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Abstract

Medical robotics is an interdisciplinary field that came into existence to improve medical procedures utilizing robotics tech-
nology. Medical robotics range from minimally invasive surgeries using robots to robots that support patients in rehabilitation
to image-guided systems for different medical interventions. Different advantages of robots made them appealing to be used
for medical interventions. Among these advantages are being precise, untiring, dexterous, and the ability to work in environ-
ments that are not safe to human clinicians. Steerable needles are a type of medical devices that can steer around obstacles
to reach a target location and thus can improve the accuracy of medical procedures. This paper provides a comprehensive
review of the state-of-the-art and research challenges in robotic needle steering. First off, the motivations, including clinical
motivations behind needle steering, are demonstrated, and then the state of the art of the different needle steering techniques in
the literature are analyzed. This includes their modeling, path planning, control, and clinical applications. Finally, a discussion
of the advantages and limitations of the existing techniques that hindered the clinical acceptance of the steerable needles,
along with suggestions to get these needles closer to their clinical applications, as well as concluding remarks, is provided.
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1 Motivations behind robotic needle
steering

Needles are the least invasive surgical tools used to adminis-
ter or draw liquids to or from the body. The wound made by
a needle is self-healing for most insertion using needles up
to 5 mm in diameter [87,94]. Inflexible needles often cannot
reach targets in difficult anatomical places without defor-
mation of the needle or the anatomical structure between the
insertion point and the destination point. Thus, the need arises
for flexible needles that can be steered around the anatomi-
cal obstacles, thus improving the placement accuracy of the
tip of the needle and improving outcomes for targeted drug
delivery and biopsy.

Robotic needle steering allows for the insertion of long
flexible needles along curved and controlled paths through
soft tissue [39,181]. Robotic needle steering can improve
medical interventions in different ways. First off, it allows
the clinicians to correct for errors during insertion and reach
a target location with increased accuracy compared to the
straight insertion. Second, obstacles can be steered around
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to avoid anatomical constraints to reach unreachable tar-
gets with traditional methods. Third, multiple targets can be
reached from a single insertion site, decreasing complica-
tions such as bleeding and infection.

The objective of this paper is to provide a comprehen-
sive review of the current research and challenges in robotic
needle steering. The paper is organized into four sections.
Firstly, we demonstrate the motivations, including clinical
ones, behind needle steering, and then analyze the state of
the art of the different needle steering techniques in the liter-
ature. Our analysis covers modeling, path planning, control,
and clinical applications. Finally, the advantages and limita-
tions of existing technologies that prevent steerable needles
from becoming clinically accepted are discussed. Sugges-
tions are also provided to help these needles become more
clinically viable, as well as concluding remarks.

1.1 Clinical motivation

Some clinical procedures can greatly benefit from robotic
needle steering. Examples of these procedures are as follows:
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1.1.1 Liver cancer

Liver cancer is the second leading cause of cancer deaths
among men, with about 500 k deaths each year [156].
Radiofrequency ablation (RFA) is the most common pro-
cedure for the treatment of liver tumors [89]. In this method,
the tumor or other target tissue is thermally destroyed by
the heat generated by a high-frequency alternating current
at the end effector of a small electrode that can be limited
by the needle’s maneuverability. Accurate placement of the
electrode under image guidance can avoid further dramatic
consequences such as hepatic bleeding and destruction of
healthy tissues. Approximately three-quarters of the patients
are ineligible for surgery, and thus minimally invasive abla-
tions are preferred. Adebar et al. [6,7] stated the need for
needles with tighter curvatures to target more points per entry
wound that reduces hemorrhage risk. They also stated that a
minimum radius of curvature of 50 mm or less is required to
ablate liver tumors.

1.1.2 Biopsy for cancer diagnosis

According to the global cancer statistics [156], there were
an estimated 10 million deaths from cancer in 2020. Prostate
cancer and breast cancer are two of the most prevalent can-
cers among men, and women, respectively, and lung cancer
is the leading cause of death in both men and women. Early
diagnosis of the cancer is important for the success of treat-
ment and decrease mortality rates. The biopsy is the common
diagnostic method to identify the malignancy of the target tis-
sues. In this method, a needle is used to get small samples of
the target tissues for further lab analysis. Accurate placement
of the needle is crucial for correct diagnosis since the needle
should be placed to sample the malignant tissue instead of
healthy tissue. Manual insertions can have different results,
and they are highly dependent on the skill and expertise of
the physician performing the operation. As a result, robotic
needle guidance under visual feedback has a great potential
to enhance biopsy performance [160]. Ultrasound (US) feed-
back and Computerized Tomography (CT) are examples of
visual feedback used for performing biopsies [71,192].

1.1.3 Brachytherapy

Brachytherapy is the most effective known treatment for
prostate cancer [58] in which the radioactive seeds are placed
in the tumors to destroy them. The success of the treatment
is dependent on the accurate placement of about 100 small
radioactive seeds. In the case of an inaccurate placement,
sensitive surrounding tissues like the bladder, rectum, semi-
nal vesicles, or urethra can be destroyed too. Robotic needle
guidance can be helpful here, too, since it can be used to
perform accurate and repetitive insertions under transrectal
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ultrasound guidance [71,150]. Magnetic Resonance Imaging
(MRI) can also be used with a robotic needle guidance device
[151].

2 Prior work

This section provides a review of the relevant state of the
art. First, techniques and design approaches for needle steer-
ing in soft tissue are demonstrated. These include tip-based
needle steering, fracture-directed needle steering, needle
steering using base manipulation, active steerable needles,
and needle steering using tissue manipulation. Then, mod-
eling approaches for steerable needles are classified into
kinematic models, finite element models, and mechanics-
based models. After that, control approaches used in needle
steering are discussed. This included control methods used
for passive steerable needles and control methods used for
active steerable needles. At the end of this section, clinical
acceptance of steerable needles is discussed.

It should first be noted that there are steerable catheters
such as the ones discussed in [42,43,70,115,144,148,157,
158,170,174,179,180,182] that operate in open spaces through
body canals. They are categorized into Continuum robots
[76,96,141], Concentric tubes that are made of several tele-
scoping pre-curved superelastic tubes [59,120], and active
cannulae [142]. Steering the catheter through open space is
fundamentally different from steering the needle through soft
tissue, and thus this state of the art is out of the scope of this
literature review.

2.1 Techniques, and design approaches for needle
steering in soft tissue

From the needle design and its mode of manipulation point
of view [165], steerable needles can be classified into passive
and active categories. Passive methods include base manipu-
lation in which lateral translation and rotation motions of the
base of the needle are utilized during insertion [56], rotating
beveled needle [4,10], pre-curved needle tip [183], pre-bent
needle tip [104,154] in which a needle with an asymmet-
ric tip design is used to create curvature, fracture-directed
steerable needles [15,190], and notched shaft [73]. Active
methods include telescoping cannula [53], programmable
bevel [26,106,149,177], tissue manipulation in which defor-
mations of the surrounding tissue are used to alter the position
of the target and obstacles [164], and controlled articulating
tip [7,166]. Active needles can take into account for any mis-
alignment using their actuation forces. However, they can
increase the manufacturing cost and the thickness of the nee-
dle. Figure 1, left provides an illustration of the some of the
common steering methods in literature.
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Fig.1 (Left) Some common Tissne

(2)

steering methods proposed in
the literature. a Tip-based
steering of a needle with
asymmetric tip, b base
manipulation of a needle with
symmetric tip, and ¢ base
manipulation of a needle with
asymmetric tip. Note: tip
geometry is not shown in the
figure. (Right) Needle tip
designs in conventional
steerable needles to steer the
needle through soft tissue
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Fig. 2 General concept of the robot insertion device. Recreated from
Wesbter et al. [178]

For all techniques of inserting the needles into the soft
tissue, an insertion device can insert and rotate the needle and
actuate other degrees of freedom where applicable. Figure 2
shows the general concept of the robot insertion device which
is recreated from [178].

2.1.1 Tip-based needle steering

Once considered a disadvantage by physicians who would
rotate the needle at the base to avoid its deflection, tip-based
needle steering use this as an advantage for steering. Tip-
based steering methods use the asymmetry of the needle tip
(bevel tip, pre-curved or pre-bent tip) to create forces at the
tip needed to steer the needle (see Fig. 1, right). These needles
are usually made of Nitinol, which is a superelastic alloy of
nickel and titanium. This allows the needle to be more flexible
than straight needles relative to the surrounding tissue, which
allow for deflection of the needle as it cuts into the tissue.
The resultant needle deflection has been described using
kinematic models. Some of these first kinematic models pro-
posed by Webster et al. [181] apply to tip-based steerable
needles. Control of the needle is accomplished through 2

%
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degrees of freedom (DOF): insertion and rotation of the nee-
dle at its base along the central axis.

Duty cycling control strategy [45,110] uses the cycles of
pure insertion of the needle (maximum curvature) and inser-
tion with continuous rotation (straight path) to control the
curvature of the tip-based steerable needles. The resulting
needle tip path can be approximated by an arc of a circle
with an effective curvature ks that can be tuned between 0
and the maximum curvature kpax. The relationship between
Keff, and the duty cycle ratio DC can be approximated by the
following linear function [110]:

_ Lrot
Erot + Zins (1)
ket =(1 — DC)kmax

DC

where €ing, and £, are the insertion lengths of the pure inser-
tion and insertion with continuous rotation, respectively. If
the insertion velocity is constant, then the duty cycle DC can
be found from each phase’s duration instead of their inser-
tion length [20,29,109,128,169,185]. The limitations of the
duty cycle control are as follows. First, the maximum curva-
ture kmax should be known beforehand to compute DC. This
parameter is difficult to find in practice, and an online esti-
mation scheme is required [117]. The other limitation is that
continuously rotating the needle along its axis is not always
possible, especially when sensors or trackers are embedded
in the needle.

The effect of the bevel angle on needle path has been stud-
ied in artificial tissue simulants [178], ex vivo tissues [104],
and in vivo soft tissues [101]. For bevel-tip-steerable needles,
the smaller the bevel angle, the smaller the radius of curva-
ture [146]. The curvature of the bevel-tip-steerable needles in
very soft and biological tissues is very low, limiting the use of
duty cycle control in clinical practice. In order to increase the
curvature of the needle, pre-bent tips [7], and pre-curved tips
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[168] are introduced. However, these needle tips are not suit-
able for duty cycling control due to increased tissue damage
during the rotation of the needle. Needle curvature depends
on the needle material properties, tissue material properties,
tip bevel angle, and friction between the needle’s shaft and
surrounding tissue.

Webster et al. [178] developed a robotic needle steering
device that includes force/torque sensor, horizontal needle
insertion, and stereo image data acquisition. They showed
that the needle path is not dependent on insertion velocity
during experiments in tissue phantoms but depends on bevel-
tip angle.

They also measured the forces acting on the needle during
insertion and showed that they depend on the insertion veloc-
ity. The rubber-like Simulated Muscle Ballistic Test Media
from Corbin, Inc. is used as the soft tissue simulant. The tissue
simulant is fairly stiff with a stiffness of 4.9 % by a blunt
indentation test and applies less friction to the shaft of the
needle in comparison to similar phantoms like silicone with
similar stiffness. The stiffness of the soft tissue used is more
than most human soft tissues. The needle used is a 0.83 mm
diameter Nitinol (an alloy of 55% Nickel and 45% Titanium,
and when heat-treated becomes a superelastic material) with
a hand-machined bevel tip with 40° angle. Bevel angle has
little effect on the axial force. Steering is improved (smaller
radius of curvature) with decreasing bevel angle down to 5°.

Misra et al. [114] obtained the minimum radius of cur-
vature of 179.4 mm (which is quite high) with 0.4 mm
pre-curved needle in Plastisol soft tissue phantoms with plas-
tic to softener ratio of 4:1. Park et al. [125] used a beveled tip
needle of 0.57 mm diameter in Plastisol soft tissue phantoms
with plastic to softener ratio of 4:1 and achieved a radius of
curvature of 161.3 mm. Reed et al. [132] used a 15° pre-bent
needle with a beveled tip of 45° with 0.61 mm diameter in
Plastisol soft tissue phantoms with plastic to softener ratio of
4:1 and achieved a radius of curvature of 61 mm. Majewicz
et al. [104] used a pre-bent needle tip with 0.58 mm diam-
eter and achieved a minimum ROC of 34 mm in goat liver.
They found that a bevel-tip needle with a diameter of 0.58
mm obtains a 667 mm minimum radius of curvature. Wedlick
and Okamura [183] used pre-curved needles with 0.48 mmm
diameter made of Nitinol and obtained a minimum ROC of
15.5 mm in Plastisol rubber with a 4 to 1 ratio of regular
stiffness plastic to plastic softener as a phantom tissue. How-
ever, they stated that the methods of needle fabrication are not
perfectly repeatable. The curvature can only be controlled by
duty cycling, which causes considerable tissue damage.

Okazawa et al. [122] proposed a hand-held steerable nee-
dle of 0.902 mm diameter consisting of a pre-bent stylet
inside a straight cannula. They concluded that the curvature
of the needle path increases as the phantom stiffness and
needle extension increase. Stiffer tissues generate a more
immediate lateral reaction against the curved portion of the
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stylet, resulting in a greater curvature. Tissue-mimicking
phantoms are made of polyvinyl chloride compound. The
insertion velocity is 5 % They showed that changing the
insertion speed within the range of the velocities used in clini-
cal practice (1-10 %) did not change the tip path curvature.
Their steering method is based on the fact that the cannula
must be stiffer than the stylet, and the tissue must be stiffer
than the cannula. This limits the achievable smaller radius
of curvature. They obtained the maximum lateral deflection
of 35 mm in tissue with an elastic modulus of 157 kPa, and
with a 12 mm extension of the inner stylet.

Swaney et al. [159] designed a flexure-based needle tip
that provided the high curvature of the pre-bent needles dur-
ing insertion and low tissue damage of the bevel-tip needles
during rotations. Duty cycling is used to control the curvature
of the needle. The outer diameter (OD) and the inner diame-
ter (ID) of the needle are 0.91 mm and 0.6 mm, respectively,
with 10° bevel angle. The tip flexes to the maximum angle of
about 22°. The tissue phantoms used for the experiments are
made of 10% by weight Knox Gelatin (Kraft Foods Global
Inc., IL), and ex vivo pork loin. They found that curvature
decreases linearly by increasing duty cycle rate with the cur-
vature of O for 100% duty cycling (constant axial rotation)
and maximum curvature for 0% duty cycling (no axial rota-
tion). The velocity of insertion into soft tissues is 0.5%.
They got a minimum radius of curvature (0% duty cycle) of
12.1 cm in gelatin phantoms and 17.6 cm in ex vivo pork
loin. Figure 3 shows the proposed steerable needle.

Lee et al. [86] proposed a tube-wire type flexible steerable
needle with variable curvature. The design consists of the
inner pre-bent wire and an outer tube. The needle is controlled
from the base inputs (insertion and rotation commands). The
performance of the needle is tested in ballistic gelatin and
animal tissue samples. The wire has a 0.8 mm diameter, and
the outer tube is of 1 mm inner diameter (ID) and 1.2 mm
outer diameter (OD). The extension length of the wire can
control the curvature. They obtained a minimum radius of
curvature of 20 mm in ballistic gelatin. They obtained the
minimum radius of curvature of 104.5 mm in cow liver and
18.6 mm in beef. Figure 4, left gives an illustration of the
proposed design by Lee et al. [86].

Bui et al. [24] proposed a variation of the bevel-tip-
steerable needles with an “airfoil” tip. This steerable needle
does not need duty cycling to control its curvature. The pro-
posed needle consists of a stylet with abevel tip and a cannula,
and the curvature of the needle path can be controlled by vary-
ing the control offset (the amount of the stylet retraction). The
needle has an OD of 0.46 mm and is tested in vitro gelatin soft
tissue phantoms and ex vivo cow liver tissue. The minimum
radii of curvature are 125 mm, 72 mm, and 263 mm in 6%
by weight gelatin phantom, 10% by weight gelatin phantom,
and cow liver, respectively. They experimentally showed that
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Fig.3 Flexure-tip-steerable needle proposed by Swaney et al. [159]. a
CAD model of the flexure-tip needle with the dimensions. b Flexure-
tip-steerable needle prototype. ¢ When the flexure-tip needle is inserted

(b) (c)

into the tissue it bends due to reaction forces from the tissue. It remains
straight during the duty cycling control. © 2013 IEEE
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Fig.4 (Left) Wire and tube steerable needle illustration recreated from
the design proposed by Lee et al. [86]. a Full extension, and b Full
retraction. The curvature is controlled by varying the extension length
of the wire. (Right) “Airfoil” bevel needle with varying stylet offset

the curvature is a linear function of the control offset. Figure
4, right shows the proposed steerable needle.

Khadem et al. [75] proposed a way to decrease the bend-
ing stiffness of the tip-steerable needles and thus increasing
the maximum achievable curvature by adding one or more
notches on the needle shaft. The notched needle design
achieved a minimum radius of curvature of 198 mm in Plasti-
sol soft tissue phantoms (80% liquid plastic and 20% plastic
softener resulting in elastic modulus of 35 kPa), which is
67% better than standard needles. In another study, Khadem
et al. [73] used a notched needle tip and achieved a mini-
mum Radius of Curvature (ROC) of 171 mm by increasing
the number of notches in Plastisol soft tissue phantoms.

2.1.2 Fracture-directed needle steering

Yang et al. [190] developed a new method of needle steer-
ing called “fracture-directed needle steering,” in which the
objective is first to control the direction of tissue fracture and
then have the needle follow the fractured path. The principle
of fracture-directed steering promised the potential of a sig-
nificantly improved radius of curvature and steerability that
is currently attainable with tip-steerable needles.

(b

illustration recreated from [24]. a Needle’s design, and b Needle under
applied forces from surrounding soft tissue. The curvature can be con-
trolled by changing the control offset

Figure 5, up describes the principle of the stylet-and-tube
form of fracture-directed steerable needles, where an inner
stylet with a predefined geometry is first extended from the
tube to fracture the tissue, after which the tube follows the
stylet along the fracture direction.

The proposed fracture-directed needle steering method
consists of a straight outer elastic tube and an inner elas-
tic wire stylet. Silicon rubber 15%, and 20% SEBS soft
tissue simulants are used as tissue-mimicking materials for
needle steering experiments. The lowest insertion radius
attained in experiments with silicone compound tissue phan-
tom (E = 687 kPa) using Nitinol tube (Tube ID = 0.6, OD
= 0.8, and needle diameter = 0.47 mm), and SEBS tissue
phantom (E = 128 kPa) using SemiFlex tube (tube OD =
1.45, ID = 0.7, and needle diameter = 0.47 mm) are 29.58
mm, and 6.88 mm, respectively.

Another possible implementation of the fracture-directed
steerable needles is waterjet steerable needles [14,16,17] in
which the direction of the tissue fracture is controlled by
waterjet coming through an angled nozzle, and then the flex-
ible needle follows the fractured path. Figure 5, down shows
the underlying principle of the waterjet steerable needles,
in which the direction of the tissue fracture is controlled by
angled waterjet, and then the flexible Nitinol tube follows.
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Fig. 5 (Up) Principle of fracture-directed stylet-and-tube steering.
First, the inner stylet is advanced, followed by the outer tube. After
the outer tube follows the inner stylet, the resulting tip position depends
on the static equilibrium of the wire, tube, and tissue. (Down) Underly-

This process continues until the waterjet needle reaches a
target location avoiding obstacles.

2.1.3 Needle steering using base manipulation

Base manipulation is controlling the needle tip trajectory
using control of the 6 DOFs of the needle base. This is
shown in Fig. 1b, c. This is the natural way physicians use to
steer a needle when holding it by its base. Dimaio et al. [39]
first introduced the method of controlling the needle from
its base. They performed the steering in an open-loop. Gloz-
man and Shoham [54] performed closed-loop needle base
manipulation under fluoroscopic feedback, and Neubah and
Shoham [119] did it under ultrasound guidance. Bending the
needle and pushing on the tissues to control the tip’s lateral
motion, which is used in the base manipulation method, can
potentially induce more tissue damage than only inserting the
needle. This limits the use of base manipulation in real-world
scenarios.

2.1.4 Active steerable needles
Ayvali et al. [13] proposed an active segmented cannula with

pre-curved SMA wires. They evaluated the proposed needle
in Knox Gelatin. The cannula has a 1.4 mm inner diameter
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ing Principle of the Waterjet Steerable Needles. First, the tissue fracture
direction is controlled by an angled sub-millimeter waterjet, and then
the flexible Nitinol tube follows the cut path. This process continues till
the needle avoids the obstacles and reaches a target location

(ID) and 3 mm outer diameter (OD). Black et al. [23] devel-
oped active needles with two degrees of freedom (DOF) with
a single SMA wire. They evaluated the needle in a tissue
phantom simulating the mechanical properties of the human
prostate. No curvature data is given in the paper.

Konh and Podder [83] developed an active needle actuated
by a single SMA wire and showed the efficacy of the nee-
dle through 2D experiments [82]. The needle is evaluated in
air and a tissue-mimicking gel. The tissue-mimicking gel is
made of Plastisol with a 3 : 1 ratio of plastic (polyvinyl chlo-
ride suspension) to the softener. The velocity of insertion into
the tissue is 2.54 % and the maximum needle deflection
is about 32 mm in gels. The overall diameter of the needle is
2.6 mm. Konh et al. [81] 3D manipulated an active steerable
needle via actuation of three SMA wires. The experiments
are conducted in free space and not in the soft tissue. Curva-
ture can be controlled by changing the applied current to the
actuator wire.

There are also steerable needles that can be steered by
cable actuation. These needles are capable of on-demand
steering at the tip in one plane [7,52], or on-demand steering
in two perpendicular planes [98,166], and changing of the
needle trajectory “on the spot” [147]. Cable-actuated steer-
able needles allow for a high level of maneuverability. They
are still more complex, and diameters need to be larger than
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1 mm since smaller diameters lead to smaller moment arms,
and higher actuation force will be needed.

Scali et al. [147] developed a needle with a 0.5 mm probe
that can steer in 3D without the need for axial rotations. The
needle consists of 3 Nitinol wires, each with a diameter of
0.125 mm with a pre-curved tip inside a stainless steel tube.
They tested the needle’s efficacy in 10% by weight Gelatin
soft tissue phantoms (they obtained a Young’s Modulus of
17 kPa). Their design is a combination of the cable-actuated
needles with the pre-bent needles. The insertion speed of the
experiments is 2 % Tip angles can only be 10°, 20°, and
50°. Figure 6, left shows the proposed design.

Van de Berg et al. [166] used four actuation cables running
alongside the shaft and connecting to the tip to change the
tip’s angle (refer to Fig. 6, right). They obtained a minimum
ROC of 181 mm. Fiber Bragg Gratings (FBGs) are used to
sense and measure the needle shape and tip position during
operation. PI-controller is used to steering to predefined tar-
gets. They achieved a targeting accuracy of 6.2 + 1.4 mm
(mean = std), and steering precision of 2.6 £ 1.1 mm in 15%
gelatin soft tissue phantoms with Young’s moduli of 10 kPa
which is in the order of the stiffness of the liver (it should be
noted that the tissue stiffnesses are variable among the litera-
ture due to variability in techniques and test conditions). The
needle consist of a 0.5 mm radius (r1) stainless steel stylet,
and 0.9 mm radius (r2) PEEK plastic cannula. The outer nee-
dle radius is approximately 1 mm. 4 actuation cables are fixed
at the tip, and each connects to one servo motor. The velocity
of insertion during experiments is 5 %

Burrows et al. [26] developed a complex needle with 4
actuated shafts to change the tip geometry and obtained a
minimum ROC of 58 mm. Adebar et al. [8] developed an
actuated hinge near the needle tip and achieved a minimum
ROC of 55.8 mm in ex vivo liver with 16 mm tip length. They
showed that increasing the tip length and tip angle decreases
the achieved minimum radius of curvature. They obtained
the minimum radius of curvature of 46.7 mm with a tip angle
of 60°.

Ilami et al. proposed a magnetic needle steering method
[64] (see Fig. 7). Unlike the traditional needle techniques
that depend on the radial forces and rotation at the base
of an asymmetric tip needle for steering, and another mag-
netic steering of catheters, and continuum robots that rely
on mechanical or manual shaft advancement methods, this
method uses magnetic forces and torques to both steer and
advance a sharp magnetic tip.

In this method, the needle is magnetically pulled rather
than mechanically pushed, avoiding buckling and obtaining
minimal Radius of Curvature (ROC). The needle tip has a
diameter of 1.59 mm. They obtained a minimum ROC of
10.2 mm. Their system has the ability of variable Radii of
Curvature without duty cycling; therefore, it does not need
rotation for steering.

A possible disadvantage is prolonged human exposure to
powerful magnetic fields [131]. Because of the limitations
on magnetic field strength, they have chosen soft tissue stiff-
nesses that are lower than human soft tissues. They have
examined two soft tissue phantoms with 1.96 (1.2 g of agar
gelling powder and 0.08 g of pure agarose powder per 100
mL of distilled water), and 2.70 (1.6 g of agar gelling powder
and 35 pg of pure charcoal per 100 mL of distilled water)
kPa stiffnesses, respectively.

Dalta et al. [32] proposed a flexure-based active needle for
needle steering in soft tissue. Needle curvature is controlled
by shape memory alloy (SMA) wires applying actuator forces
to bend the needle. They evaluated the needle in air, tissue-
mimicking gel [polyvinylchloride (PVC) gel with 3:1 ratio
of plastic (PVC suspension) to softener with an elastic mod-
ulus of 25.6 kPa comparable to the elastic modulus of normal
prostate tissue (22.74 kPa)], and ex vivo pig liver. The nee-
dle consists of two hollow tubes, an actuator wire, a flexible
connector, and a needle tip. The hollow tubes are made of
superelastic Nitinol of 2.2 mm OD and 1.7 mm ID. The veloc-
ity of insertion is 2.54 % The applied current can control
the bend angle of the SMA wire. The maximum deflection
of the needle in pig liver and gels is 41.9 mm, and 29.5 mm,
respectively.

Roesthuis et al. [139] proposed a flexible steerable nee-
dle with a tendon-driven actuated tip. Fiber Bragg Grating
(FBG) sensors are used to measure the needle tip pose. The
needle’s performance is evaluated in porcine gelatin soft tis-
sue phantoms (14.9% by weight with Young’s modulus of
35 kPa, which is in the order of the stiffness of human breast
tissue). The needle tip has a conical shape with a length of
5 mm. The tip is on the ball joint, and four steering tendons
are used to actuate the tip. The needle is made of a Nitinol
stylet of diameter 1 mm, and a PEEK plastic cannula of 2
mm diameter. The velocity of insertion in experiments is 5
%. Maximum curvature is obtained with an angle of 15°
resulting in a minimum radius of curvature of 200 mm.

2.1.5 Needle steering using tissue manipulation

Needle steering using tissue manipulation is done by deform-
ing the tissues’ internal parts by moving one [164], or
multiple points [105,127] of the surface of the tissues. Accu-
rate finite element modeling (FEM) of the tissues is required
for this type of control, difficult to obtain in practice. On
the other hand, the computational burden of the FEM also
hinders its real-time use that limits the pre-planning. Tissue
manipulation is only used to move superficial targets and not
deep anatomical structures.
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Fig.6 (Left) Steerable needle
designed by Scali et al. [147] ©
2019 Scali et al. (A, B) with its
actuation unit (C). (Right) The
tendon-driven needle proposed
by Van de Berg et al. [166] ©
2015 EISEVIER. FBG sensors
are used to sense and recreate
the shape of the needle and
measure the tip position during
insertions. ¢ can be up to 20°

Fig.7 Magnetic Needle
steering system proposed by
Ilami et al. [64] © The Authors
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2.2 Modeling approaches for steerable needles

Needle-tissue interaction models provide an understanding
of the flexible needle interacting with soft tissue. This under-
standing is helpful in the sense that the needle path can
be predicted before actual needle insertion. This can help
predict the behavior of the steerable needle in reaching the
targets. Needle modeling approaches can be classified into
kinematic models, which consider the trajectory of the nee-
dle tip, finite element models that can model the behavior
of the needle and the tissue, and mechanics-based models.
Developing accurate models are also important to construct
efficient controllers and estimators.

@ Springer

2.2.1 Kinematic models

Webster et al. [181] proposed and validated a nonholonomic
model for bevel-tip needle steering. The model is a gener-
alization of the 3 DOF nonholonomic unicycle and bicycle
models to 6 DOF using Lie group theory. The models are val-
idated using experiments with a needle insertion device into
soft tissue phantoms. They used a 0.7 mm diameter needle
with a bevel angle of 45°. Soft tissue phantoms used are Sim-
ulated Muscle Ballistic Test Media (SimTest) from Corbin,
Inc. The stiffness of this soft tissue simulant is similar to the
muscle (4.9 N/mm). They found that the root mean squared
error between the model prediction and the observed data
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points is 1.3 mm for the bicycle model and 2.6 mm for the
unicycle model, concluding that the two-parameter bicycle
model describes the needle behavior better than a single-
parameter unicycle model. Figure 8 shows the definition of
the bicycle and unicycle model proposed by Webster et al.
[181].

These models are summarized as follows:

g (Dgap(t) = Vi +us Vs

w=lia]e=[o)
Keq e3

n(t) = Rap(t)lae3 + pap(t), for bicycle model
n(t) = pqp(t), for unicycle model (€2 = 0)
@

where «, uy, u2, gub, Rab, Pabs s €1, €2, and e3 are curvature,
insertion, and rotational velocities, transformation matrix,
rotational matrix, position matrix, the relationship between
R? and the Lie algebra of SE(3), and unit vectors, respec-
tively. n € R is the needle tip position.

It can be demonstrated that the needle tip pose can be
calculated using the following Eq. [181]:

sin(fB) 0
— cos(B) sin(a)
cos(a)cos(B)
k cos(B)sec(B)
K sin(0)
—k cos(0) tan(p)

u
[MJ (3)

D™ Re M- e =
- O O O O

whereg =[x y za B G]T is the generalized coor-
dinates for the needle tip position and orientation, and « is
the radius of curvature of the needle path. This equation is
especially suitable for control purposes.

Minhas et al. [110] proposed a kinematic model to
describe passive steerable needles’ trajectory with duty-
cycled spinning. Duty-cycled spinning is the approach to
control the curvature of the passive steerable needles from
the natural curvature of the needle in the soft tissue to zero
curvature. They validated the model in Knox Gelatin (1.3 cc
of Gelatin in 20 cc of water) tissue simulants, which has a
similar insertion force profile to that of the brain tissue in
vitro. The minimum radius of curvature obtained in Knox
Gelatin is 5 cm, and it is found that the curvature decreases
linearly with the duty cycle. The needle used in the exper-
iments is a custom-made needle with a 1.27 mm diameter
stainless steel hypodermic needle tip attached to a 0.28 mm
diameter Nitinol wire. The bevel angle is 10° and is bent an

additional 15° at a distance of 6.3 mm from the end of the
tip. The proposed kinematic model is as follows:

g0Vt i < T4+ D), j=0,1,2, ..

g0 Vit else
n(t) = R(t)le3 + p(1)

gt) =

“

where T, I, ui, ua, g(0), R(t), p(t), and Vi, V5 € R®
are duty cycle period, back wheel to needle tip distance
in bicycle model, insertion speed, rotational speed, initial
configuration of the needle, rotational component of the
needle configuration, translational component of the nee-
dle configuration, and twist coordinates of the twists \71,
Voese(3. Vi =10 0 1 « 0 07, and Vo =
[0 0 0 0 0 1]7.e;3isthe z-coordinate unit vector.

Yang et al. [190] presented a discrete analog of the bicycle
model for the proposed method of stylet-and-tube fracture-
directed needles. In this model, the independent variable is
the stylet’s step length before following with the tube. Con-
sider a pre-curved stylet that is driven by step length from
the end of the tube. As the stylet exits the tube and enters the
tissue, the stylet will nominally follow the stylet’s predefined
shape. The step length is modeled as the input to the system.
A mathematical model is developed for the needle tip posi-
tion with respect to the base frame as a function of the step
length, and it is fit to the experimental data. Figure 9 shows
the three distinct stages of needle insertion into the tissue.
First, the stylet is extended out of the tube, after which the
tube follows the stylet. The z-axis of the body-fixed frame
is the direction of insertion. The arc length of each step is
parameterized by /, in millimeters.

The twist coordinates of the system are defined as follows:

k()
0
(5)

w
§0) = [v] =

- o O O

The twist describes the discrete-step needle motion and
is a function of /, which is the length of the needle inserted
before the tube follows. By inspection of the vector field
defined by the twist, the needle system has rotation around
the body-fixed x-axis and linear translation along the z-axis.
The pose of the needle after a step is calculated as the product
of matrix exponential of the twist and the previous pose using
the matrix exponential of the twist describing the motion in
each discrete step of the stylet and tube:

&l

8k+1 = € gg. (6)
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Fig.8 Unicycle and Bicycle
kinematic models for
asymmetric tip needles
(bevel-tip and pre-curved
needles) proposed by Webster et
al. [181]. Translation and
rotation of the wheels are shown
with straight and curved arrows,
respectively. For the Bicycle
model, the rotation occurs
naturally, but the rotation should
be added artificially for the
unicycle model

(a) Unicycle model
ZkA g Zyyy
Y, ol
9 [~ 9oi [l Y.,
Tube
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L L
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Fig.9 Position and orientation of the needle tip in the kinematic model
proposed by Yang et al. [190]

The discrete-step position/ orientation change is only a
function of the length of the needle inserted before the
tube follows. The matrix g € SE(3) is the tube tip posi-
tion/orientation before the needle is inserted, and gr4+1 €
SE(3) is the tube tip position/orientation after the needle has
been inserted and the tube has followed.

Babaiasl et al. [14,15] developed a kinematic model for
waterjet steerable needle motion. It consists of a mechanics-
based model for predicting the depth of cut of the waterjet
in soft tissue and a kinematics model to describe the needle
path using this computed depth of cut.

A mechanics-based model for the depth of cut of the
waterjet in soft tissue that predicts the depth of cut based on
tissue mechanical properties (constitutive response and frac-
ture toughness), as well as waterjet properties (diameter and
velocity) is developed by Babaiasl et al. [14]. To summarize:
the cut-depth of the waterjet in soft tissue can be expressed
by the following ordinary differential equation, where Agyt
and Agy are functions of / and their equations are given in
[14]. This equation can be readily integrated using standard
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(b) Bicycle model

methods such as Runge—Kutta integrators:

dh 1 00> AijAsurt
dr Pw 7T3R6 (Asurf + Aout)2

(N

Here, h is the depth of cut and Py, p, O, R, A, Asurf
and Agy are penetration pressure of the waterjet (Pa), den-

sity of the water (%), volumetric flow rate of the waterjet

(mT3), needle inner radius (in their case: 2R = 0.24 mm)
and injection, surface and backflow areas (m?), respectively.
The penetration pressure of the waterjet in soft tissue can be
expressed by the following equation:

ORI INICOR

RO ORSION!

where D, d, Jic, o, i, p, v and T are waterjet diameter,
steady-state diameter after waterjet removal, mode I frac-
ture toughness, strain hardening factor, shear modulus, water
density, waterjet velocity and time, respectively. Function
f (%, y) can be expressed in the closed-form as:

(= )

(€))

®)

Both the function f and the parameter y are sub-
computations that facilitate the derivation and computations
of the integral and do not have any significant physical mean-
ing (for detailed explanations, please refer to [14]).

The kinematic model of the waterjet needle steering is a
discrete adaptation of the Bicycle model presented in [181].
Figure 10 depicts the nonlinear kinematic model of needle
steering. In this case, 66, §¢ and r are the incremental needle
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rotation angle, incremental insertion distance and radius of
curvature. §¢ is equal to the depth of cut (/) of the waterjet
in each step, and if the number of steps is n, then the whole
insertion length is £ = §¢ x n. To change the needle’s direc-
tion to reorient the x—y plane in any given step, §6 should
be applied to rotate the needle at its base and thus reorient
the nozzle at the tip. In this model, the pose of the needle is
described by the needle tip frame pose with respect to a ref-
erence frame. The needle has a position of p; and rotation R
at time k. Rotation of §6 about the z-axis gives the rotated tip
frame R} = RyR;(86). The position of the needle tip after
insertion of 8¢ can be calculated from the geometry of the
circular path as:

0
plyy = | r(1 = cos(®)) |, (10)
rsin(®P)

where @ = ¥ . The position of the needle tip at time k+ 1, can
be found by transforming this vector into the world frame:

Pir1 = ReR(80)pL | + pr (11)

Tip orientation at time k 4 1 can be calculated by:

Rit1 = ReR.(50)R,(—®) (12)
Note that:
1 0 0
Ro=R;(=B)= |0 cos(B) sin(B) |, (13)
0 —sin(B) cos(B)

where Ry is the rotation matrix around the x-axis by a deflec-
tion angle of —g.

Kinematic modeling is easy to implement and is not com-
putationally expensive. The main disadvantage of kinematic
modeling is that the model parameters should be measured
through performing preliminary experiments in the tissues.
This is not feasible in practice for actual surgical oper-
ations, and therefore the online estimation of the needle
trajectory using methods based on Kalman filter is necessary
[117]. Kinematic models also do not consider the interac-
tion between the needle’s shaft and the surrounding tissue.
It is assumed that the shaft of the needle follows the tip tra-
jectory. This assumption is valid when the needle is very
flexible, and the tissues are stiff so that the bending forces
of the needle are small enough to cause little tissue motions.
These assumptions are difficult to provide in actual clini-
cal operations where there are patient motions and variable
inhomogeneous tissues.

Fig. 10 The kinematic model of the waterjet needle steering. The z-
axis is assumed to be tangent to the needle at the tip, and the y-axis
is toward the center of the curvature. The needle follows a path in the
y—z plane with radius r and arc length ¢. The frame advances as the
needle tip progresses during waterjet needle steering. §6, ¢ and r are
the incremental needle rotation angle, incremental insertion distance
and radius of curvature, respectively. Note that, §¢ equals % (depth of
cut)

2.2.2 Finite element models

Finite element modeling (FEM) is used to model the nee-
dle’s interactions with the surrounding tissue [127,164]. FEM
needs geometry and some physical parameters of the tissues
and the needle. A 1D beam model is often used for modeling
the needle. A rigid beam [37], a flexible beam [38], and a
succession of rigid beams linked by angular springs [57,60]
are used to model the needle in the literature.

3D models of the needle are also proposed in the literature
[113,188] to efficiently represent the needle’s deformations
and the effect of the tip geometry. Tissues are modeled with
2D rectangular mesh with elastostatic behavior [38], 3D
mesh with real organ shape [31], and dynamic nonlinear
behavior [163]. The needle-tissue interaction can be modeled
by adding interaction forces due to the lateral displacements
of the needle and tangential forces like friction and stiction
along the needle shaft [44]. Konh et al. [81] proposed a Finite
Element Model to predict the 2D and 3D paths of an active
needle with multiple Shape Memory Alloy (SMA) actuators.

The computational complexity of FEM is high in compar-
ison to the other modeling approaches. The time needed for
computation is directly related to the model’s detailed levels
(number of the elements) and the number and complexity
of the factors considered. Finding exact boundary conditions
and properties of the actual biological tissues are also chal-
lenging. Because of these limitations, FEM in real-time is
difficult to use [9,61].

2.2.3 Mechanics-based models

To model the needle’s entire shaft and its interactions with
surrounding soft tissue, mechanical-based models are used.
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(ED; < (ED), < (EID),

Fig. 11 Bending stiffness of a flexible needle. Under the same loading
conditions (for instance, forces from the surrounding tissue), the needle
with less bending stiffness deflects more

The needle is usually modeled as a 1D beam with mechanical
properties of the actual needle. The tissues are not modeled
entirely (as is done in FEM), but the local interaction with
the needle is considered.

The first method to model the needle-tissue interaction
is using Bernoulli beam equations. A set of discrete virtual
springs is used along the needle’s shaft, which is cut into
multiple flexible beams. This is done in 2D by Glozman et
al. [56]. This is depicted in Fig. 12, down. Bernoulli beam
equations for small deflections are used to compute the shape
of the needle, considering that the pose of the needle base
and the springs’ position are known. The Euler—Bernoulli
equation that relates the needle’ deflection (6) to the applied
load ( f;) can be expressed as follows:

d? d’s
w2 Flga) =/ a4

where x and E[ are position, and flexural rigidity of the
needle, respectively. This principle is used by Glozman et al.
[56]. Under the same loading conditions on the needle, the
needle with less flexural rigidity will deflect more. This is
shown in Fig. 11. Flexural stiffness for a needle with Young’s
modulus of E,, and radius of r, is defined as follows:

E,,r[r,,4

1 (15)

(El)needle =
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Fig. 12 Mechanics-based models for needle-tissue interaction using
virtual springs (Down) and a continuous load (Up)

According to this equation, a needle with a lower elastic
modulus and lower diameter has smaller bending stiffness
and thus more flexible.

The distributed load applied along the needle shaft can be
used to model the needle-tissue interaction instead of discrete
springs to have a smoother behavior [74]. Bernoulli equations
are also applicable here. This is illustrated in Fig. 12, up.

The second method of the mechanics-based modeling
approaches is energy-based (also known as the Rayleigh-
Ritz method) that can be used instead of directly using the
Bernoulli equations to compute the needle shape. Misra et al.
[112] used this method to compute the needle’s shape min-
imizing the total energy stored in the system. This energy
is the sum of the bending energy stored in the needle, the
deformation energy stored in the tissues, and the works due
to tissue cutting at the tip and the insertion force at the base.

Roesthuis et al. [138] used a combination of virtual springs
along the needle shaft and continuous load at the end of
the needle to model the needle-tissue interactions. There
are different approaches proposed in the literature to find
these continuous loads, such as online estimation proposed
in [175]. Goksel et al. [57] modeled the needle as a succession
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of rigid rods linked by angular springs to model the needle’s
compliance.

The third method of mechanics-based modeling is model-
ing the dynamic behavior. The previous modeling approaches
allow for modeling the quasi-static behavior of the needle
insertion into soft tissue. The needle insertion’s dynamic
behavior into soft tissue can be considered by adding a mass
to the needle beams, adding viscoelastic properties of the soft
tissues, and adding a model of the friction along the needle
shaft [72,189]. Torsional friction and needle torsion model
is also needed for needle rotation around its axis [162].

2.3 Control approaches used in needle steering

The trajectory planning approaches for passive steerable nee-
dles cannot directly be applied to active steerable needles
because of the difference in their structure. Motion plan-
ning for steerable needles is defined as a method to find
a set of controls (such as insertions and base rotations for
tip-steerable needles) so that the needle tip reaches the spec-
ified target while avoiding obstacles and not violating the
workspace constraints.

2.3.1 Control of passive steerable needles

Passive steerable needles are nonholonomic systems that
are difficult to control in joint space because they are
under-actuated and have unintuitive kinematic constraints.
Trajectory and motion planning algorithms consist of the
minimization of a suitable cost function. Additional con-
straints such as obstacle avoidance and minimum path can
also be imposed on trajectory planning.

Trajectory planning is challenging with passive steerable
needles because the needle’s curvature depends on the com-
plex needle-tissue interactions [80,81]. The other reason that
trajectory planning is difficult for passive needles with bevel
tips or pre-bent tips is that they can only steer in 2D with con-
stant curvature. To vary the radius of curvature, base rotation
is needed, which results in the asynchronous angle between
the base and the tip rotation due to torsional friction (see
Fig. 17). Thus, complicated trajectory planning algorithms
are needed for passive steerable needles.

Different image-guided control methods are proposed in
the literature to autonomously steer the needles [54,136].
Image-guided control of passive steerable needles guides the
needle to the target based on a known target location in 3D
[69,102]. These control schemes can provide greater needle
dexterity and improved accuracy. However, they usually can-
not make necessary compensations when the path errors arise
[23].

Reed et al. [136] developed a needle steering system with
several path planners and controllers to drive the needle to the
desired location. They initially used plastisol artificial tissue

simulants made of plastic and softener in the ratio of 4:1,
which simulate Young’s modulus of the prostate (approx-
imately 60 kPa). Two needles with the inner diameters of
0.37 mm, and 0.58 mm, and bevel angles of 45°, and 40°
with 12°, and 37° bend angles with 4 mm, and 12 mm tip
lengths are used for the experiments. They obtained radii of
curvature of 6 cm and 5.5 cm with the small and large nee-
dles, respectively. The velocity of insertion is 0.25%. They
also simulated a brachytherapy procedure in ex vivo tissue
using this needle.

Duindam et al. [41] discretized the flexible needles’
control space and proposed an optimization problem that
utilizes a cost function that minimizes the control effort
and path length. They planned their needle trajectory while
considering a stop-and-turn strategy by alternating between
rotation-only steps and insertion-only steps. Hauser et al. [62]
used the helical shape of the generated paths while constant
insertion and rotation velocities are applied to the needle.
Best velocities are chosen based on the helical path that lets
the final tip position be the closest to the target. A model
predictive control approach is used in which the best-chosen
velocities are applied for a short time, and the procedure is
repeated until reaching the target.

Park et al. [124] proposed a numeric diffusion-based
method for trajectory planning of flexible bevel-tip needles
in a 3D environment without obstacles. The path is computed
numerically based on this algorithm, and the algorithm does
not handle the uncertainty of the response of the needle to
insertion or direction change inputs. The tissue is modeled
as isotropic. Inverse kinematics that uses probability den-
sity information is utilized to create needle tip paths to reach
desired targets. This is solely a theoretical work, and the
theories are not validated with experiments. The planning
problem is formulated as a nonholonomic kinematics prob-
lem based on a 3D extension of a unicycle model.

Alterowitz et al. [12] used a stochastic motion roadmap
to model the probability of obtaining a given 2D pose of the
needle tip starting from another tip position and orientation.
Based on the map, an optimal set of control inputs is com-
puted to minimize the probability of hitting obstacles and
maximizing reaching the target. Lee et al. [85] used fuzzy
logic as a way to deal with uncertainty in control inputs.
Glozman and Shoham [55] passed a spline trajectory through
three points of the obstacle, needle tip, and the target obtained
from fluoroscopic images of the tissue before needle inser-
tion. PID controller was used to direct the needle to the target
location, and for a 40 mm insertion, the error was 0.5 mm.

Rapidly exploring random trees (RRT) are used by Xu
et al. [187] to find the feasible paths in configuration space.
RRT is a probabilistic algorithm that randomly chooses mul-
tiple possible control inputs and generates the corresponding
output trajectories. Then, the best trajectory is chosen and is
applied to the real system. Xu et al. [187] used the kinematic
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model of the needle with constant curvature to predict the
motion of the needle tip, knowing the insertion and rotation
velocities. Because of the constant curvature limitation, the
control inputs were constrained to a stop-and-turn strategy. In
their method, many trajectories should be generated before
reaching a suitable one, and due to being slow, it can only be
used for pre-operative planning of the insertion.

The concept of duty cycling control that helped eliminate
the requirement of constant curvature for path planning is
used in 2D by Bernardes et al. [20], and 3D by [22,129]. RRT
is also used in 2D with FEM instead of kinematic models to
provide a more accurate pre-planning that also considers the
tissue deformations due to needle insertion [127].

Alterovitz et al. [10] developed finite element modeling
for planning paths around obstacles in deformable tissue. The
planning algorithm is developed for bevel-tip-steerable nee-
dles, and the obstacles are considered to be in a 2D plane.
The planner compensates for tissue deformations and avoids
obstacles. The finite element model computes the soft tis-
sue deformations that consider the effects of the needle tip
and frictional forces using a 2D mesh. The planning prob-
lem is a constrained nonlinear optimization problem that is
minimized locally with a penalty method. The planner is not
verified experimentally. This method assumed that the bevel
direction could only be set once before the insertion. The
method uses a local optimization that will fail to find a glob-
ally optimal solution while encountering obstacles.

Alterovitz et al. [11] proposed a motion planning algo-
rithm for bevel-tip-steerable needles based on dynamic
programming where the needle’s path is not certain because
of the uncertainties in tissue properties, needle mechanics,
and interaction forces. The algorithm involves a cost func-
tion to minimize in order for the needle to reach a target
location while avoiding obstacles. The motion planning prob-
lem is formulated as a Markov Decision Process (MDP),
and infinite-horizon dynamic programming is used to com-
pute an optimal control sequence (insertions and direction
changes). Without uncertainty, the needle response to con-
trols (insertion and rotation) is a certain and known constant
curvature path. In an uncertain case, the probability distribu-
tion of responses to control inputs is considered to be known.
In the case of discretization error, the planner may not find
a feasible solution. Tissue inhomogeneity that causes uncer-
tainty and noise into the needle tip orientation is considered.
No experimental validation is provided.

DiMaio and Salcudean [37,39] developed a model-based
trajectory planning approach for passive steerable needles.
They formulated a Needle Manipulation Jacobian that used
numerical needle insertion models with needle deflection
and soft tissue deformation. The Jacobian is the relationship
between the needle tip and base velocities. Potential field-
based path planning technique is used for target reaching
and obstacle avoidance. The insertion experiments are done
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in an open-loop fashion. Needle and tissue are modeled using
the Finite Element Analysis (FEA) approach. This method is
complicated and does not allow for online correction of the
targeting error. The inverse kinematics of the needle is solved
by iterative numerical computing of the needle’s Jacobian.
Their work did not consider the tip asymmetry. Due to the
computational complexity of FEM, only pre-planning of the
needle trajectory was done, and the actual insertion was done
in an open-loop. If [xt Vi Ot]T, and [xb Vb Gh]T are tip,
and base pose of the needle, then:

)'c, )'c;,
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The Jacobian defined as the relationship between the
needle base and the tip velocities can be found using the
following equation:
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Glozamn and Shoham [56] proposed an optimal trajec-
tory planning (defined as the computation of the needle base
pose for a given tip trajectory) for passive flexible needle
steering. Needle insertion into the soft tissue is modeled
using a linear beam supported by virtual springs, and the
forward and inverse kinematics of the needle are solved ana-
lytically. Simulation and path planning are done in real-time.
The experimental tests are demonstrated in 2D space. Figure
12, down depicts the proposed virtual springs model for flex-
ible needle insertion into the soft tissue. The tissue’s reaction
on the needle is modeled using virtual springs distributed
over the length of the needle and friction force tangent to the
needle shaft. The stiffness coefficients of the virtual springs
are found experimentally. They did not model the bevel tip.

Despite the attainable accuracy with autonomous needle
steering systems, having the physician in the control loop is
desirable from a clinical acceptance point of view of steerable
needles. Other than that, passive steerable needles exhibit
unpredictable behavior in nonlinear and anisotropic biolog-
ical tissues.

Romano et al. [140] proposed a teleoperation control
scheme in joint space. This control scheme puts the burden of
the prediction of the needle’s nonholonomic behavior on the
user. Majewicz and Okamura [102] proposed Cartesian and
joint space teleoperation for nonholonomic steerable nee-
dles. The Cartesian space control allows the user to select
the robot’s desired position in Cartesian space and provides
force feedback to represent kinematic constraints and the
robot’s position error. They showed the efficacy of the pro-
posed control through simulations and not real experiments.
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Sun and Altrerovitz [155] considered the sensor place-
ment directly during the design of the planning and LQG
controller to minimize the uncertainty on the tip location
along the planned trajectory. In that way, the obstacles are
avoided without the need to pass far away from them to avoid
a collision. Online replanning of the trajectory, which is reg-
ularly computing a new trajectory based on the current state
of insertion, can also be utilized instead of taking the model’s
uncertainties into account. This method is used by Bernardes
et al. [21], and Patil et al. [128]. Online replanning is only
possible if simplified kinematic models are used, and they
are not possible with FEM.

Sliding mode control can be used to control the bevel-tip-
steerable needles. The advantage of such a control method
is that it does not depend on an interaction model’s param-
eters. Rucker et al. [143] used this method and showed that
by selecting a suitable ratio between insertion and rotation
velocities, accuracy could be reached. Different feedback
modalities are used successfully with sliding mode control
such as electromagnetic (EM) tracker [143], fiber Bragg grat-
ing (FBG) sensors [3,153], ultrasound (US) imaging [1,47],
and computerized tomography (CT)-scan with EM tracking
[152].

Visual servoing is a control approach based on visual
feedback. Krupa [84], and Chatelain et al. [29] used visual
servoing with 3D US imaging and the duty cycling method
to control the needle trajectory. This method can compensate
for modeling errors because the control is directly defined in
the image.

Figure 13 shows an example schematic of the image-
guided robotic needle steering control and estimation-based
control.

2.3.2 Control of active steerable needles

Active steerable needles are controlled with direct dynamic
control of needle deflection without the need for complex
robotic path planning [23]. Active steerable needles pro-
vide controllable actuation from the proximal end, and this
gives the physicians real-time manipulation of the needle
tip for quick reorientation utilizing image feedback. Com-
mon imaging systems include Ultrasound (US), Computed
Tomography (CT), and Magnetic Resonance Imaging (MRI).

Lyons et al. [99] used a cost function that depends on
the tubular environment geometry to plan trajectories for the
active cannula used in lung biopsy procedures. Black et al.
[23] proposed an active needle with Shape Memory Alloy
(SMA) compatible with MRI guidance. Ayvali et al. [13]
used a kinematic approach for trajectory planning for the
active cannula.

They proposed an approach to find a minimum path
between the desired and final configurations in an obstacle-
free environment. They used 6 markers along the shaft of

the needle to find the cannula’s pose and a stereo system for
stereo imaging. The 3D locations of the markers are found by
triangulating the 2D location of the markers on the left and
right images. Two PWM-based controllers for SMA actu-
ators are proposed. One is a PWM-based vision feedback
controller, and the other is a temperature-based feedback con-
troller.

Overall, a position control with stereo vision feedback is
used to control the cannula. The ultimate control goal is to
combine the temperature feedback controller with the image-
guided position control so that the controller can shift to
the temperature feedback controller the image feedback is
not optimal. In the vision-based feedback controller, a pro-
portional controller is used to correct the error between the
desired angle and the current angle by adjusting the heating
time of the SMA wire:

li = k(a(llesired — urrent)s (18)
where o), .4 and &l are the desired bending angle for
the ith joint and current joint angle for the ith joint, respec-
tively. The position error is calculated using the stereo image
couples.

Van de Berg et al. [167] studied the ability of the human
operator to manually correct for errors in the needle inser-
tion path. They used an active, tip-articulated steerable needle
with OD of 1.32 mm with a flexure joint near the tip with
a retractable stylet. Bending stiffness is in the order of
a 20-gauge hypodermic needle. They achieved a targeting
error of 0.5 mm 1.1 during manual steering of the needle
under image guidance to 5 different targets. 4 wt%, 8 wt%
Gelatin tissue simulants are used to do the steering exper-
iments. Moreover, Van den Burg et al. [169] proposed a
linear-quadratic Gaussian (LQG) controller for the needle
to robustly follow the preplanned trajectory using RRT. The
controller can compensate for the current state uncertainty to
minimize the probability of hitting an obstacle.

2.3.3 Sensing modalities in robotic needle steering

Needle steering robotic systems should monitor the state of
the insertion to guide the needle accurately. Different feed-
back modalities are used in the literature to provide different
information about the needle and the tissue. Different feed-
back modalities include Shape feedback, Real-time imaging
techniques, and force feedback.

Fiber Bragg Grating (FBG) sensors are used to reconstruct
the needle’s shape in the literature [40,123]. They consist of
several optic fibers integrated into the needle, and depending
on the curvature of the fiber at a certain location, the light
propagation varies, allowing the measurement of the needle’s
curvature and retrieving the needle’s shape [40,90,123]. Inte-
grating these fibers into the needle makes the needle’s design
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Fig.13 (Up) Example of
closed-loop control of
image-guided needle steering.
The steering controller provides
needle rotation and curvature
needed to reach the target. The
robot controller included motor
controllers and commanded p, R
motor control hardware to move
the needle tip along the target’s
desired path. The imaging
system provides visual feedback
for the measurement of the tip
pose. (Down) Example of an
estimation scheme for
closed-loop control of
image-guided needle steering.
The estimation scheme’s output
is given to the steering
controller, which identifies the X
needle rotation and curvature
necessary to reach a target point.
An estimation scheme is
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necessary when the outputs of
the imaging feedback are noisy.
Kalman filter is a common
estimator used in the literature

[5]

X

more complicated since the fibers should follow the same
deformations of the needle.

Electromagnetic (EM) trackers are usually used to track
the needle’s tip’s pose (position and orientation). Currently,
some miniaturized trackers can be embedded in standard nee-
dles.

The above-mentioned sensors provide information about
the needle position, and to know the target location, differ-
ent imaging modalities should be used. Imaging techniques
can provide feedback both on the position of the needle tip
and the target region. Ultrasound (US) is the most common
imaging modality since it has a fast acquisition rate of 2D,
3D images, good resolution, and safety. The limitation of
ultrasound imaging is the low quality of the images.

Computerized Tomography (CT)-scan and Magnetic Res-
onance Imaging (MRI) are other commonly used imaging
techniques. Unlike the US, they provide high-quality images
and a large field of view. However, their limitation for real-
time image-guided robotic needle insertion is long acqui-
sition time, and they cannot be used in real-time. Another
option for real-time imaging is CT-fluoroscopy. The limi-
tation is that it can expose the physician to a high dose of
harmful radiation. Using them in teleoperated robotic needle
insertion systems also exposes the patient to radiations that
are unnecessary for real-time procedures. Patel et al. [126]
used a fast MRI acquisition system for image-guided needle
insertion. They have acquired a 2D image every 750 ms by
reducing the image size and quality.

@ Springer
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Force sensors are used in the literature to measure the
forces applied to the needle and the tissue. Force sensing is
useful to evaluate the needle performance while puncturing
through different tissue layers [121]. Force sensing is also
used with teleoperated robotic systems to provide the physi-
cian or compensate for tissue motion [68,130].

2.4 Clinical acceptance of steerable needles

Several limitations of needle steering have hindered the
widespread clinical use of steerable needles to date. These
limitations are buckling and compression of the shaft, exces-
sive tissue damage because of needle base rotation, the
difficulty of control due to torsional effects on the shaft and
needle deflection at tissue boundaries (needle deflects from
its desired path while puncturing a tissue interface), and lim-
ited workspace because of the restricted radius of curvature
[133,134,159,161,162,178]. There are also several limita-
tions associated with the magnetically steered catheters and
continuum manipulators such as limited curvature and buck-
ling.

Compression effects such as buckling of the needle shaft
and torsional effects in the shaft cause unnecessary damage in
the tissue, inaccuracies in control, and increased model com-
plexity. Buckling can occur when the needle tip faces a tissue
that it cannot penetrate or due to collision and inhomogeneity
in the tissue [118]. This can be solved if the elastic shaft is not
load-bearing. The fact that the shaft should be strong enough
to withstand the compression stress contradicts the fact that
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it should be flexible enough to allow steering. Eliminating
this conflict can show the potential to reduce restrictions on
achievable ROC caused by load-bearing shafts.

Torsion in the needle shaft can be caused by the friction
between the needle shaft and the tissue. Torsional effects can
cause the base and the tip to rotate out of sync. Differences
between the base and tip rotations as high as 45 degrees for
needle insertions of only 10 cm are reported in the literature
[133,135]. It can also cause difficulty in modeling and control
[161,162]. Another necessity for clinical acceptance is the
steerable needle’s ability to follow complex trajectories and
maneuver in all three dimensions (3D).

Almost no steerable needle was used on a patient as one of
the needle steering system’s main components (see Fig. 14).
However, some research in the literature demonstrates the
use of steerable needles in the clinical environment. Majew-
icz et al. [103] showed that an enlarged prostate cannot be
reached with a straight needle insertion due to pubic bone
and suggested pubic arch interference (PAI).

Webster et al. [181] proposed that robotic needle steering
can be used to treat hepatocellular cancer using thermal abla-
tion. Systems are proposed in the literature [9,36,67,100] for
brachytherapy of prostate cancer. Needle steering is useful
for compensation of needle deflection, tissue deformation,
and target dislocation during needle insertion. Needle steer-
ing scenarios are also designed to emulate environments for
neurosurgery [46,51] in which deep tumors can be difficult
to reach by straight needle insertions. Figure 14 shows a
schematic of clinically viable steerable needle.

Majewicz et al. [101] evaluated the performance of tip-
steerable needles in inhomogeneous soft tissues in terms of
the radius of curvature and insertion forces. They concluded
that steerable needles curved more in the kidney than in the
liver and prostate because of the tissue properties differences.
Higher insertion forces in the liver were observed with pre-
bent needles, and they exhibited more curvature in vivo than
ex vivo. The minimum radius of curvature of 5.23 cm is
achieved with pre-bent needles in ex vivo tissue and 10.4 cm
in in vivo tissue. Bevel-tip needles achieved negligible cur-
vature for in vivo tissue and a minimum radius of curvature
of 16.4 cm in ex vivo tissue.

They only showed the feasibility of clinical application
for needle steering through targeting and ablating cadaveric
canine liver. The needle diameter for insertions into the liver
and the prostate is 0.74 mm, and for the kidney, it is 0.58
mm. Bevel-tip needles had a bevel angle of 30°, and pre-
bent tip-steerable needles had a 15° pre-bent tip angle with
30° bevel angle. Needles are made of Nitinol wires. Insertion
speed for needle insertions is 0.5%. Mean insertion force
was measured to be 1 < Fipsertion < 2 for bevel, and bent
tips in ex vivo prostate, kidney, and liver, and 0 < F < 1 for
insertions into in vivo prostate, kidney, and liver using bevel
and pre-bent needles.

Constant curvature steerable cannula is used by Burgner
et al. [25] to debulk the simulated clot in the brain phantom
to show an application of steerable needles in neurosurgery.
The cannula’s tip is controlled by insertion, retraction, and
axial rotation of the cannula under image guidance. In vitro
experiments showed the feasibility of evacuating 83-92% of
hemorrhage volume.

3 Discussion

Needle steering systems came into existence intending to
improve percutaneous interventions. Using a superelastic
needle that can follow curved trajectories, the needle can
be steered around anatomical obstructions to a target area
(lesion or tumor). This can reduce trauma to the patient to
a great deal. This potential has drawn a significant research
interest in this direction.

In most needle steering methods proposed in the litera-
ture, the curvature is created using an asymmetric force at
the needle tip that changes the direction of tissue fracture.
Traditionally, this has been accomplished through beveled
tips or pre-curved sections near the end of the needle. These
asymmetric forces between the needle tip and the tissue cause
the deflection of the needle (see Fig. 15).

Because of the radial component of the force acting on
the tip, the needle moves sideways. Orientation of the tip is
controlled by rotation at the base (see Fig. 16). The radius
of curvature can be controlled for a given tissue/needle com-
bination using complex methods such as manipulating the
tissue via external forces and duty cycling (continual spin-
ning of the needle at the base). Note that the needle curvature
can only be decreased with duty cycling, and the maximum
curvature can only be achieved through 0% duty cycling.

The mechanism at the tip that results in this asymmetric
force can take on a variety of design paradigms: beveled,
complex, active, inactive, programmable, composite, and
articulated. Conventional steerable needles have large radii
of curvature, especially in very soft tissues, because the tis-
sue’s stiffness is too low to apply forces large enough to
curve the traditional needles, and the needle tends to move in
straight paths. The steerability of a steerable needle is defined
as the minimum achievable radius of curvature, which is the
reciprocal of the needle circular path’s curvature. Large radii
of curvatures restrict the reachable workspace, showing the
importance of achieving smaller radii of curvature by propos-
ing new and effective methods.

Bevel-tipped needles made of superelastic materials (mostly
Nitinol) dominate the needle steering literature. The sim-
ilarity in design to conventional clinical needles and ease
of manufacture made them an attractive alternative to these
needles. Several researchers tried to tweak the bevel-tipped
needles to overcome their limitations. From there, pre-
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Fig. 15 Principle of steering in conventional steerable needles. Tip-
steerable needles rely on interaction forces from the soft tissue to be
able to steer

180° Rotation
of the needle at the
dot points

Anatomical
Obstacle

Soft Tissue

Fig. 16 Tip-based needle steering concept. Steerable needles can steer
around obstacles and reach multiple targets from one insertion unreach-
able by straight needles. Anatomical obstacles can be veins, bones,
nerves, and other structures that a needle cannot penetrate or cause
unwanted consequences. Steering direction can be changed by rotating
the needle at the base

curved, pre-bent [132], “airfoil” tip [45], articulated tip [7],
and flexure tip [159] steerable needles came into existence.
Bevel-tip needles rely on the asymmetric force interaction
between the surface area of the bevel tip and the tissue to steer.
Steering in 3D requires the bevel tip’s reorientation through
spinning around its axis, and straight insertion needs con-
tinuous rotation while being pushed forward. Furthermore,
rotating a flexible long needle inside the soft tissue generates

@ Springer

Fig. 17 The effect of torsional windup and torsional friction when
rotating a long flexible needle. Torsional friction and rotational iner-
tial effects cause the tip angle to be out of sync with the base angle due
to the rotational dynamics along the length of the needle

torsional friction on the needle body that leads to a difference
in orientation of the needle tip and the needle body that causes
loss of control over the needle path [134,136,147,161,162]
(see Fig. 17). Continuous rotation can also cause spiral track
in the soft tissue that increases tissue damage [19,107].

Especially for pre-bent, and pre-curved designs, duty
cycling causes significant tissue damage [159]. Pre-bent nee-
dles also do not have direct control over the needle curvature,
and the only way to correct it is to retract the stylet, rotate it,
and re-insert it. This increases the time of procedure and dam-
age to the tissue [134]. Therefore, the remaining challenges
of conventional steerable needles to be solved are needle
steering with less damage to surrounding tissues, decreas-
ing the minimum radius of curvature for better steerability
and controllability, especially in very soft tissues such as the
brain and liver, and varying the curvature in a more efficient
way than duty cycling.

It is also proven that the needles with diameters less than
1 mm reduce the risk of complication and patient’s discom-
fort [147]. Decreasing needle diameter decreases the second
moment of inertia, which lowers the bending stiffness of the
needle and thus increases flexibility and steerability [146].
Thus, it seems that proposing steerable needles with sub-
millimeter diameters to decrease patient trauma and increase
needle curvature is necessary.
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Table 1 Soft tissue-mimicking materials used in the literature and their preparation methods

Soft tissue simulant

Preparation method

SEBS phantoms

Polyvinyl Alcohol (PVA) gels

Polyvinyl chloride (PVC) Plastisol

Gelatin gels

Agar/Agarose gels

Silicone gels

SEBS polymer in mineral oil

heated to 120 °C to dissolve

while stirring

Allow to cool down to room temperature

PVA powder plus deionized water

and heated up to 93 °C

while magnetically stirring

Allow to cool down to room temp

PVC resin in liquid plasticizer

then heating to (170-190 °C)

while stirring.

Allow to cool down

Gelatin powder with deionized water

Heat to dissolve. For cooling refrigerate

at4-8 °C

Agar in the gel form:

heated until becoming liquid and

then cooled and refrigerated overnight

Agarose is a solution of 4% agarose powder

in distilled or deionized water

while magnetically stirring. Then cooling

A mixture of polyorganosiloxanes (65-85 wt%),
amorphous silica (20-25%), platinum-siloxane
complex (0.1 wt%), and some other ingredients (10 wt%)
Vaseline oil is added to improve acoustic properties

Mineral oil is used to adjust the mechanical properties

PVA is non-toxic, hydrophilic, and biocompatible. Properties can be controlled by varying the ratio of the additive materials or changing the
cross-linking method. PVA, PVC, gelatin, and Agar phantoms are water-based. SEBS phantoms are oil-based

Without local actuation, the minimum radius of curvature
obtained with the steerable needles is limited, limiting the
steerability. In the case of tissue inhomogeneity, crossing
tissue boundaries, or going through one tissue to the other,
the needle deflects from its preplanned trajectory. Developing
needles that can exert localized forces to correct errors in
trajectory instead of dependency on the needle and soft tissue
interaction forces for steering is a possible solution.

Active-type steerable needles came into existence in
recent years to solve this issue. These designs lack the proper
modeling and control developed for them. Programmable
bevel [79,177], tendon-actuated steerable needles [166]
(embedding tendons in the steerable needle design increases
the thickness of the needle), and Shape memory alloy (SMA)
steerable needles [81,83] are some of the proposed designs
in the literature. The programmable bevel steerable needle
proposed by Ko et al. [79] is inspired by the ovipositor of
the wood wasp and can achieve variable curvatures. The pro-
posed needle is too thick (12 mm) because of its special

design. Moreover, using SMA for Needle steering is promis-
ing; however, there are currently size limitations for it and
are not suitable for thin needle manipulation and navigation.

Recent research trends show a considerable effort on the
control strategies for steerable needles [108,116,166]. Con-
trol strategies and motion planners are developed for solving
the control problem for dynamic environments with uncer-
tainties. Adaptive controllers [117,143] in which parameters
can be estimated and updated online offer a potential advan-
tage to steerable needles since the system does not need to
go through pre-operation calibration through prior insertions
and are best for regions that tissue mechanical properties
change. Online adaptive path planning became more and
more frequent in recent years. Pre-operative planners are
computationally expensive since they should find an opti-
mal path based on the surgeon’s input. Moreover, they need
the behavior of the soft tissue beforehand to find the best pos-
sible trajectory. Online planners can solve these limitations
by adapting to changing environments or uncertainties. They
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seem to be essential in case of the target location changes
during the course of operation.

Robotic needle steering has now been aresearch discipline
for over a decade, yet the progress toward clinical testing and
implementation has been slow. It is believed that much of the
slow adoption of steerable needles for real clinical applica-
tions has been caused by the poor curvature performance
of many of the needle strategies in biologically relevant tis-
sue stiffnesses. Only one case of in vivo studies is reported
by Majewicz et al. [101] that did some open-loop curvature
measurements and did not simulate a real clinical scenario.

Most of the needle steering techniques are validated in
artificial tissues rather than actual biological tissues, and most
of them have minimal curvature in soft tissues. Soft tissue
phantoms made of Gelatin are very common. According to
literature, Gelatin 5 wt.% phantoms have stiffnesses of 4.6
kPa which correspond to the stiffness of brain tissue (0.5-6
kPa) [48]. Gelatin 10% and 20% soft tissue phantoms have
Young’s moduli of 25 kPa, and 90 kPa, respectively, and
can simulate normal fat tissue (E 22 kPa) and a cancerous
prostate (E ~ 96 kPa) [116]. 6% by weight gelatin soft
tissue phantoms is reported to simulate the in vitro canine
brain’s resistance at 38° C [78,137]. From compression tests
conducted in [34], it is found that the elastic moduli of the
5% and 7% by weight gelatin phantoms are 21 kPa, and 80
kPa, respectively (note that the elastic moduli reported by
different literature differ significantly).

Despite the vast research in the needle steering area, this
research is still immature for clinical settings. However,
almost all the needle steering experiments are conducted in
soft tissue phantoms such as gelatin and agar [112], or ex
vivo tissue samples [104]. One in vivo study is reported in
the literature that is carried out on canine prostate, liver, and
kidneys [101]. This is the only in vivo study reported in the
literature. This suggests that there are still fundamental issues
to be solved before clinical adoption of this technology. One
limitation is the complex closed-loop control of the steer-
able needles that make their application in clinical settings
challenging. For example, it is a big challenge to change the
control parameters in real-time as the local tissue mechanical
properties change. Another unsolved challenge is the regis-
tration of the needle and the local tissue environment to avoid
large placement errors.

Most of the needle steering systems are controlled
autonomously with the human operator to set up the sys-
tem and monitor it during operation. However, for clinical
acceptance, human-in-the-loop control is needed. Adopting a
clinically acceptable placement error for needle steering pro-
cedures is challenging. Successful procedures depend on how
effective the therapy was (in brachytherapy, for instance, this
translates into the radioactive seeds’ accurate placement).
Typical misplacement errors are reported to be approximately
4 mm in the literature for brachytherapy [97,172]; however,

Table 3 Optical and acoustical properties of soft tissue-mimicking materials and their real soft tissue counterparts that share similar properties

References

Attenuation coefficient (dB/cm) Soft tissue

of sound

Speed

(m/s)

Absorption  coeffi- Reduced scattering

cient (cm™ 1)

Soft tissue simulant

coefficient (cm™ 1)

Breast

6.2-22.7

1499

5.9-16.2

0.1-0.6

PVC1

Prostate

1360-1400
1403-1409

PVC2

Liver, fat

0.5-0.69
0.29-0.94

0.441

0.1-2.8

0.4-2.8

PVC3

Breast, and lesions

1379.3-1397.9

1395

PVC4

Fat, muscle, liver

Soft PVC plastisol

PVC5

In, fat, muscle, prostate

0.38-0.61

1393-1407

1050

Skin, breast

0.08

Agar 1

breast tissue: glandular tissue, adipose
tissue, skin, and Cooper’s ligaments

0.1-0.9

1490-1570

Oil + Gelatin + Agar

[191]
[191]
[28]

Skin, breast

0.58

1570
1030

PVA + water + DMSO

Skin, breast

2.8
0.546

Silicone 1

Fat, muscle, liver

964.7-1250

Silicone 2

PVC 1: PVC plastisol with glass microsphere. PVC 2: PVC polymer solution and the softener diethyl hexyl adipate (different concentrations). PVC 3: PVC plastisol (PVC + softener). PVC 4: PVC plastisol mixed with
160° C while stirring and then cooling down. Silicone 1: A two-compound silicone (9:1 mass ratio of platinum catalyst:hardener). Silicone 2: Silicone mixed with silicone oil with different ratios

graphite (different concentrations). PVC 5: polymer solution + softener phthalate ester with mineral oil and spherical glass beads (50 wm average diameter). Agar 1: 2% solution agar powder in distilled water heated to

These properties are useful for image-guided medical interventions
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this can be reduced to 1.8 mm with the proper insertion
method.

The vast majority of robotic steerable needles are validated
in soft tissue-mimicking phantoms. Phantoms are interesting
because they can partially mimic the properties of real tissues
and steer clear of the need to test these devices on patients.
Although no soft tissue-mimicking phantom can simulate
real soft tissue properties, they can provide many advantages
that make them appealing to characterize and test different
needle insertion modalities. This is also important from a
training point of view since most residents and trainees do
not have the required licenses to do medical operations on
patients. Thus, using soft tissue phantoms can improve their
expertise during training.

Soft tissue has several properties that are important for
image-guided needle interventions, including microstructure
characteristics, mechanical properties, optical properties, and
acoustical properties. Based on the application, the soft tissue
phantom should mimic one or more of these characteristics.
Table 1 summarizes the soft tissue phantoms in the literature
along with their preparation methods. Table 2 summarizes
different compositions of the soft tissue-mimicking materials
and the soft tissue they simulate in terms of mechanical prop-
erties. Note a variation in the data among different literature.
Table 3 provides information on the optical and acoustical
properties of soft tissue-mimicking materials and their soft
tissue counterparts. This information is useful for image-
guided medical interventions.

An overview of the robotic needle steering systems and
their design, modeling, planning, and clinical applications
that are discussed so far is summarized in Table 4. As can be
seen from this table, most of the literature is prevalent with
tip-steerable needles in which the interaction of the needle tip
with surrounding tissue causes the needle to steer. The curva-
ture is constant and can only be controlled by duty cycling to
worsen the radius of curvature. There exists only one radius
of curvature for acombination of tissue and the needle. Active
steerable needles have some form of control on the needle
tip and can steer in 3D without the need for base rotation.
However, because of the design complexity, they have larger
diameters.

4 Conclusions

In this paper, the state of the art in robotic needle steer-
ing, including design, modeling, path planning, and control,
is presented, and the advantages and disadvantages of the
proposed approaches are discussed. This review has also
identified many of the limitations of previously existing steer-
able needle designs and some of the potential reasons why
robotic needle steering has not gained much clinical accep-
tance.

Robotic needle steering came into existence with the
promise of improving medical interventions. However, the
clinical acceptance of steerable needles is hindered by the
limitations of the traditional steerable needles. The most
salient limitations in previously existing designs have been
buckling, torsional windup, and a limited workspace. This
limited workspace is most affected by the poor degree of the
achievable radius of the curvature in conventional steerable
needles. Other ancillary limitations for some past steer-
able needle strategies include unwanted tissue damage and
increased torsional friction that cause the rotation at the base
to be out of sync with the tip’s rotation angle. Developing
new techniques that can compensate for some of the listed
issues and move the steerable needles toward their clinical
acceptance seems to be of utmost importance.
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