel-tip needle punctures the 
tissue, the needle insertion force can be mechanically 
divided into three parts: friction, cutting force, and tissue 
deformation force [44, 45]. Among them, only the cutting 

force has a component perpendicular to the insertion direc-
tion. Due to the flexibility of the needle body, the needle 
bends and compresses the tissue, leading to the tissue 
deformation force [46]. In the above process, the asym-
metric cutting force caused by the asymmetry of the tip 
during insertion is passively generated, which is the direct 
cause of the needle steering. This kind of mechanism is 
called the passive steering mechanism.

Phenomenologically, a bevel-tip needle steering inside 
the tissue can be considered a constant-curvature contin-
uum robot abiding by follow-the-leader deployment [47]. 
The follow-the-leader manner refers to the unchanged state 
of the curved shape of the needle body despite the advance 
of the needle tip [28]. This is because the needle body 
is relatively more flexible than the tissue. The steering 
path of the bevel-tip needle is approximately a curve with 
a constant radius of curvature (ROC), which is velocity 
independent while determined by both the mechanical 
parameters of the needle and tissue [33, 48].

The minimum ROC of the steering path becomes a key 
parameter that embodies the steering ability and has been 
examined in many needle steering approaches. Steering 
with smaller ROC by optimizing the geometric parameters 
of the bevel tip can achieve more delicate manipulation, 
which has been well concluded in the existing literature 
[13]. As shown in Fig. 2b, needles with pre-bent and pre-
curved tips (collectively called pre-shaped tips in this sur-
vey) perform smaller ROC than bevel-tip needles [49]. 
When it comes to the long pre-curve arc lengths, the ROC 
of the steering path was found close to the ROC of the 
pre-curve [50]. In addition to the efforts to reduce the ROC 
of the steering path, real-time change of the ROC is also 
needed to enlarge the manipulability of steering motion.

Fig. 2  Overview of needle steering inside the tissue. a The insertion 
of a bevel-tip trocar needle into tissue, in which six mechanical com-
ponents and three functional sections are labeled. b Two types of nee-
dle tips: symmetric tip and asymmetric tip. The latter can be reclas-
sified into three types according to tip asymmetry: bevel, pre-bend, 

and pre-curve. The asymmetry of the needle tip produces a resultant 
lateral load, which causes a flexible needle naturally bending. c An 
example of obstacle avoidance during insertion illustrates the dif-
ferences between passive (Needle 1) and active (Needle 2) steering 
mechanisms. The letter “S” in the figure represents the word “Step”
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Active Steering Mechanism

The active steering mechanism is the result of needles 
actively bending. In general, steerable needles based on 
the active steering mechanism can be considered needle-
like hyper-redundant or continuum robots working inside 
the tissue and overcoming the tissue deformation force to 
reach the target [1]. To this end, most of the approaches 
with the active steering mechanism are independent of 
tissue and insertion, which enables more steering strate-
gies than approaches with the passive steering mechanism. 
That means they can steer outside the tissue and steer 
without insertion motion. In addition, because the steering 
motions do not involve the cutting force, the active steer-
ing mechanism enables smaller ROC than passive steering 
mechanisms [51, 52].

Structurally, most of the needles with the active steer-
ing mechanism have more complicated mechanical designs 
with active degrees of freedom (DOFs), which results in 
diversified steering strategies. For example, these needles 
can continue to bend during insertion for realignment [53], 
or, can approach the target through a large bend motion after 
insertion [54]. In addition, surgery, such as transoral sur-
gery and enteric surgery, can be operated by going through 
curved cavities to reach the target [55].

However, active steering mechanisms usually have prob-
lems with complex mechanical and actuation designs. Under 
the condition of the narrow environment limited by tissue, 
the design work becomes more challenging. Furthermore, 
steerable needles based on the active steering mechanism 
usually fail to achieve the follow-the-leader manner, which 
is only realizable with special designs [56].

Obstacle Avoidance Example

As shown in Fig. 2c, an example of obstacle avoidance 
is presented to better illustrate the differences between 
the two steering mechanisms. This operation is helpful in 
some medical practices such as reaching the prostate with 
interference [53]. Needle 1 (bevel-tip needle) and needle 2 
(symmetric-tip needle) are manipulated based on passive 
and active steering mechanisms, respectively. Needle 1 can 
rotate axially and needle 2 can actively bend. The following 
four steps render how the two needles use the two steering 
mechanisms to achieve obstacle avoidance.

• Step 1: Two needles are inserted into the tissue. Nee-
dle 1 bends naturally and avoids the obstacle. Needle 2 
remains straight.

• Step 2: Needle 1 is axially rotated 180◦ to change the 
bevel-tip orientation. Needle 2 actively bends to avoid 
the obstacle.

• Step 3: Needle 1 is naturally steered along a curved path 
and reaches the target. Needle 2 actively bends in the 
opposite direction to reach the target.

• Step 4: Needle 2 reaches the target along a straight tip 
path.

This example clearly illustrates some of the characteristics 
and differences of the two steering mechanisms. First, the 
working principles are totally different. Second, the tip tra-
jectory of needle 1 is a curve with constant ROC, while the 
trajectory of needle 2 is made up of some lines with abrupt 
curves. Third, it can be obviously judged from the trajecto-
ries of the needle body that only needle 1 is steered in line 
with the follow-the-leader manner.

Hierarchical Classification of Needle Steering 
Approaches

This section presents a scientific classification of state-of-
the-art needle steering approaches with a hierarchical struc-
ture. We set two classification criteria, by which the steering 
approaches are classified into four categories. Then, based 
on the characteristics of manipulations and mechanical 
designs, we classified the four categories into ten subcat-
egories. The complete diagram of the hierarchical classifica-
tion is presented in Fig. 3. The two classification criteria are 
proposed as follows. 

(1) The needle steering is based on the passive mechanism 
or active mechanism.

(2) The needle steering is carried out by passive needles or 
active needles.

Criterion (1) distinguishes between passive and active steer-
ing mechanisms. The essential difference between these two 
mechanisms is whether the force that bends the needle body 
is generated passively during insertion or actively by inter-
ventions, which have been summarized in “Needle Steering 
Mechanisms” section. Criterion (2) distinguishes between 
passive and active needles. Active needles have driving 
DOFs and can be directly manipulated intracorporeally 
while the steering of the passive needle can only be inter-
fered with by extracorporeal manipulation. These two kinds 
of needles appear successively with the development of the 
needle steering technique, which is briefly summarized in 
“Introduction” section.

According to Criterion (1), the needle steering approaches 
can be classified into (1) passive steering approaches 
and (2) active steering approaches. For passive steering 
approaches, needle steering is inevitable. Manipulations and 
needle designs only play a supplementary role in steering. 
According to Criterion (2), passive steering approaches can 
be further divided into (1) axial rotation, namely, rotating 
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the needle base, and (2) active-tip needle, namely, actively 
changing the shape of the needle tip. For active steering 
approaches, needle steering is realized by actively compress-
ing the tissue. According to Criterion (2), active steering 
approaches can be further divided into (1) lateral manipula-
tion, an extracorporeal manipulation to laterally compress 
the tissue, and (2) active-body needle, namely, actively bend-
ing the needle body to achieve steering.

Each of the four categories is further subdivided into 
multiple subcategories based on the characteristics of 

manipulations and mechanical designs, as shown in Fig. 3. 
This classification based on these two criteria also provides 
room for newly developed steering approaches.

Passive Steering Approaches

Passive steering approaches exploit the tip asymmetry of 
the flexible needles that naturally bend due to the result-
ant lateral load. Due to the follow-the-leader manner, the 

[6]

Fig. 3  Classification of needle steering approaches with a hierarchical structure. Rox et al. [8]. Swaney et al. [57]. Berg et al. [3]. Matheson et al. 
[4]. Zhao et al. [42]. Glozman et al. [5]. Lehmann et al. [58]. Ayvali et al. [1]. Farooq et al. [6]. Yamada et al. [43]
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insertion trajectory is considered a constant-ROC curve. 
By performing some specific manipulations extracorpore-
ally and designing some active mechanisms with different 
structures, a more complicated steering curve (a 3D curve 
with ROC variable) can be achieved.

In this section, we classified the passive steering 
approaches into (1) axial rotation, which is the only acces-
sible extracorporeal manipulation during insertion due to the 
limitation of the needle entry point, and (2) active-tip needle, 
of which the shape of the tip can be actively changed due to 
specifically designed structures during insertion.

Axial Rotation

Axial rotation of the needle base is a common and effective 
manipulation choice in needle steering, which aims at chang-
ing the orientation of the needle tips. According to the pat-
terns and functions of rotation, we classified the axial rota-
tion into two subcategories: (1) intermittent rotation, namely 
the rotation is intermittent during insertion to change the 
steering direction, and (2) duty-cycled rotation, namely the 
rotation motion is periodic with duty cycles. In this way, the 
ROC of the steering curve can be modified during insertion.

Notably, the two rotation choices can be implemented in 
combination to realize a more complicated curve while the 
minimum ROC of the curve is limited [59]. The minimum 
ROC depends on both the mechanical properties of tissue 
and needles. Although the manipulation of axial rotation 
owns the convenience that transforms the steering path with-
out the requirement of needle design during insertion, the 
insertion accuracy and tissue damage problems are newly 
introduced by this manipulation.

Intermittent Rotation

Needle steering with intermittent rotation is achieved by 
dividing the needle insertion process into several stages. A 
rotation motion on the needle base is applied for each stage 
to change the tip orientation. The direction of needle steer-
ing is discretely modified due to these rotation motions [60]. 
Rotating the needle base 180◦ is an effective way to realize 
a relatively complex curve in the plane [61], as shown in 
Fig. 4. This method is applicable to many current surgical 
requirements such as avoiding obstacles in the straight-line 
insertion path and in-plane target realignment. In addition, 
intermittent rotation can achieve a 3D steering curve with 
constant ROC (changing the torsion angle) [62]. Steering 
in 3D space not only can compensate for out-of-the-plane 
errors [63] but also can implement a 3D insertion path in 
complex environments [64].

When twisting the needle base, the radical friction 
between the tissue and the needle body causes a discrepancy 
between the base and tip twist angles (e.g., a lag of more 

than 45◦ for a 10 cm insertion depth [65]) due to the torque. 
This can cause a large out-of-plane error when performing 
a unidirectional, large-angled rotation. To reduce the error, 
the torsional dynamics are modeled and the controller is 
designed for error compensation [66, 67]. However, the risk 
of rupturing the needle maintains when relatively fine nee-
dles are used such as in brain surgery.

Remarkably, pre-shaped-tip needles are commonly used 
in needle steering to achieve smaller ROC of the steering 
curve [68]. In comparison with the rotation of bevel-tip nee-
dles, the rotation of needles with pre-shaped tips involves 
some new problems. On the one hand, the pre-shaped tip 
is subjected to larger lateral force while rotating, leading to 
aggravation of tip angle lagging. On the other hand, rotation 
of kinked pre-shaped tips causes larger tissue damage—the 
rigid nature of the kinked tip leads to a steering path with 
a diameter larger than the needle body. To handle the prob-
lems, a flexure-based needle tip is proposed to simultane-
ously maintain the maximum curvature while minimizing 
the tissue damage [57].

Duty‑Cycled Rotation

Duty-cycled rotation is another extracorporeal manipu-
lation that can real-time modify the ROC of the steering 
path when inserted into tissue; however, this manipulation 
cannot decrease the minimum ROC of the steered needle 
[30, 69, 70]. It is based on the demonstrated hypothesis 
that a straight insertion path with a bevel-tip needle can be 
achieved by spinning the needle with applicable rotation 
speed and insertion speed during insertion. In fact, the tra-
jectory of the insertion path is helical but appears straight 
[71]. Then, by changing the duty cycle of the spinning, dif-
ferent ROC can be achieved. Figure 4 presents the insertion 
of a bevel-tip needle using the duty-cycled approach. When 
duty cycle = 0% , the ROC of the steering path is equivalent 
to that of directly inserting the bevel-tip needle.

Fig. 4  Schematic illustrates the steering abilities of different extra-
corporeal manipulations with different tip types based on the passive 
steering mechanism
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Tissue wind-up is a severe problem caused by friction 
between the needle shaft and tissue when the needle rotates. 
This phenomenon is especially serious in duty-cycled rota-
tion due to the increment of rotation cycles. Needle insertion 
experiments in phantom [72] and ex vivo beef tissue [73] 
both show that unidirectional rotation rises concerns about 
this problem. According to [73], the wind-up phenomenon 
is more serious in ex vivo beef tissue (trials have to be dis-
continued due to tissue wind-up). In addition, continuous 
unidirectional rotation can also cause cable wind-up issues 
of instrumentation. Thus, some bidirectional rotation meth-
ods are proposed by periodically reversing the direction of 
axial rotation [72]. Modified duty-cycled strategies are pro-
posed to elegantly solve the cable wind-up issues of instru-
mentation with no hardware changing requirement [74]. By 
introducing a cannula outside the needle, the tissue wind-up 
could also be eliminated.

Active‑Tip Needle

With specially designed mechanical structures and support-
ing actuation systems, active-tip needles can actively change 
their tip during insertion. The objective of changing the tip 
shape is to change the tissue lateral reaction force, so that 
based on the passive steering mechanism the ROC of the 
insertion path can be adjusted. Active-tip needles achieve 
higher steering ability by means of mechanical and actua-
tion design. Rotation-free 3D steering motion is in demand 
by active needles to eliminate the aforementioned rotation-
related problems such as base-tip lag and tissue damage. 
Correspondingly, larger design and control complexities are 
introduced in active-tip needles.

We classified current active-tip needles into three subcate-
gories based on different mechanical structures: (1) rotatable 

joint-tip needle, (2) programmable bevel-tip needle, and (3) 
retractable joint-tip needle. Among them, the actuation of 
rotatable joint-tip needles is challenging because the active 
joint is required to be actuated inside the tissue.

Rotatable Joint‑Tip Needle

Joint-tip needles possess an active joint near the tip, provid-
ing a rotational motion between the needle tip and the body. 
Due to the narrow working environment along the flexible 
needle, the actuation choices of the joint-tip needles are lim-
ited. Thus, joint-tip needles can be mainly actuated in one 
of three ways: cable-driven actuation, shape memory alloy 
(SMA) wire-based actuation, and magnetic actuation.

Among the three actuation methods, cable-driven actua-
tion is the most universal way to drive the active joint. 
Composed of a cable system, the motors can drive the joint 
remotely outside the tissue [79]. As shown in Fig. 5a, the 
length between the two parts of the joint is changed by pull-
ing the cables. This method is also capable of rapid manually 
hand–eye operation in combination with medical images [77, 
80]. SMA wires are self-actuated and also used to actuate the 
joint [75, 81, 82], as shown in Fig. 5b. The actuation process 
is similar to the cable-driven actuation. The differences lie 
in the two ends of the SMA wires are fixed and the length of 
the SMA wires is self-changed. This method saves limited 
operating space due to the unnecessary external actuation 
systems. However, the SMA actuation includes some major 
problems in electric and heat insulation issues as well as the 
time efficiency [83]. Unlike the aforementioned two actua-
tion choices, magnetic actuation is an untethered way that 
using the magnetic field for actuation, which is presented 
in Fig. 5c. This actuation enables a simpler structure (a ball 
joint and a magnetic tip) [2, 84–87]. However, the control 

Fig. 5  Illustration of rotatable joint-tip needles with their joint struc-
ture and actuation choices emphasized. a Cable-driven joint-tip nee-
dle. Berg et al. [3]. b Shape memory alloy wire-actuated joint-tip nee-
dle. Konh et al. [75]. c Magnetic-actuated joint-tip needle. Pratt et al. 

[2]. d Joint-tip needle with a close-loop cable. Adebar et  al. [76]. e 
Joint-tip needle with a flexure joint. Berg et al. [77]. f Joint-tip needle 
of which the joint is made of cables. Scali et al. [78]
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method is relatively complex and this method is not suitable 
for the magnetic resonance imaging (MRI) environment.

Except for actuation choices, the design of the active joint 
is also essential in joint-tip needles. As shown in Fig. 5a and 
b, the most common design is a rotating pair actuated by a 
variable-length tendon (in the form of cables or SMA wires) 
to rotate the joint. In general, one open-loop variable-length 
tendon can only generate 0.5-DOF on the needle tip (pro-
viding unidirectional rotation). Thus, four variable-length 
tendons with four actuators are required for a ball joint to 
realize 2-DOF rotation motion [3]. A close-loop method is 
proposed in Fig. 5d, where the cable is secured to the distal 
hinge section with adhesive [76], realizing 1-DOF planar 
rotation with one actuator. As shown in Fig. 5e, another way 
to decrease the actuator number is introducing the flexible 
joints, which utilize the elasticity of the joint to recover the 
rotation angle when releasing the cables [41]. Figure 5f pre-
sents a joint made of three relatively thick cables. In that 
way, the needle could be designed smaller [78].

Recently, a waterjet needle is proposed that has its inva-
sive tip a “waterjet” [88, 89]. Although the cutting force is 
not the bending source of the needle. We still classified this 
needle into a rotatable joint-tip needle for the waterjet tip is 
rotatable and the steering motion is a concomitant motion 
of the insertion that is produced by the tissue reaction force. 
Of note, the ROC of the waterjet needle is not limited to the 
tissue stiffness but is decided by the water velocity.

Programmable Bevel‑Tip Needle

The programmable bevel-tip needle (PBN) is a biomimetic 
concept design proposed in 2010 [90]. With a dozen years 
of development, improvements have been made in many 
aspects. The original prototype, a two-segments mechanism 
with 12 mm in outer diameter, can only verify the steer-
ability in principle [91]. The up-to-date mechanism is a 
clinically sized (2.5 mm in outer diameter), medical-graded 
product, comprising four slender segments connect by the 
interlocking mechanism [92]. By adjusting the relative axial 
distance between the four segments, the bevel shape of the 
tip can be ”programmed,” enabling different ROC and tor-
sion angles of the steering curve.

Certain studies ignore the inner connectivity during 
mechanical design and fail to use the needle in some appli-
cations such as drug delivery and aspiration. In PBN, each 
segment has a single lumen, providing a channel from tip to 
base. These channels not only meet the medical needs but 
also provide ways for tethered sensors, such as electromag-
netic sensors for pose estimation [4, 93] and fiber Bragg 
grating sensors for shape reconstruction [94]. Not like the 
joint-tip needles that would cause tissue damage when rotat-
ing the needle tip, the “program” process of PBN does not 
compress the tissue. Thus, the steering process is safer. Due 

to the four-segment construction and the smaller interlocking 
mechanism, it is challenging to apply the PBN to high-gauge 
needle applications.

Retractable Trocar‑Tip Needle

Retractable motion in trocar can also be used to change the 
tip shapes. As far as the best knowledge of authors, there 
are two types of constructions. One construction consists 
of a relative stiffness cannula and a stylet with pre-bent tips 
pre-hidden in the cannula [95, 96]. Due to the large stiff-
ness of the cannula, the needle appears to be approximately 
straight. By increasing the stick-out length of the stylet tip, 
more pre-curved-tip shapes can be achieved. Another con-
struction consists of a flexible stylet with an exposed asym-
metric tip and a relative stiffness cannula [97]. A flexure 
joint is formed near the tip by sticking out the stylet, and the 
joint would be forced to bend to form a pre-bend tip dur-
ing insertion. More pre-bend-tip shapes can be achieved by 
increasing the stick-out length.

A relatively small diameter (e.g., 0.46 mm in [97]) can 
be achieved due to the simple structure and extracorporeal 
actuation pattern, which satisfies most of the clinical appli-
cations of high-gauge needles. However, on account of the 
requirements of the stiffness discrepancy between the stylet 
and cannula, the steering ability is limited.

Active Steering Approaches

Active steering approaches achieve the desired needle con-
figuration by actively bending motion based on mechanical 
and actuation design. The tissue is compressed during the 
bending so that most of the active steering approaches do not 
qualify for the follow-the-leader manner. Since the steering 
motion is not generated by cutting the tissue but inside the 
needle, the steering motion can be achieved outside the tis-
sue, and its ROC is not limited by the mechanical property 
of the tissue.

In this section, we classified the active steering 
approaches into (1) lateral manipulation, namely the nee-
dle is laterally manipulated to achieve steering motion, and 
(2) active-body needle, namely the needles could actively 
change their body shape to help with steering motion.

Lateral Manipulation

Lateral manipulation is the earliest robotic-assisted steer-
ing approach, in which the needle acts as the end effector. 
In manipulating the six DOFs of the needle, four of them 
contribute to compressing the tissue (excluding axial rota-
tion and translation insertion). However, in some cases, 
the four contributory DOFs are constrained due to assisted 
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medical tools (manipulation with a template) or damage 
considerations (manipulation within the entry point). 
Hence, we classified the lateral manipulation into (1) 
unconstrained lateral manipulation and (2) constrained 
lateral manipulation.

Of note, tissue manipulation is another way that is sim-
ilar to lateral manipulation [98, 99]. Nevertheless, this 
method requires squeezing the tissue in the outer contour 
to bend the needle, which limits the applications (mostly 
in the breast). With its more limited application and poorer 
function, we excluded this method from our needle steer-
ing approaches.

Unconstrained Lateral Manipulation

Unconstrained lateral manipulation can apply arbitrary 
motion on the needle base. Pioneer works were carried out 
on formulating the relationship between the base and tip 
velocities. Both the numerical model that formulates a nee-
dle manipulation Jacobian to describe the base-tip motion 
relation [100, 101] and the analytical model based on a lin-
ear beam supported by virtual springs are developed [5]. 
In comparison with the numerical model, the analytical 
one allows combination with the medical imaging device 
and realizes real-time closed-loop control for needle inser-
tion procedures [102, 103]. However, the steering ability 
decreases as the insertion depth increases due to the increase 
of tissue deformation force.

To this end, needle steering methods that fuse lateral 
manipulation at the base and bevel-tip needle-based axial 
rotation are proposed. The research point lies in the control 
law design to operate the two steering methods collabora-
tively as well as reduce the tissue deformation [104, 105].

Constrained Lateral Manipulation

Some clinical procedures conduct needle insertion with 
a template, which introduces a cylindrical pair constraint 
near the needle base. Thus, lateral manipulation can be only 
implemented on the needle body between the tissue and the 
template. In [58], A mechanics-based deflection model is 
established, which is compatible with multi-layer tissue. In 
addition, a model-based control algorithm is presented to 
minimize needle deflection at the final insertion depth [40].

Except for the usage of templates, limiting the motion of 
the needle entry point is also considered a beneficial con-
straint to reduce the damage caused by tearing the entry 
point. By introducing this remote-center-of-motion con-
straint in the form of control law or mechanical design, 
the needle can only be manipulated within the entry point, 
which reduces the tissue damage [106, 107].

Active‑Body Needle

Active-body needles are considered needle-like hyper-redun-
dant or continuum robots, which compete with the tissue to 
achieve the desired configurations. Thus, active-body nee-
dles have multifarious design choices with different working 
principles. Based on this, we classified the active-body nee-
dles into three categories: (1) bendable joint-body needle, 
(2) concentric tube needle, and (3) compliant mechanism 
needle. Among them, only the concentric tube needle is the 
only one that has both abilities of out-of-the-tissue steering 
and follow-the-leader deployment, which can steer through 
the intracorporeal cavity to reach the target.

Bendable Joint‑Body Needle

Joint-body needles are similar to joint-tip needles in struc-
ture, i.e., owning the active joints and their supporting actua-
tion. The difference lies in the joints of joint-body needles 
are on purpose to bend the needle body. In order to avoid 
excessive local bend angle, the joints are generally multiple 
and distributed in the needle body.

Although SMA wire-actuated method requires relatively 
more complex considerations in comparison with cables, 
it is commonly used in joint-body needles due to its high 
power density to compete with tissue deformation force. 
The considerations include: (1) the SMA wires are generally 
heated by Joule heat generated electrically so the thermal 
and electrical insulation issues need to be considered, (2) 
the process of heating and naturally cooling down the SMA 
wires is too slow, and (3) the nonlinearity and hysteresis of 
the SMA materials embarrass the modeling accuracy of the 
orientation angle of the needle tip.

Many studies of joint-body needles have been proposed 
[108–111], and two pieces of work are representative. The 
first study proposed a discretely actuated joint-body needle 
using the bending mode of SMA wires [1, 83, 112]. The 
needle consists of two joints and can be actuated by one 
power supply on a pulse width modulation-based control 
scheme. The needle owns a hollow core for the delivery of 
medical tools. The second study developed a needle with a 
set of slits on its body machined by laser (distributed flexure 
joints). The SMA wire is clamped at the ends of the joint and 
uses tension mode rather than bending mode for high force 
generation [113]. The optical heating method is used instead 
of Joule heating to actuate the SMA wires, which avoids 
artifacts created by current in MRI environment [114–116]. 
However, this needle has a solid core and the steering motion 
is only unidirectional.

Notably, most of the bendable joint-body needles have 
their needle body soft, while the needle bodies become rigid 
when actuated to change the insertion angle. In comparison 
with abruptly applying a large joint angle, it is preferable 
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to gradually increase the joint angle during the insertion 
procedure to reduce tissue damage.

Concentric Tube Needle

Concentric tube needles (CTNs) are a concept established 
in the context of concentric tube robots, which are con-
tinuum robots that comprise a series of pre-curved elastic 
tubes that are translated and rotated with respect to each 
other to control the shape of the robot and tip pose [117]. 
The main advantage of CTNs that distinguishes them from 
other active-body needles is that the CTNs can realize the 
follow-the-leader deployment on the premise of meeting 
some design requirements [28]. This expands the applica-
tion of the original needles—needles can steer through open 
or liquid-filled cavities to enter the tissue [6, 55].

The follow-the-leader manner has been the major design 
guideline for clinical-demanded CTNs [118–120]. In [28], 
the follow-the-leader solution of special cases including 
circular tubes and helical tubes is analyzed, and a metric 
for evaluating the similarity of an approximate follow-the-
leader deployment is also proposed. Recently, In [119], more 
comprehensive follow-the-leader possibilities are analyzed. 
It is found that deformed helices with exponentially varying 
curvature magnitude can be a candidate for follow-the-leader 
design. Moreover, the potentially exploitable kinematic pos-
sibilities are also discussed. It has been proved that CTNs 
with variable stiffness tubes in association with additional 
motions can increase the possibilities of motion and geom-
etry in the parts of the needles [119]. Several studies have 
combined CTNs with the aforementioned bendable joint-
body needles, in which the joint-body needles act as the 
inner tube (stylet) of the CTNs (cannula) [121]. In [122], 
the joint-body needle and the bevel tip are integrated into 
needles to raise the operability.

Although the CTNs can accomplish a theoretical fol-
low-the-leader manner, the stiffness of the proximal tube 
decreases with the hierarchical deployment of the tubes. 
Thus, affected by tissue reaction forces, the proximal tubes 
will suffer a relatively large offset [28]. In addition, the 
deployment of CTNs involves snapping problems, which 
is an unexpected release of the elastic potential energy. The 
energy is accumulated due to tube bending and twisting, 
which may damage tissue and needles. To handle this, a 
redundant CTN is proposed to achieve snap-free motion 
[123], and a nonlinear model predictive controller is 
designed to steer the CTN away from dangerous configura-
tion [124].

Compliant Mechanism Needle

Compliant mechanism needle exploits structural mechan-
ics to actuate the needle body with base manipulation. The 

compliant mechanism is a kind of mechanism that has no 
actual joints and achieves motions by elastic deformation 
of the flexible part. Current studies machined the needle (or 
part of them) into two axially parallel parts. By changing the 
relative angle or position of the two parts, a bending motion 
can be realized. This method realizes both the intuitive oper-
ability mechanism and the simple internal structure. A loop-
shaped compliant mechanism is proposed with a modeling 
method based on constant-curvature assumption [43, 54]. 
Models based on the pseudo-rigid body method with parallel 
structures are also proposed [7, 128].

Compliant mechanism needles have simple actuation pat-
terns with large steering ability. However, the design choices 
are limited due to the slender body of the needle, i.e., a 
closed-loop mechanical transmission chain is required in a 
slender structure to bend the needle body. Furthermore, the 
fabrication of the complex structure also limits the minia-
turization of compliant mechanism needles.

Discussions

Currently, some of the current research focuses on the design 
and optimization of the needle steering approaches while 
ignoring or taking incomprehensive consideration of their 
target application. In fact, needle steering should be appli-
cation oriented to solve concrete clinical problems. With a 
large and growing number of needle steering choices, clini-
cal considerations should play the guiding role in selecting 
appropriate steering approaches as well as detailed design 
choices.

In the aforementioned paragraphs, we have proposed a 
taxonomy to classify the current needle steering approaches 
(deriving ten subcategories), which gives insight into the 
current needle steering approaches. For each approach (sub-
category), corresponding design choices and clinical appli-
cability are reviewed. In this section, we first discuss the 
clinical considerations of the classified steering approaches. 
Some influential literature with key information is concluded 
and presented in Table 2. Then, we weigh up the pros and 
cons of these steering approaches in terms of clinical appli-
cations. The discussed results are presented in Table 3. The 
objective is to answer the core question—“How to choose 
an applicable needle steering approach for a specific clinical 
application?” in terms of mechanical design.

Clinical Considerations

We concluded and discussed the clinical considerations 
from two aspects: steerability (i.e., the steering ability) and 
clinical acceptability. From the aspect of steerability, is the 
primary guarantee for the success of specific surgery and 
acceptability ensures the safety of the operation. Meanwhile, 
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for steering approaches that are capable of specific applica-
tions, clinical acceptability should be considered to lower 
surgical risks and achieve better outcomes of treatment.

Steerability

In general, stronger steerability means more complex manip-
ulation or mechanical design. To avoid redundant complex-
ity, getting the right match for the application and steer-
ability is significant. At present, the concept of steerability 
is not clearly defined. In different studies, different conno-
tations are adopted such as needle manipulation Jacobian 
[101], steering index and steering condition number [129], 
and maximum curvature [8]. However, none of these meas-
ures is capable of giving an intuitive trade-off of the current 
steering approaches. Hence, based on previous research, we 

consider the steerability of the classified approaches quali-
tatively and quantitatively in this survey.

Qualitatively, based on existing clinical demands, we 
concluded the steerability with four types of steering strate-
gies: target realignment, obstacle circumvention, multiple 
target access, and steering via cavity. Target realignment is 
the simplest steering strategy since only a mild adjustment 
to the steering motion is required. This strategy is essen-
tial in all highly accurate insertion conditions to achieve the 
specified trajectory in combination with feedback control. 
Obstacle circumvention is also a commonly used method 
to circumvent obstacles in the way of needle insertion such 
as vessels and bones. In general, a planar constant-ROC 
steering motion is enough to deal with the potential inter-
ference. However, a safe planar circumvention path may not 
exist under the complex manipulation environment (e.g., 
involving large or multiple obstacles), which requires a 

Table 2  Summary of remarkable research of active needles with key features

a ROC radius of curvature, D deflection, R radius, A air, E ex vivo, P phantom
b The contents of the parentheses indicate the deflection after the specified insertion depth

References Classification category Maximum 
diameter 
(mm)

Minimum ROC 
or maximum 
 deflectiona

Medical image modality Medical treatment

Dalta et al. [82] Rotatable joint-tip needle 2.2 DP, 19.4(150)  mmb Camera –
Adebar et al. [76] Rotatable joint-tip needle 2.0 RE, 50 mm Ultrasound images Liver tumor ablation
Roesthuis et al. [125, 

126]
Rotatable joint-tip needle 2.0 RP, 200 mm Ultrasound images Breast intervention

Gerboni et al. [41] Rotatable joint-tip needle 1.35 RE, 33.6 mm Ultrasound images Liver tumor ablation
van de Berge et al. [77] Rotatable joint-tip needle 1.32 RP, 333 mm Camera Liver intervention
Hong et al. [86] Rotatable joint-tip needle 1.3 RE, 40.3 mm Fluoroscope Deep brain stimulation
Watts et al. [92] Programmable bevel-tip 

needle
2.5 RP, 52.1 mm Camera –

Okazawa et al. [96] Retractable trocar-tip 
needle

0.91 DP, 0.3 mm Ultrasound images Biopsy

Bui et al. [97] Retractable trocar-tip 
needle

0.46 RE, 265.6 mm Camera –

Ryu et al. [113] Bendable joint-body 
needle

1.67 DP, 7.2 mm Camera Biopsy

Ayvali et al. [1, 83] Bendable joint-body 
needle

1.65 – Ultrasound images –

Konh et al. [53] Bendable joint-body 
needle

1.8 DP, 7.2 mm Camera Prostate brachytherapy

Swaney et al. [122] Concentric tube needle 1.38 RA, 17.8 mm Magnetic tracking 
system

Lung tumor biopsy

Qi et al. [121] Concentric tube needle 1.42 – Magnetic tracking 
system

Biopsy

Gilbert et al. [28] Concentric tube needle 2.18 RA, 101 mm Stereo camera system Brain hippocampus 
ablation

Burdette et al. [127] Concentric tube needle 1.5 DP, 10 mm Ultrasound images Liver tumor ablation
van de Berg et al. [7] Compliant mechanism 

needle
1.65 RE, 700 mm Ultrasound images Liver tumor ablation

Yamada et al. [54] Compliant mechanism 
needle

1.3 DP, 39.2(100)  mmb – Minimally invasive 
surgery
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3D variable-ROC curve. Multiple target access is similar 
to complex obstacle circumvention while a more accurate 
steering path is required to allow the needle path through 
the desired points. Steering via cavity is required in some 
transbronchial and transintestinal procedures, which requires 
some steering approaches that can steer outside the tissue as 
well as abide by the follow-the-leader manner.

Quantitatively, several considerable indexes are used to 
describe the steerability of needle steering approaches. The 
indexes include the DOF, minimum ROC, and maximum 
deflection. Among them, the DOF is a universal index, 
while the minimum ROC is usually adopted by steering 
approaches that abide by the follow-the-leader manner 
(passive steering approaches and concentric tube needles). 
The maximum deflection is mostly used when the follow-
the-leader manner is inapplicable (other needle steering 
approaches). In general, 1-DOF needle steering indicates 
the relationship between needle tip position and insertion 
depth is determined immutably, which means the steering 
path requires to be preoperatively determined. 2-DOF nee-
dle steering has two modules: one module is the insertion 
path extended into 3D space while the relationship between 
depth and deflection magnitude remains unchanged; the 
other module can customize the deflection magnitude when 
steering in the plane. 3-DOF needle steering integrates the 
functions of the above two modules. Minimum ROC and 
maximum deflection are two parameters with similarity in 
function, either of which can sufficiently estimate the real-
izable maximum bending capability of a steerable needle. 
Unlike the minimum ROC which is not related to the inser-
tion depth, the maximum deflection is usually dependent 
on depth. The maximum deflection is measured immedi-
ately after the steerable needle bends or after inserting the 
needle some distance. In some specific cases such as joint-
body needles, the maximum joint angle is an alternative to 
maximum deflection. Table 2 lists the related information of 
recent remarkable research.

Acceptability

Tissue damage is a considerable factor in needle steering 
techniques, which increases blood loss (especially in the 
liver and kidney), risk of serious complications (especially 
in the lumbar and breast), and intraoperative pain. Most 
of the needle steering approaches would cause varying 
degrees of tissue damage, such as tissue wind-up of axial 
rotation, major tissue compression of needles with the 
active steering mechanism, and minor tissue compression 
of joint-tip and trocar-tip needles. Of note, for PBN, the 
steering motion does not cause additional tissue damage. 
Except for friction damage and compressing damage, some 
improper actuation designs integrated into the needle can 

also cause tissue damage, such as excessive temperature 
by heating the SMA wire and tendons exposed outside 
the needle.

Medical imaging modalities, such as computed tomog-
raphy (CT), ultrasound (US), and MRI play an important 
role in needle steering techniques. The assistance can be 
concluded in two aspects: (1) preoperative path planning, 
which provided key anatomical information to plan the 
needle insertion path, and (2) intraoperative path realign-
ment and replanning, which can real-time adjust the steer-
ing trajectory and avoid undesired obstacles, whereas dif-
ferent imaging modalities may have good or bad effects 
on different steering approaches, and vice versa. CT can 
accurately detect small differences in the density of vari-
ous tissues (e.g., the structure and calcifications) in a lat-
eral anatomical plane while having low contrast to soft 
tissue in some cases. Thus, this imaging modality is often 
introduced for preoperative path planning of needle steer-
ing. However, due to the hazardous ionizing radiation, this 
modality cannot be used in feedback control to real-time 
guide the insertion path. US is an imaging method with 
almost no hazards and low cost and is a commonly used 
method to improve insertion accuracy. Due to the feature 
of small size and real-time imaging, this imaging modality 
is the first priority to provide real-time dynamic images 
for intraoperative path realignment and replanning. How-
ever, in the US images, needles are not always visible. 
Decreasing the angle between US beam and needle and 
needle diameter would make visualization difficult. Fur-
thermore, the real-time imaging mode of US may decrease 
the visibility of needles [130]. A study shows that needles 
with compliant joints may increase the visibility of nee-
dles [131]. MRI has unique advantages over other medical 
imaging modalities, including high spatial resolution, real-
time imaging, and no ionizing radiation hazard to patients. 
Although MRI does not provide real-time imaging, the 
produced high-quality images can ensure the correctness 
of the preoperatively planned path. However, the material 
and actuation of the needle steering system must conform 
to MRI compatibility, which includes electromagnetic 
interference, material incompatibility, etc. [21, 132, 133].

Needle diameter is a considerable parameter in needle-
based interventions. An appropriate diameter is mainly 
determined by surgical requirements, tissue types, and 
patient characteristics. However, most of the steering 
approaches with active needles achieve large steerability 
at the expense of increasing the needle diameter. Com-
posed of active joints, multiple parallel tubes, actuation 
parts, etc., a high-gauge (small-diameter) active needle is 
hard to design and fabricate. Among them, the retractable 
trocar-tip needles can achieve a relatively large ROC with 
a small diameter due to the relatively simple structure.
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Choosing Appropriate Needle Steering Approaches

Having summarized the clinical considerations, we put for-
ward the suitable applications of the ten subcategories of 
needle steering approaches by evaluating their steerability, 
characteristics, limitations, cons, and pros. Table 3 summa-
rizes the above topics, where two subcategories of rotation 
manipulations are combined into the axial rotation approach 
and two subcategories of lateral manipulations are combined 
into the lateral manipulation approach for their similarity in 
the summarized topics.

The axial rotation and lateral manipulation are the only 
two methods that can use traditional (passive) needles to 
conduct steering motions. In comparison with active nee-
dles, passive needles are low cost and can be adopted in 
some surgery requiring high-gauge needles. Moreover, they 
can be easily integrated into other active needles to enlarge 
their performances. Lateral manipulations have large steer-
ability in shallow tissue by compressing tissue, while the 
compression is hard to pass from the needle base to the deep 
tissue. The insertion depth also influences the performance 
of axial rotation approaches due to the increased friction 
during rotation, which can reduce rotation accuracy as 
well as introduce the risk of needle fracture in high-gauge 
conditions.

Active needles based on the passive steering mechanism 
possess the follow-the-leader motion inherently because 
they only actively change the tip shapes to further change 
the magnitude of lateral cutting force. Correspondingly, the 
minimum ROC is limited by the mechanical properties of 
the insertion media. Rotatable joint-tip needles can directly 
manipulate the tip orientation to realize a 3D steering curve. 
The ROC of the curve can be modified smaller by increasing 
the tip angle and the tip length. However, the small ROC is 
dependent on the large diameter of the needle tip, which 
generates a large lateral reaction force. Thus, this approach 
is inapplicable to applications requiring high-gauge needles. 
The PBNs have multiple channels from tip to base, which 
can easily integrate fiber sensors and conduct treatments 
such as drug delivery and aspiration. Because the shape-
changing process do not change the maximum diameter of 
the PBN, no additional tissue damage would produce dur-
ing modifying the ROC during steering motion. Retractable 
trocar-tip needle has a relatively simple structure among all 
the active needles. On this basis, this needle can simultane-
ously achieve a relatively small ROC than passive needles 
during steering and a relatively simple structure for high-
gauge needle purposes, whereas only 1-DOF steering can 
be conducted by this needle providing the axial rotation 
manipulation is not introduced.

Active needles based on the active steering mecha-
nism possess large steerability because their needle bod-
ies can actively bend. To this end, needles can perform 

insertion-free steering motion and can steer outside the tis-
sue. Correspondingly, most of these needles do not abide 
by the follow-the-leader deployment (except for some of the 
CTNs) and cause relatively large tissue damage than passive 
steering approaches. Rotatable joint-body needles, which are 
similar to rotatable joint-tip needles in structure and actua-
tion design, are also not suitable for high-gauge applications. 
And their mechanical structures are more complex. Since the 
active bending motion is insertion independent, this type of 
needle can real-time change the tip position after reaching 
the target. This characteristic is helpful for surgery such as 
BT to keep the distance from the needle tip to the target in 
time without insertion adjustment. CTNs are the only type 
of needles that can achieve follow-the-leader deployment 
as well as steer outside the tissue simultaneously. Thus, this 
needle is the most applicable choice for surgery with the 
requirement of reaching targets through internal ducts and 
cavities of the human body, such as transbronchial needle 
aspiration. The applications of compliant mechanism nee-
dles are similar to the rotatable joint-body needle due to their 
similar ways of bending. The discrepancy lies in the bending 
of compliant mechanism needles is driven by the mechanical 
structure of the needle body cut by laser. Thus, compliant 
mechanism needles possess a relatively compact structure. 
Nevertheless, the slenderness of the needle body limits the 
design of compliant mechanisms. Compliant mechanism 
needles of 2 DOFs are not only difficult to design, and the 
structure of the needle body is relatively fragile.

Outlooks

The recent progress in needle steering techniques reveals 
potential advantages in the medical field, while much work 
needs to be done to clinically implement these techniques. In 
this section, as presented in Fig. 6, we summarize five poten-
tial applications of needle steering techniques related to five 
vital organs (brain, lungs, liver, kidneys, and prostate). For 
each of the organs, we demonstrate the importance of needle 
steering to it from four perspectives: the current leading dis-
ease, promising treatment to the disease, steering strategies 
applied in the treatment, and the beneficial result beneath 
the strategies. At last, we highlight the future developments 
of needle steering techniques in terms of mechanical design.

Potential Application

Brain

Keyhole neurosurgery (mostly in the brain) aims at achiev-
ing maximal surgical efficiency with minimum trauma and 
has been preferentially chosen with the clear advantage of 
reducing the risk of complications [134]. In this surgery, 
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needles are commonly used by surgeons to reach the target 
for further operation through a small dura opening [135].

The use of needles covers many promising keyhole neu-
rosurgery. First, brain biopsy (usually fine needle biopsy) 
is effective in the case of uncertainty to obtain samples of 
intracranial tissue for diagnostic purposes [136]. Second, 
deep brain stimulation (DBS, placement of a needle-like 
neurostimulator in the brain) is highly effective in control-
ling movement disorders in patients, such as Parkinson’s 
disease [137]. Third, convection-enhanced delivery (CED, 
using bulk flow rather than conventional diffusion) is 
adopted in brain drug delivery to bypass the blood–brain 
barrier and raise treatment efficiency [138].

Needle steering techniques can reduce the risk of intrac-
ranial hemorrhage (ICH), which is the most frequent and 
devastating complication in the brain [27]. Two key factors 
cause the ICH: on the one hand, due to the resolution limi-
tations of current image devices, the needle injures some 
small-diameter vessels that are undetectable preoperatively 
[139]; on the other hand, due to the insertion accuracy, the 
needles may accidentally puncture the vessel near the inser-
tion path. To handle the ICH complication, needle steer-
ing techniques can perform intraoperative circumvention of 
vessels as well as raise insertion accuracy to reduce the risk 
[140, 141]. Indeed, sometimes a safety straight-line insertion 
path that avoids all the vessels and keeps enough distance 
threshold is even unfindable [28]. However, needle steering 

techniques can provide a safe 3D curve to guide the needle 
reaching the target [142, 143].

Lungs

Lung cancer is leading cancer that causes the greatest 
number of deaths [144]. Transbronchial needle aspiration 
(TBNA) is a promising investigation approach for diag-
nosing and staging this cancer. In comparison with the 
conventional approach consisting of several investigative 
procedures, TBNA reduces the median time-to-treatment 
decision [145] and reduces the risk of pneumothorax [146]. 
In addition, for mediastinal disease diagnosis, TBNA is also 
a primary part [147].

Needle steering techniques can improve the current 
TBNA mainly in two aspects: increasing the targeting 
accuracy and extending the territory of diagnosis. First, the 
movement of the lung tumor during respiration can reach up 
to 30 mm, which seriously affects the success rate of target-
ing [148]. With the help of steerable needles, the targeting 
accuracy can be intraoperatively compensated [149]. Sec-
ond, steerable needles enable more complex motion to reach 
deeply into the bronchus, as well as extend the aspiration 
territory after puncture through the tissue [150]. Remark-
ably, the TBNA is not the only approach that combines the 
endoscope with needles. However, in comparison with other 
endoscope-needle investigations such as pancreatic cancer 

Fig. 6  Five potential initial application areas of the needle steering 
from different organs of the body, including brain, lungs, liver, kid-
ney, and prostate. For each organ, the current leading disease, promis-

ing treatment to the disease, steering strategies applied in the treat-
ment, and the beneficial results the strategies bring are concluded
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detection [151], TBNA is representative due to the complex 
and narrow environment in the bronchus with considerable 
motion planning problems [152, 153].

Liver

Hepatocellular carcinoma (HCC, the most common liver 
cancer) is one of the leading causes of cancer deaths world-
wide [154]. The low five-year survival rate and the similar-
ity between the incidence and mortality both indicate the 
significance of diagnosis and prognosis [144].

Liver biopsy is an interventional approach to the HCC 
diagnosis. Although validated imaging criteria have been 
developed for diagnosis, the biopsy is still required when 
the imaging criteria for diagnosis are not met or are not 
applicable [155]. Moreover, a prospective multicenter audit 
shows that up to 9% of patients are failing to detect HCC 
when adopting the imaging criteria [156]. Thermal ablation, 
most commonly radiofrequency ablation (RFA), is recom-
mended to treat early-stage HCC with the tumor site less 
than 2 mm [154]. More recently, microwave ablation (MWA) 
and cryoablation are also used in early-stage HCC treatment. 
In comparison with RFA, MWA shortens the ablation time 
and is more applicable to the tumor near large vessels and 
relatively large (3–4 cm) [157]. Cryoablation has also occa-
sionally been used in high-resource settings in HCC, its 
effectiveness, and safety in HCC are also proved [158].

Steerable needles provide ways to handle several major 
problems in HCC. First, needle steering techniques can 
raise the targeting accuracy of needle tips, which is both 
significant in biopsy and ablation. Due to the softness of 
liver tissue, large deformation occurs when the liver contact 
with the diaphragm during the respiratory motion (5–25 mm 
[77]). Since flexible needle insertion with tissue deformation 
remains an open question, it is hard to accurately target the 
lesion [159, 160]. Second, needle steering techniques can 
avoid obstacles (blood vessels, bile ducts, or lungs) in the 
liver to reach some lesions that would otherwise be inac-
cessible. [161, 162]. Third, a 3D steering curve extends the 
current surgical procedure, enabling multi-target ablation 
[41] or large liver tumor ablation [127] by puncturing the 
liver capsule only once. These procedures are not recom-
mended before because multiple puncturing of the liver cap-
sule would increase the risk of hemorrhage.

Kidneys

Kidney stones are a common clinical problem worldwide 
that can eventually induce chronic kidney disease and renal 
function decline [163]. Percutaneous nephrolithotomy 
(PCNL) is the standard treatment to remove large ( ≥2 cm) 
stones by a small puncture wound through the skin, associ-
ated with higher stone-free rates at the expense of higher 

complication rates, blood loss, and admission times [164]. 
Although invasiveness treatment such as mini-PCNL is 
implemented with smaller instruments and wounds, strate-
gical adjustment remains an open question [165].

Needle steering techniques can reduce complications and 
blood loss in PCNL by deploying suitable and accurate per-
cutaneous renal access [166]. Technically, PCNL is very 
difficult because the kidney is a very vascular organ, and 
delicate surgical techniques are required to avoid bleeding 
as much as possible. Meanwhile, the stones also need to be 
removed clearly. By introducing needle steering techniques, 
the needle can well follow the predefined trajectory to avoid 
unexpected injury [167]. Meanwhile, a safer curved path 
may be findable to reduce the side effects of PCNL [168, 
169].

Prostate

Prostate cancer is common cancer worldwide and is the first 
leading cancer in the United States [144]. BT, with any form 
such as permanent BT, is very positive in high-risk prostate 
and is the most effective radiotherapy treatment for localized 
tumor [170]. This procedure places radioactive seeds inside 
or next to the prostate by means of long hollow needles to 
perform radiation therapy [171].

Needle steering techniques can not only increase the 
accuracy of seed implantation [172–175] but also enable 
the accessibility of large ( ≥ 50 cm3 ) prostates with the con-
traindication known as pubic arch interference (PAI) [53, 
176, 177]. Manual placement of the seed could lead to a 
position error of ±5 mm by an expert practitioner and is hard 
to compensate for intraoperatively [40]. Controlled roboti-
cally with needle steering techniques, a 0.5 mm error can be 
reached [178]. PAI leads to the target being unreachable with 
a straight-line insertion path, which excludes approximately 
10% of patients from the BT treatment. Thanks to the steer-
ing techniques, a curved path can be achieved to place the 
seed even with interference [53].

Future Development

Miniaturization of Needle Structure

Active needles increase their steerability at the expanse of 
complex mechanical structures, which results in concerned 
structure parameters (especially the maximum needle diam-
eter) exceeding the medical grades. Currently, most of the 
active needles fail to reduce their diameter smaller than 
18-gauge (18 G) grade, which is contrary to the current 
momentum of high-gauge needles. Some promising clini-
cal applications, including lung aspiration, lumbar puncture, 
prostate biopsy, etc., usually require needles with diameters 
smaller than 18 G grade. Additionally, reducing the needle 
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diameter within a certain range shows positive effects on 
some surgery. Notably, structure miniaturization not only 
shows advantages except for invasiveness but also reduces 
preoperative fear for the children.

Integration of Steering Approaches

In “Overview and Hierarchical Classification” section, the 
functional sections (i.e., needle base, needle body, and nee-
dle tip) have been defined. Remarkably, most of the cur-
rent steering approaches usually involve the designs and 
manipulations of only one functional section. This enables 
the possibility of the integration of several needle steer-
ing approaches. To this end, the advantages of the selected 
steering approaches can be combined to break through the 
limitations in some current surgical procedures. For exam-
ple, the integration of base manipulation and bevel-tip nee-
dles can modify the steerability of passive needles in deep 
tissue. Integrating CTNs and bendable joint-body needles 
can “program” the degree of pre-bending of each tube of 
CTN. Although integration of steering approaches can 
achieve larger steerability, the drawbacks of the integrated 
approaches may also be concentrated, and the integrated 
approach often leads to more complex design and control 
issues.

Intellectualization Toward Needle‑Like Robots

After twenty years of development, steerable needles are 
no longer simply passive medical tools to provide access 
to the inner target. They become a kind of needle-like con-
tinuum or hyper-redundant robots equipped with sensors, 
actuators, and medical-related matters. As for the needle 
body, remarkable actuators including SMA wires and sen-
sors including fiber Bragg grating (FBG) are integrated 
into needles to actuate the needle body and reconstruct the 
needle shape respectively. Integrated FBG sensors within 
sensory bundles are a promising way to sense the curvature 
and shape of steerable needles, which is crucial for achiev-
ing accurate and complex steering trajectories as well as 
providing the clinician with a graphical visualization of the 
robot shape inside the body. However, problems with the 
current techniques of FBG sensors, including limited strain 
tolerance and temperature sensitivity, limit the ability to 
sense large steering degrees as well as the sensing accuracy. 
These issues require further solutions. As for the needle tip, 
the piezoelectric microsystem is integrated into needle tips 
as mechanical sensors to detect tumor tissue. Some clinical 
applications involved with ablation or DBS require the nee-
dle tip as the generator to perform the treatment. We believe 
that needle steering techniques based on intelligent needles 
will become the development direction of needle interven-
tion in the future.

Conclusion

Needle steering techniques can conduct needle insertion 
with a curved path by means of extracorporeal manipula-
tions and mechanical designs of needles, which improves 
and extends the current modalities of MIS. This survey sum-
marizes the design choices and clinical considerations of 
current needle steering approaches to answer the open ques-
tion “How to choose an applicable needle steering approach 
for a specific clinical application?” from the perspective of 
mechanical designs. For this purpose, this survey proposes 
a definite taxonomy with a hierarchical structure to give an 
insight into the steering mechanism, working principle, and 
medical influence of needle steering approaches with differ-
ent mechanical designs. The discussion section fully sum-
marizes the clinical considerations of the classified needle 
steering approaches with their suitable clinical applications. 
As a newly developing technique developed for two decades, 
needle steering has shown great potential in some promis-
ing applications. We demonstrate this point and discuss the 
challenges in mechanical design for the future developments 
of next-generation steerable needles.
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