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Chapter 1

A Review of Concentric Tube Robots: Modeling, Control,

Design, Planning, and Sensing

Arthur W. Mahoney, Hunter B. Gilbert, and Robert J. Webster III∗

Concentric tube robots consist of nested sets of precurved elastic tubes that bend
and deform one another when they are translated and rotated with respect to each
other, resulting in tentacle-like motion. Concentric tube robots are needle-sized
devices, which makes them promising instruments for minimally-invasive surgical
tasks. Their potential has motivated a significant amount of research focused on
modeling their behavior, designing their actuation systems and shape to meet
application requirements, controlling them in surgical environments, planning
their motions in constrained anatomy, and sensing their shape in space for real-
time feedback. In this chapter, we present an overview of concentric tube robots’
development for use as both steerable needles and robotic manipulators.

1. Introduction

Medical and inspection applications have driven the development of continuum (i.e.,

continuously flexible) robots;1 Burgner-Kahrs et al. provide a thorough review of

their applications in medicine.2 One of the smallest types of continuum robot

is the concentric tube robot. Concentric tube robots, which are also known as

active cannulas, consist of nested sets of precurved, elastic tubes. When the tubes

are rotated and translated with respect to one another, the precurved portions

of the tubes interact, causing them to bend in a tentacle-like fashion. The tubes

are generally made of superelastic Nitinol and many concentric tube robots in the

literature are needle-diameter.

Concentric tube devices have evolved over time from manual instruments to

sensorized robotic systems. The first known concentric tube-style device, introduced

in 1985, appears to be the Mammalok, which incorporates a straight outer tube

and a precurved inner Nitinol wire.3 Shortly thereafter, curved tubes were used to

deflect a telescoping dissection blade4 and a laparoscopic instrument.3,5,6 In 1995,

the SMARTGuide instrument,7 which consists of a precurved nitinol tube within a

straight sheath, was developed and then used in an image-guided intervention.8 A

device designed during this time period that remains commercially available today

is the Roticulator (Covidien, Inc.). It currently uses a precurved plastic tube, but

originally was constructed from Nitinol.5
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(a) (b)

Fig. 1. (a) A concentric tube robot with a gripper end-effector. (b) After conforming, the cur-

vature of the collection of tubes depends on the axial angles applied at the tubes’ bases and their

precurvatures.

In 2005, motorized concentric tube systems were introduced, creating the first

concentric tube robots9,10 Shortly thereafter, Sears and Dupont and Webster et

al. introduced the first mechanics-based models of concentric tube robots.11,12 A

remarkable aspect of the development history of concentric tube robots is that all

of these groups with first publications in 2005 and 2006 conceived of and developed

concentric tube robots independently, and submitted their first publications without

being aware of the others.

As a teleoperated system, the concentric tube robots are remotely-controlled by

a user who manipulates a master device under visual feedback. The incorporation

of motors enables use of multiple curved tubes, rather than the single curved tube

found in early devices like the Mammalok and SMARTGuide that were manually

operated without motors. This is because the mechanics of multiple tubes bending

and twisting one another is complex and non-intuitive, making them well suited to

a robotic or telerobotic approach.

Concentric tube devices can be used in two distinct ways. Concentric tube

devices can be used as steerable needles or they can be operated as manipula-

tors. Generally, the term “steerable needle” refers to a device that can be deployed

through tissue in a “follow-the-leader” fashion, where the body of the needle follows

in the path of the tip. In contrast to many other steerable needles (e.g., bevel-tipped

needles13), concentric tube devices have an advantage in that they do not rely on

the tissue itself for steering; the elastic interaction of the precurved concentric tubes

provides the steering mechanism.9,14 This enables them to steer through open cavi-

ties in addition to tissue. Use of concentric tube robots as manipulators has received

extensive study over the past ten years. Of particular interest have been their use

as manipulators that are teleoperated, much like the da Vinci system by Intuitive

Surgical, Inc. In this context, concentric tube robots are often functionalized with

grippers and other tools.

Use of concentric tube robots as steerable needles has been proposed in a variety

of applications including fetal umbilical cord sampling,15 thermal ablation,16,17 in-
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terventions in the liver and vein cannulation,18 vascular graft placement,19 prostate

brachytherapy,20 retinal surgery,21–24 treatment of epilepsy,25 and other target-

ing procedures in soft tissue.9,12,26 Concentric tube robots have also been pro-

posed as endoscope dexterity augmentation devices in the brain,27,28 lungs,29,30

and prostate.31–33 Concentric tube robots have been proposed for use as telop-

erated devices for transoral throat surgery,34 transgastric surgery,11 transvascular

cardiac procedures,35–39 and transnasal skull-base surgery.40–42

The introduction of motors and mechanics-based models in 2005-2006 sparked a

period of rapid development in modeling, design, control, sensing, and planning for

concentric tube robots. This review paper is an extension of the review by Gilbert

et al.,43 and includes recent advancements in modeling and control, actuator and

tube design, sensing, and planning.

2. Modeling, Control, and Planning

The earliest models of concentric tube robots used the principles of beam mechanics

to solve the forward kinematic problem. At first, the tubes were assumed to have

a pre-set shape which was an arc of a circle. If the tubes are assumed to deform

only in bending and not in twisting, then the resulting centerline curvature can

be computed in closed-form based on a moment equilibrium.44 Using the Frenet-

Serret formulas, the preshaped curve of the ith tube is associated with a curvature

u∗i . Each tube is given a base input angle of ψi, defined so that at ψi = 0 the

centerline stays in the yz plane and curves toward the negative y axis.

Let the bending stiffnesses of each tube be given by kib = EiIi, where Ei is

Young’s Modulus and Ii is the second area moment of the symmetric cross section

of the tube. Given the precurvature of each tube, the resultant curvature vector

of the collection of tubes is found as a sum of the precurvatures weighted by the

bending stiffnesses, as shown in Fig. 1. Mathematically, this is expressed by

u =
1∑
kib

N∑
i=1

kibu
∗
i

[
cosψi
sinψi

]
(1)

where u is the resulting curvature vector lying in the xy plane. The geometry can

then be easily computed as the circular arc with the resultant curvature vector,

which can be simply expressed using the matrix exponential. Let v =
[
0 0 1

]T
,

ω =
[
uT 0

]T
, and ξ =

[
vT ωT

]T
. Then, the end-effector frame at the distal tip of

the robot is given by

g = exp(Lξ̂) (2)

where L is the arc-length along the centerline curve from the robot base to the tip,

·̂ is the conversion of a 6-dof rigid linear and angular velocity to a twist as defined

by Murray et al.,45 and exp is the matrix exponential.

Advancement in the models then increased the predictive power by accounting

for torsional twisting of the tubes. From both energetic principles and Newtonian
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mechanics, the curvature equation (1) can be shown to hold point-wise in arc length

whenever the precurvatures of the tubes are planar shapes.46,47 The only modifica-

tions needed are that ψi(s) and u∗i (s) become functions of arc length. For general,

non-planar precurved tube shapes, let u∗i (s) be the Bishop frame curvature (i.e. the

curvature vector of the frame which follows the curve without any instantaneous

angular velocity about the tangent vector) of the preshaped centerline of the ith

tube. The point-wise curvature of the conformation of tubes is given by

u(s) =
1∑
kib

N∑
i=1

kibRz(ψi(s))u
∗
i (s) (3)

where Rz is the standard z-axis rotation.

Each function ψi(s) is then governed by a second order differential equation in

the independent variable of arc length,

(kitψ
′
i)
′ + kibe3 · (u×Rz(ψi)u

∗
i ) = 0 . (4)

This equation states that the rate of change in the torsional moment carried by

each tube is linearly related to the scalar triple product between the tangent vector

(third standard basis vector in the body-frame), actual curvature vector of the ith

tube that is equal to u, and the pre-curvature vector of the ith tube. The geometry

of the centerline is then determined by the differential version of (2),

g′ = gξ̂(s) (5)

where ξ(s) is the twist determined by the linear velocity v(s) =
[
0 0 1

]T
and angular

velocity ω(s) =
[
uT (s) 0

]T
.

Where each tube is held proximally, boundary conditions are enforced by the

actuators. Likewise, at the distal end of each tube, the natural boundary condition

is moment free. Mathematically, these conditions are given by

p(0) = p0

ψi(βi) = αi

(kitψ
′
i)(Li) = 0

(6)

Translation of the tubes enters the kinematic problem by changing the functions

u∗i (s) and k∗ib(s). As the tubes are translated, these functions are shifted in arc

length by the tube translations. Note that, in general, these functions may be mod-

eled with step discontinuities, necessitating care in solving the equations with stan-

dard numerical techniques for the solution of boundary value problems. Wherever

a tube is not present, its bending stiffness kib must become zero, and its torsional

stiffness kit can be modeled as infinitely large to artificially preserve the angle ψ

over these regions.

Control of Concentric Tube Robots as Manipulators Kinematic control

of the robot can be achieved by formulating a Jacobian matrix J which maps

differential changes in the configuration of the robot to differential changes in the
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position p(s) and orientation R(s) of a point along the centerline of the robot.

This matrix has been computed via an efficient numerical technique that computes

it as the solution to a matrix differential equation associated with the original

kinematics problem.48 It can, of course, also be calculated via other numerical

techniques such as finite difference methods. Using the Jacobian mapping, it has

been found in the literature that a damped least-squares resolved rates algorithm

achieves good tracking performance during teleoperation.42 The Jacobian relates

the configuration space velocity q̇ to twist coordinates ẋ through ẋ = Jq̇, and the

damped least squares algorithm computes the desired configuration space velocity

q̇ by

q̇ =

(
JTW0J +

m∑
i=1

Wi

)−1(
JTW0ẋ+

m∑
i=1

Wivi

)
(7)

where W0 is a task-space tracking weight matrix, Wi are configuration-space

weighting matrices, and vi are desired secondary actuator velocities, which may

be set to zero in order to achieve damping. A damped least squares method with a

complex weighting function that prevents the robot from colliding with the anatomy

and avoids elastic instability was presented by Leibrandt et al.49 Another technique

which has been successfully used in the literature is a numerical inverse kinemat-

ics based on Fourier series approximation of the forward kinematics,47 a modified

planning algorithm with local tip error correction that can provide global obstacle

avoidance while the operator controls the end-effector location,50 and neural net-

works.51 Additionally, a pseudo-inverse based method with extrapolation of the

Jacobian matrix was shown to improve tracking performance at low control rates,52

a stable task-space controller was designed using an approximate Jacobian,53 an

inverse Jacobian method was used to perform real-time trajectory tracking under

applied loads,54 and a Jacobian-based approach has been used in the presence of

constraints.55

Model Prediction of Snapping It has been known since early prototypes

were constructed that with curvatures that are sufficiently high or tubes which are

sufficiently long, rapid snapping motion can arise with rotational actuation of the

tubes.56 The model from equations (3) and (4), with boundary conditions (6),

predicts snapping when there exist differential changes in the relative angles ψi at

the base of the robot that create infinitely fast changes in the relative angles at the

tip of the robot, as seen for two tubes on the graph (see Fig. 2) which plots solutions

to the kinematic equations over relative angles θ = ψ2 − ψ1 at the proximal and

distal ends of the robot.47 A sufficient condition for local stability in the absence

of external loads is given by a conjugate point condition

∂θ(s)

∂θ(L)
> 0 for all s (8)

where L is the most distal arc length of the robot. When more than two tubes are
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Fig. 2. The s-curve shows how increasing relative tube angles at the base can lead to a snap.

present, it has been shown that the analogous condition for stability involves a test

on the determinant of a matrix of partial derivatives57∣∣∣∣ ∂ψi(s)∂ψj(L)

∣∣∣∣ > 0 for all s (9)

Controlling Concentric Tube Robots as Steerable Needles In some

medical procedures, such as ablation of the hippocampus for treatment of epilepsy,25

it is useful to have concentric tube robots proceed in a follow-the-leader manner

whereby the centerline of the robot stays exactly on the path traced by the tip as

the robot extends in length. In order for a many-tube concentric tube robot to follow

the leader, both the design of the tube precurvatures and the deployment sequence

should be carefully chosen. The deployment sequence is as follows: first, all tubes

are inserted with the same velocity; second, the outermost tube is stopped while the

inner collection of tubes continues to insert with each tube having equal insertion

velocity. The second step is then repeated, at each stage stopping the outermost

tube. With this deployment sequence, particular designs follow the leader, according

to the mechanics-based model. The only known design cases in which this is true

are those in which each tube has constant (circular or helical) pre-curvature over

the entire final inserted length of that tube.14 These designs can be summarized as

follows:

• One, but not both, of the tubes has zero precurvature, meaning that the

final shape consists of two tangent circular or helical arcs with different

curvatures.

• Both tubes are circular in precurvature and the actuation is chosen such

that the precurvatures are coplanar at all arc lengths for all times in the
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insertion sequence. In this case, the final shape consists of two tangent

circular arcs that lie in the same plane.

• Both tubes are helical in shape and have the same helical torsion τ =

p/(p2 + r2), where the helix has pitch 2πp and radius r. The actuation is

chosen such that the precurvatures are coplanar at all arc lengths for all

times in the insertion sequence. In this case, the final shape is piecewise

helical.

It was also noted by Dupont et al. early in the development of concentric tube

robots that tubes with circular precurvature shapes approximately follow the leader

under the above deployment strategy even when the precurvatures are not forced

to lie in a plane and the tubes begin to twist one another. The amount of error in

this strategy was later quantified and found to be typically less than 5% of the final

deployment length for the first stage of a two-tube insertion.14

Motion Planning for Concentric Tube Robots as Manipulators Mo-

tion planning for concentric tube robots ensures that the robot moves from an initial

configuration, to the desired configuration, without colliding with anatomical con-

straints or other obstacles in the robot’s configuration space. Motion planners have

been used to find paths around critical brain structures,58 through the bronchi of

the lung59 and through the sinuses.60 The work of Lyons et al.58,59 formulated the

motion planning problem as a constrained optimization problem that minimizes

the tip-position error (from the desired tip-position) with constraints that prevent

anatomical collisions. This work used simplified kinematic models to speed up com-

putation. In the work of Torres et al., a sampling-based motion planning method

was used along with the mechanics-based model described previously.60 Sampling-

based methods were used by Kuntz et al. to plan trajectories for a multi-stage

system that includes a tendon-actuated bronchoscope, a concentric tube robot, and

a steerable needle61 that was developed by Swaney et al.30

The obstacle space that the robot avoids on its way to the goal configuration

does not have to be based solely on anatomy. For example, Bergeles & Dupont

used a variant of the rapidly-exploring random tree to plan paths that both avoid

anatomical collisions and avoid regions in a concentric tube robot’s configuration

space that are elastically unstable (i.e., that cause a snap as described previously).62

Motion planning was combined with teloperation by Torres et al., where the

operator controls the concentric tube robot’s tip-position and the motion planner

automatically determines the inputs that both achieve the desired end-position and

ensures that the robot’s body avoid collisions with the anatomy.50,63

Force/Impedance Control With knowledge of the applied loads at the end

effector, force or impedance control can be used to specify appropriate behavior

for tasks in stiff environments, where environmental contact may prevent accurate

position control. Similarly to the Jacobian matrix, the Compliance matrix C relates
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differential changes in the external load f with changes in the manipulator end

effector location.48 Under quasistatic conditions, the relationship between ẋ, q̇,

and ḟ is given by

ẋ = Jq̇ +Cḟ (10)

A control law can then use this relationship to display a desired force/displacement

mapping by estimating the applied force based on measurement of the robot end

effector location.64 An alternate way of controlling applied forces is to use the static

force mapping for continuum robots, which is analogous to the standard equation

for serial kinematic chains64

τ = JTf +
∂E(q,f)

∂q
(11)

where E(q,f) is the stored internal energy of the robot given the actuator configu-

ration q and the external force f . Note that if the actuators are non-backdrivable,

friction may dominate the required torques, rendering this equation inaccurate.

Impedance control has been demonstrated for concentric tube robots based on po-

sition feedback alone, but pure force control has yet to be demonstrated.

Instead of using the kinematic model to drive the force estimate for control,

a direct measurement can be made if sensors are sufficiently miniaturized to be

compatible with concentric tube robots. A miniature force sensor based on electrical

resistance measurement of fluid-filled channels was developed by Arabagi et al., and

is capable of measuring applied contact forces.65

3. Actuator Unit, End-effector, & Tube Design

The mechanics and geometry of the application dictate how concentric tube robots

are actuated, the geometry of the tubes, and how the tubes are functionalized with

end-effectors. In this section, actuation mechanisms, methods for selecting tube

designs based on task-specific requirements, and end-effector designs are described.

Actuator Units Concentric tube robots are actuated by translating and ro-

tating the tubes relative to one another. The actuation unit is the mechanical

apparatus that applies these motions to the proximal ends of the tubes. This is a

mechanically straightforward task with many potential options. However, the needs

of some applications put special demands on how this is done. Operating concentric

tube robots in an MRI machine requires actuators that are MRI compatible to pre-

vent image distortion. Su et al. presented an MRI-compatible concentric tube robot

actuated using piezoelectric elements.66 Comber et al. took a different approach to

MRI-compatibility using pneumatic stepper actuators.25,67,68

Some researchers have proposed using more than one concentric tube robot

simultaneously (e.g., for bimanual control). For minimally-invasive surgical proce-

dures, where the robots may need to be deployed beside one another (e.g., through
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(a) (b) (c)

(e)(d) (f)

Fig. 3. Some examples of actuation units that have been designed for concentric tube robots. (a)

MRI-compatible actuation unit using pneumatic pistons.25 (b) An MRI-compatible actuation unit
using piezoelectric actuators.66 (c) A hand-held actuation unit for multiple concentric tube robots

passed through a rigid endoscope.32 (d) An actuation unit designed for operating a concentric

tube robot through a flexible neuro-endoscope.27 (e) A modular actuation unit for endonasal
surgery that places four tools in close proximity.69 (f) A low-cost (i.e., disposable) actuation unit

using coaxial actuators.26

one entry point), this requires the robots to be actuated next to each other, con-

straining the geometry of the actuator units. A modular system has been proposed

for a bimanual40,42 and quadramanual69 system designed for endonasal surgery.

Butler et al. developed an actuation unit that attaches to a flexible neuro-

endoscope that augments it with the dexterity of a concentric tube robot.27 Hen-

drick et al. proposed a hand-held bimanual system where two concentric tube robots

are operated through a rigid endoscope.32

Graves et al. developed a compact differential-drive system that has the advan-

tage that has the potential to be implemented in a disposable package.26 A me-

chanically similar (though not low-cost) differential drive approach was also taken

by Webster et al.34 For medical applications where the actuator is not considered

disposable, sterilizability and sterile barriers are an important consideration. Bruns

et al. and Burgner et al. developed an autoclavable actuation system that uses a

couplings through a sterile barrier to keep the motors out of the sterile field.17,70,71

Tube Design There are endless possibilities for selecting the shape of the

tubes. Use of non-constant curvature tubes (which is supported by the mechanics-

based model), introduces many new parameters defined by the set of possible curves

considered. Most designs in the literature use tubes that are shaped with a straight

section followed by a constant-curvature section. Even with this simple geome-

try, the length of the straight and curved sections, and the radius of the constant
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curvature must be chosen. Selecting tube geometry is an active area of research.

One approach to selecting tube shape is based on the path the robot must follow

in the environment. Anor et al. performed a computation study of tube geometries

that enabled a concentric tube robot to follow piecewise constant-curvature paths

through the brain ventricles for cauterization of the choroid plexis under the premise

that many tube pairs could be made to behave according to the dominant stiffness

assumption.72 Gilbert et al. selected helically-shaped tubes to perform follow-the-

leader deployments in the brain for the treatment of epilepsy.14 Torres et al. and

Baykal et al. showed how to select the tubes’ radius of curvature by incorporating

the tube design into motion planning.73,74 The result is a design and a motion

policy that can maneuver the robot into a desired configuration without violating

anatomical constraints.

Another approach to tube design is to select geometries that produce a de-

sired workspace. Bedell et al. and Bergeles et al. optimized the tube curvature to

guarantee a desired tip-workspace, while ensuring anatomical constraints are re-

spected.35,75 Burgner et al. used a volume-based coverage objective function to

design tube curvatures that optimally cover a desired anatomical workspace.76–78

Other approaches have been taken that exploit the mechanics of concentric tube

robots more than the geometry of the application. For example, when the concentric

tube is sensorized, the geometry of the tubes affects how much state information

the sensors can provide. Optimizing tube-curvature to maximize state information

provided by magnetic trackers placed at discrete points on the robot’s body was

explored by Mahoney et al.79

(a) (b)

(c)

Fig. 4. Design solutions that increase stability and enable higher tube precurvatures. (a,b) Pat-
terns cut into the tube can increase torsional stiffness relative to bending stiffness.80,81 (c) Re-
placing sections of tubing with larger diameter, stiffer tubing (dashed lines) increases stability.57

Tube design has also been used to find solutions to the snapping problem (see
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Fig. 4). Ha et al. and Hendrick et al. optimized the preshaped geometry of the

tubes to ensure that the concentric tube robot never snaps.82,83 In addition to

choosing the curvatures, the snapping problem has been approached by altering the

ratio of bending stiffness to torsional stiffness by laser machining patterns into the

tubes.80,81 Another technique for increasing the stability of the robot is to replace

straight lengths of Nitinol tubing with larger diameter, stiffer tubing (possibly of

a different material, such as steel, with a higher elastic modulus), which effectively

moves the rotational actuators distally toward the curved tube sections.57

Once a given precurvature design has been chosen, a significant challenge is to

then make the tubes. Gilbert and Webster presented a method that shape-sets the

tubes in any desired geometry using electrical current.84 They demonstrated the

shape-setting of a variety of shapes including helices. Additive manufacturing of

the tubes from thermoplastic materials has been investigated by Amanov et al. and

determined to be feasible with materials such as Nylon and PCL.85

(a) (b)

(c)

(d)

(c)

(e) (f)

Fig. 5. Examples of end effectors that have been used in concentric tube robots. (a) A curette

used for scraping tissue and a single-dof gripper end effector.42 (b) A steerable needle deployed
from a concentric tube robot within a bronchoscope.30 (c) A flexure-based wrist.86 (d) A metal

MEMS tissue approximation device which can be inserted through a concentric tube robot.87 (e)

A metal MEMS tissue removal end effector.88 (f) A laser fiber deployed through a concentric tube
robot.32

End-Effectors Medical applications largely motivate the design of end-

effectors for concentric tube robots. Dupont et al. presented a metal microelec-

tromechanical systems (MEMS) tool for cardiac tissue approximation and resec-

tion.37,87–89 Miniature grippers and curettes have been attached to the tip of con-

centric tube robots for endonasal surgery.42 Puncture stylets,90 ultrasonic abla-

tors,16 and laser fibers32 have been deployed by concentric tube robots. Swaney et
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al. deployed a steerable needle through a concentric tube robot for lung biopsy.30

Flexure elements have been designed into the body of a concentric tube robot to

make tendon actuated flexure-wrists, which substantially increases the angular ex-

tents of a Concentric tube robot’s workspace.86 Concentric tube

4. Sensing & Estimation

The mechanics-based model described in Sec. 2 has been found to be accurate within

to 3% of the concentric tube robot’s length in free-space with no applied loads. For

many applications with the presence of uncertainty, some form of real-time feedback

is needed, especially for closed-loop control and teleoperation. For example, Web-

ster et al. used feedback of a concentric tube robot’s tip position to visually servo

the tip.91 If the application requires that the robot’s body avoid some sensitive

region, then feedback of the entire shape of the robot would be required. When

manipulating tissue, it may be beneficial to provide feedback of the forces that a

concentric tube robot applies. In this section, we review methods that have been

used to estimate these things.

(b) (d)(a) (c)

P λ

P λ

Re�ected
Spectrum�bergrating

∅ 0.5 mm

Fig. 6. A variety of sensors can be used to sensorize concentric tube robots including (a) elec-
tromagnetic position trackers, (b) fiber-Bragg gratings, (c) magnetic resonance imaging, and (d)

ultrasound.

Position Sensing There are a variety of methods to sense the position of

a concentric tube robot’s body in space. One of the most common is image-based

position sensing that uses visual feedback. Some methods include cameras that track

fiducial markers.91 Medical imaging such as magnetic resonance (MR), computed

tomography (CT), and ultrasound methods have been used as well. For example,

Su et al. developed an MRI-compatible concentric tube robot using piezoelectric

actuators, and then used MRI images to track the robot’s tip position in time.66

concentric tube instruments that deploy a pre-curved inner wire have been observed



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 13

A Review of Concentric Tube Robots: Modeling, Control, Design, Planning, and Sensing 13

in an MRI.8 CT has been used for visualization of a concentric tube robot in ex

vivo liver tissue.26 Fluoroscopy was used in simulation by Lobaton et al., where

the the pose of a fluoroscope was planned in time to obtain the most information

about a concentric tube robot’s shape as it followed a trajectory, while minimizing

patient radiation exposure,92 and by Vandini et al. who tracked a concentric tube

robot’s shape inside a skull phantom.93 The body of a concentric tube robot has

been tracked in open-space using ultrasound by Ren & Dupont,94–96 and by Swaney

et al.97 Finally, ultrasound has been used as a form of guidance for concentric tube

robots in soft-tissue by Terayama et al.,18 Burdette et al.,16 and Furusho et al.98,99

Another type of sensor that observes the body pose (i.e., position and orien-

tation) of a concentric tube robot is the electromagnetic tracker. When inserted

into the robot, magnetic trackers can be used to detect the pose of the robot’s

body at discrete locations (e.g., at the tip). Electromagnetic trackers have been

used by Mahvash & Dupont,64,100 by Lathrop et al. and Burgner et al. for guidance

using preoperative imaging,42,101 and by Xu et al. for evaluation of tracking perfor-

mance.52,102 Multiple electromagnetic trackers have been used by Mahoney et al.

for estimating a concentric tube robot’s shape.79

Force Sensing For many medical applications, it is useful to know the forces

that a concentric tube robot is applying to the environment. This information can

be used for control and (in principle) for haptic feedback, particularly at the robot’s

tip. Toward this end, Arabagi et al. developed a force sensor that estimates the

magnitude and direction of tip forces65,103 by measuring the change in resistance of

a conductive-fluid-filled channel as applied forces deform the channel’s geometry.

In other work, the applied tip-force has been inferred from other sensor mea-

surements. For example, in the work of Rucker & Webster, the applied force is

estimated from a measurement of a concentric tube robot’s spatial deflection in a

statistical way that accounts for sensor noise.104 Mahvash & Dupont estimated ap-

plied force from spatial deflection and used it to control the applied tip-forces.64,100

Other Sensors Other types of sensors have been used with concentric tube

robots. For example, Ran et al.52 used torque sensors at the proximal end of a

concentric tube robot’s tubes to measure their proximal moments during operation.

With a measurement of the proximal moment, the model presented in Sec. 2 can

be turned into an initial-value problem, which can be solved faster than the stan-

dard two-point boundary-value problem. In addition, fiber-Bragg gratings105–107

are applicable for the shape estimation of general continuum devices, and where

they should be placed on a concentric tube robot to optimally reconstruct its shape

has been studied by Kim et al.108

Model-based Estimation Fusing the information of sensors that have been

integrated into the body of a concentric tube robot with a priori knowledge of the
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robot kinematics (Sec. 2) is a useful tool for inferring properties of the robot in other

parts of the body where there are no sensors present, particularly in the presence

of model and sensing uncertainty.79

Inference for concentric tube robots can be performed using a Kalman-filtering

framework that has become ubiquitous in the robotics community.109 Let the un-

certain concentric tube kinematic model be represented using the random process

x′ = f(x) + q (12)

where x is the states of the concentric tube robot as described in Sec. 2 and f is

defined by equations (4) and (5), and q ∼ N(0, Q) represents zero-mean Gaussian

process noise with covariance Q. Uncertainty in the constraints can be represented

as

ψi(βi) = αi + wψi

(kitψ
′
i)(Li) = 0 + wψ′

i

(13)

where wψi
∼ N(0,Wψi

) and wψ′
i
∼ N(0,Wψ′

i
), which are mutually uncorrelated.

Uncertainty in the proximal and distal conditions could be a result of actuator

uncertainty and friction, respectively. An observation taken by a sensor at arc-

length s can be represented by

y(s) = h(x(s)) + z . (14)

Without including past time, the best model-based estimate at an arc-length

s is the one that includes the information from all sensors on the robot’s body,

i.e., on the arc-length interval [0, L]. This estimate can be approximated by the

Gaussian distribution N(x̄, P̄ ) and is the result of Kalman smoothing, which can

be computed in a two-step process. Note that this formulation assumes that the

process noise (12), boundary-condition uncertainty (13), and sensor noise (14) can

be modeled as Gaussian. This is an approximation for any other form of noise.

1) The first step computes the posterior estimate N(x̃, P̂ ) that incorporates

sensor information from the proximal side of the concentric tube robot, using an

Extended Kalman Filter (EKF), by integrating the differential equations

x̃′ = f(x̃) (15)

P̃ ′ = F (x̃)P̃ + P̃F (x̃)T +Q (16)

from arc-length 0 to L = maxLi, where F (x̃) = ∂f(x̃)/∂x̃ and the initial condition

for x̃ are found by initially solving (4) and (5), and the initial condition for P̃ is from

a priori knowledge about the accuracy of the model. While integrating equations

(15) and (16), the uncertain boundary conditions (13) and sensor observations (14)

are incorporated into the posterior estimate using an EKF update.110

2) The second step computes the smoothed estimate by integrating the Rauch-

Tung-Striebel110 differential equations

x̄′ = f(x̄) +QP̃−1(x̄− x̃) (17)

P̄ ′ = (F (x̃) +QP̃−1)P̄ + P̃ (F (x̃) +QP̃−1)T −Q (18)
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from arc-length L to 0 with initial conditions x̄(L) = x̃(L) and P̄ (L) = P̃ (L).

Although the posterior estimate, (15) and (16), will be discontinuous at every arc-

length where a sensor resides, the smoothed estimate is continuous.111

5. Conclusion

Concentric tube robots are an vibrant area of research in the medical robotics

community, where their small diameter and dexterity make them well-suited for

minimally-invasive surgical tasks. In this chapter, we have presented an overview

of concentric tube robots’ development, beginning in 1985 to the present, for use as

both steerable needles and robotic manipulators. This review is a companion, and

in some cases, an update to the prior review of Gilbert et al.43 We have reviewed

recent progress in modeling, for example the prediction of elastic instability, and

in control where we describe advances in Jacobian-based joint, force-control, and

motion planning. Recent work has focused on sensing for concentric tube robots,

and we have addressed the methods and recent progress in this area. There are

many avenues of future research on Concentric tube robots, and we expect their

future to be bright.
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Trends in Endoscopic Suturing, Endoscopic Surgery and Allied Technologies. 2, 78–
82, (1994).

6. D. Stoeckel and A. Melzer. New Developments in Superelastic Instruments for Mini-
mally Invasive Surgery. In Presentation for “Changing Surgical Markets – Increasing
Efficiency and Reducing Cost Through New Technology and Procedure Innovation,
(1993).

7. W. R. Daum. Deflectable needle assembly (June 3, 2003). US Patent 6,572,593.
8. A. Melzer, A. Schmidt, K. Kipfmüller, D. Grönmeyer, and R. Seibel, Technology and

principles of tomographic image-guided interventions and surgery, Surg. Endosc. 11,
946–956, (1997).

9. M. Loser. A new robotic system for visually controlled percutaneous interventions
under X-ray or CT-fluoroscopy. Master’s thesis, The Albert-Ludwig-University, Ger-
many (September, 2005).

10. J. Furusho, T. Ono, R. Murai, T. Fujimoto, Y. Chiba, and H. Horio. Development of



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 16

16 Arthur W. Mahoney, Hunter B. Gilbert, and Robert J. Webster III

a Curved Multi-Tube(CMT) Catheter for Percutaneous Umbilical Blood Sampling
and Control Methods of CMT Catheters for Solid Organs. In IEEE Int. Conf. Mecha.
Autom., pp. 410–415, (2005).

11. R. J. Webster III, A. Okamura, and N. J. Cowan. Toward Active Cannulas: Miniature
Snake-Like Surgical Robots. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp. 2857–
2863, (2006).

12. P. Sears and P. Dupont. A Steerable Needle Technology Using Curved Concentric
Tubes. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp. 2850–2856, (2006).

13. R. J. Webster III, J. S. Kim, N. J. Cowan, G. S. Chirikjian, and A. M. Okamura,
Nonholonomic Modeling of Needle Steering, Int. J. Robot. Res. 25, 509–525, (2006).

14. H. B. Gilbert, J. Neimat, and R. J. Webster III, Concentric tube robots as steerable
needles: Achieving follow-the-leader deployment, IEEE Trans. Rob. 31(2), 246–258,
(2015).

15. J. Furusho, T. Katsuragi, T. Kikuchi, T. Suzuki, H. Tanaka, Y. Chiba, and H. Horio,
Curved Multi-Tube Systems for Fetal Blood Sampling and Treatments of Organs like
Brain and Breast, Int. J of Computer Assisted Radiology and Surgery. 1(S1), 223–
226, (2006).

16. E. C. Burdette, D. C. Rucker, P. Prakash, C. J. Diederich, J. M. Croom, C. Clarke,
P. Stolka, T. Juang, E. M. Boctor, and R. J. Webster III. The ACUSITT Ultrasonic
Ablator: The First Steerable Needle with an Integrated Interventional Tool. In SPIE
7629, (2010).

17. J. Burgner, P. J. Swaney, T. L. Bruns, M. S. Clark, D. C. Rucker, and R. J. Webster
III, An Autoclavable Steerable Cannula Manual Deployment Device: Design and
Accuracy Analysis, ASME J Med. Devices. 6(4), 041007–1–041007–7, (2012).

18. M. Terayama, J. Furusho, and M. Monden, Curved multi-tube device for path-error
correction in a needle-insertion system, Int. J Med. Robot. Comp. Assist. Surg. 3(2),
125–134, (2007).

19. M. S. Berns, E. Y. Tsai, J. Austin-Breneman, J. C. Schulmeister, E. Sung, C. K.
Ozaki, and C. J. Walsh. Single Entry Tunneler [SET] for Hemodialysis Graft Proce-
dures. In Des. Med. Dev. Conf., pp. 1–8, (2011).

20. C. J. Walsh, J. Franklin, A. H. Slocum, and R. Gupta. Design of a Robotic Tool for
Percutaneous Instrument Distal Tip Repositioning. In IEEE Engineering in Medicine
and Biology Society, pp. 2097–2100, (2011).

21. W. Wei, R. E. Goldman, H. F. Fine, S. Chang, and N. Simaan, Performance Evalu-
ation for Multi-arm Manipulation of Hollow Suspended Organs, IEEE Trans. Robot.
25, 147–157, (2009).

22. H. Yu, J. Shen, K. M. Joos, and N. Simaan. Design, Calibration and Preliminary
Testing of A Robotic Telemanipulator for OCT guided Retinal Surgery. In IEEE Int.
Conf. Robot. Autom., pp. 225–231, (2013).

23. W. Wei and N. Simaan, Modeling, Force Sensing, and Control of Flexible Cannulas
for Microstent Delivery, ASME J. Dyn. Sys., Meas., Control. 134(4), 1–12, (2012).

24. F.-Y. Lin, C. Bergeles, and G.-Z. Yang. Biometry-based concentric tubes robot for
vitreoretinal surgery. In Int. Conf. of the IEEE Eng. in Med. and Bio. Soc., pp.
5280–5284, (2015).

25. D. B. Comber, E. J. Barth, and R. J. Webster III, MR-Compatible Precision Pneu-
matic Active Cannula Robot, ASME J. Med. Devices. 8(1), 011003, (2013).

26. C. M. Graves, A. Slocum, R. Gupta, and C. J. Walsh. Towards a Compact Robot-
ically Steerable Thermal Ablation Probe. In IEEE Int. Conf. Robot. Autom., pp.
709–714, (2012).

27. E. J. Butler, R. Hammond-Oakley, S. Chawarski, A. H. Gosline, P. Codd, T. Anor,



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 17

A Review of Concentric Tube Robots: Modeling, Control, Design, Planning, and Sensing 17

J. R. Madsen, P. E. Dupont, and J. Lock. Robotic Neuro-Endoscope with Concentric
Tube Augmentation. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp. 2941–2946,
(2012).

28. P. E. Dupont, S. Chawarski, E. J. Butler, R. Hammond-Oakley, A. H. Gosline,
P. Codd, T. Anor, J. R. Madsen, and J. Lock. Extending the Reach and Stability of
Manually Steerable Neuroendoscopes Through Robotics. In Hamlyn S. Med. Robot.,
pp. 89–90, (2012).

29. P. J. Swaney, H. B. Gilbert, R. J. Hendrick, O. Commichau, R. Alterovitz, and R. J.
Webster III. Transoral Steerable Needles in The Lung: How Non-Annular Concentric
Tube Robots Can Improve Targeting. In Hamlyn S. Med. Robot., (2015).

30. P. J. Swaney, A. Mahoney, A. Remirez, E. Lamers, B. Hartley, R. Feins, R. Al-
terovitz, and R. J. Webster III. Tendons, concentric tubes, and a bevel tip: Three
steerable robots in one transoral lung access system. In IEEE Int. Conf. Robot. Au-
tom., pp. 5378–5383, (2015).

31. R. J. Hendrick, C. R. Mitchell, S. D. Herrell, and R. J. Webster III. Concentric
Tube Robots for Transurethral Prostate Surgery: Matching the Workspace to the
Endoscopic Field of View. In Hamlyn S. Med. Robot., (2014).

32. R. J. Hendrick, C. R. Mitchell, S. D. Herrell, and R. J. Webster III, Hand-Held
Transendoscopic Robotic Manipulators: A Transurethral Laser Prostate Surgery
Case Study, International Journal of Robotics Research. (In Press).

33. R. J. Hendrick, S. D. Herrell, and R. J. Webster III. A Multi-Arm Hand-Held Robotic
System for Transurethral Laser Prostate Surgery. In IEEE Int. Conf. Robot. Autom.,
pp. 2850–2855, (2014).

34. R. J. Webster III. Design and Mechanics of Continuum Robots for Surgery. PhD
thesis, The Johns Hopkins University, (2007).

35. C. Bedell, J. Lock, A. Gosline, and P. E. Dupont, Design Optimization of Concentric
Tube Robots Based on Task and Anatomical Constraints, IEEE Int. Conf. Robot.
Autom. pp. 398–403, (2011).

36. N. V. Vasilyev, P. E. Dupont, and P. J. del Nido, Robotics and Imaging in Congenital
Heart Surgery, Future Cardiolgy. 8(2), 285–296, (2012).

37. A. Gosline, N. V. Vasilyev, E. Butler, C. Folk, A. Cohen, R. Chen, N. Lang, P. J.
del Nido, and P. E. Dupont, Percutaneous intracardiac beating-heart surgery using
metal mems tissue approximation tools, Int. J. Robotics Research. 31, 1081–1093,
(2013).

38. N. V. Vasilyev, A. H. Gosline, E. Butler, N. Lang, P. J. Codd, H. Yamauchi, E. N.
Feins, C. R. Folk, A. L. Cohen, R. Chen, D. Zurakowski, P. J. del Nido, and P. E.
Dupont, Percutaneous Steerable Robotic Tool Delivery Platform and Metal Micro-
electromechanical Systems Device for Tissue Manipulation and Approximation: Clo-
sure of Patent Foramen Ovale in an Animal Model, Circulation: Cardiovascular
Interventions. 6(4), 468–75, (2013).

39. N. V. Vasilyev, A. Gosline, E. Butler, N. Lang, P. Codd, H. Yamauchi, E. Feins,
C. Folk, A. Cohen, R. Chen, P. J. del Nido, and P. E. Dupont, Percutaneous steerable
robotic tool delivery platform and metal mems device for tissue manipulation and
approximation: Initial experience with closure of patent foramen ovale, Circulation:
Cardiovascular Interventions. 6, 468–475, (2013).

40. J. Burgner, P. J. Swaney, D. C. Rucker, H. B. Gilbert, S. T. Nill, P. T. Russell, K. D.
Weaver, and R. J. Webster III. A Bimanual Teleoperated System for Endonasal Skull
Base Surgery. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp. 2517–2523, (2011).

41. H. B. Gilbert, P. J. Swaney, J. Burgner, K. D. Weaver, P. T. Russell III, and R. J.
Webster III. A Feasibility Study on the use of Concentric Tube Continuum Robots for



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 18

18 Arthur W. Mahoney, Hunter B. Gilbert, and Robert J. Webster III

Endonasal Skull Base Tumor Removal. In Hamlyn S. Med. Robot., pp. 1–2, (2012).
42. J. Burgner, D. C. Rucker, H. B. Gilbert, P. J. Swaney, P. T. Russell, K. D. Weaver,

and R. J. Webster III, A Telerobotic System for Transnasal Surgery, IEEE/ASME
Trans. Mechatronics. 19(3), 996–1006, (2014).

43. H. B. Gilbert, D. C. Rucker, and R. J. Webster III, Concentric tube robots: State of
the art and future directions, Proc. Int. Symp. Robotics Research. p. in press, (2013).

44. R. J. Webster III, J. M. Romano, and N. J. Cowan, Mechanics of Precurved-Tube
Continuum Robots, IEEE Trans. Robot. 25(1), 67–78, (2009).

45. R. M. Murray, Z. Li, and S. S. Sastry, A Mathematical Introduction to Rootic Ma-
nipulation. (CRC Press, 1994).

46. D. C. Rucker, R. J. Webster III, G. S. Chirikjian, and N. J. Cowan, Equilibrium
Conformations of Concentric-tube Continuum Robots, Int. J. Robot. Res. 29(10),
1263–1280, (2010).

47. P. E. Dupont, J. Lock, B. Itkowitz, and E. Butler, Design and Control of Concentric-
Tube Robots., IEEE Trans. Robot. 26(2), 209–225, (2010).

48. D. C. Rucker and R. J. Webster III. Computing Jacobians and Compliance Matrices
for Externally Loaded Continuum Robots. In IEEE Int. Conf. Robot. Autom., pp.
945–950, (2011).

49. K. Leibrandt, C. Bergeles, and G.-Z. Yang. On-line collision-free inverse kinematics
with frictional active constraints for effective control of unstable concentric tube
robots. In Proc. IEEE/RSJ Int. Conf. on Intell. Rob. Sys., pp. 3797–3804, (2015).

50. L. Torres, A. Kuntz, H. Gilbert, P. Swaney, R. Hendrick, R. Webster, and R. Al-
terovitz. A motion planning approach to automatic obstacle avoidance during con-
centric tube robot teleoperation. In Proc. IEEE Int. Conf. Robot. Autom., pp. 2361–
2367, (2015).

51. C. Bergeles, F.-Y. Lin, and G.-Z. Yang. Concentric tube robot kinematics using
neural networks. In Hamlyn S. Med. Robot., (2015).

52. R. Xu, A. Asadian, A. S. Naidu, and R. V. Patel. Position Control of Concentric-
Tube Continuum Robots using a Modified Jacobian-Based Approach. In IEEE Int.
Conf. Robot. Autom., pp. 5793–5798, (2013).

53. M. N. Boushaki, C. Liu, and P. Poignet. Task-space position control of concentric-
tube robot with inaccurate kinematics using approximate jacobian. In Robotics and
Automation (ICRA), 2014 IEEE International Conference on, pp. 5877–5882, (2014).

54. R. Xu, A. Asadian, S. F. Atashzar, and R. V. Patel. Real-time trajectory tracking for
externally loaded concentric-tube robots. In Proc. IEEE Int. Conf. Robot. Autom.,
pp. 4374–4379, (2014).

55. H. Azimian, T. Looi, and J. Drake. Closed-loop inverse kinematics under inequality
constraints: Application to concentric-tube manipulators. In Proc. IEEE/RSJ Int.
Conf. on Intell. Rob. Sys., pp. 498–503, (2014).

56. R. J. Webster III, J. M. Romano, and N. J. Cowan. Kinematics and Calibration of
Active Cannulas. In IEEE Int. Conf. Robot. Autom., pp. 3888–3895, (2008).

57. H. B. Gilbert, R. J. Hendrick, and R. J. Webster III, Elastic Stability of Concentric
Tube Robots: A Stability Measure and Design Test, IEEE Trans. on Rob. (In Press).

58. L. A. Lyons, R. J. Webster III, and R. Alterovitz. Motion Planning for Active Can-
nulas. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp. 801–806, (2009).

59. L. A. Lyons, R. J. Webster III, and R. Alterovitz. Planning Active Cannula Config-
urations Through Tubular Anatomy. In IEEE Int. Conf. Robot. Autom., pp. 2082–
2087, (2010).

60. L. G. Torres and R. Alterovitz. Motion Planning for Concentric Tube Robots Using
Mechanics-based Models. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp. 5153–5159,



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 19

A Review of Concentric Tube Robots: Modeling, Control, Design, Planning, and Sensing 19

(2011).
61. K. Kuntz, L. G. Torres, R. H. Feins, R. J. Webster III, and R. Alterovitz. Mo-

tion planning for a three-stage multilumen transoral lung access system. In Proc.
IEEE/RSJ Int. Conf. on Intell. Rob. Sys., pp. 3255–3261, (2015).

62. C. Bergeles and P. Dupont. Planning stable paths for concentric tube robots. In Proc.
IEEE/RSJ Int. Conf. on Intell. Rob. Sys., pp. 3077–3082, (2013).

63. L. G. Torres, C. Baykal, and R. Alterovitz. Interactive-rate motion planning for
concentric tube robots. In Proc. IEEE Int. Conf. Robot. Autom., pp. 1915–1921,
(2014).

64. M. Mahvash and P. E. Dupont, Stiffness Control of Surgical Continuum Manipula-
tors, IEEE Trans. Robot. 27(2), 334–345, (2011).

65. V. Arabagi, A. Gosline, R. J. Wood, and P. E. Dupont. Simultaneous Soft Sensing of
Tissue Contact Angle and Force for Millimeter-scale Medical Robots. In IEEE Int.
Conf. Robot. Autom., pp. 4381–4387, (2013).

66. H. Su, D. C. Cardona, W. Shang, A. Camilo, G. A. Cole, D. C. Rucker, R. J.
Webster III, and G. S. Fischer. A MRI-Guided Concentric Tube Continuum Robot
with Piezoelectric Actuation: A feasibility study. In IEEE Int. Conf. Robot. Autom.,
pp. 1939–1945, (2012).

67. D. B. Comber, E. J. Barth, R. J. Webster III, and J. S. Neimat. Open-Loop Tip
Accuracy of an MRI-Compatible Active Cannula Robot. In Hamlyn S. Med. Robot.,
pp. 112–113, (2013).

68. D. B. Comber, D. Cardona, R. J. Webster III, and E. J. Barth. Precision Pneumatic
Robot for MRI-Guided Neurosurgery. In Des. Med. Dev. Conf., vol. 35, (2012).

69. P. J. Swaney, J. M. Croom, J. Burgner, H. B. Gilbert, D. C. Rucker, K. D. Weaver,
P. T. Russell III, and R. J. Webster. Design of a Quadramanual Robot for Single-
Nostril Skull Base Surgery. In ASME Dynamic Systems and Control Conference,
(2012).

70. T. L. Bruns, J. M. Tucker, D. C. Rucker, P. J. Swaney, E. M. Boctor, E. C. Bur-
dette, J. Burgner, and R. J. Webster III. Design of an Autoclavable Active Cannula
Deployment Device. In Des. Med. Dev. Conf., pp. 1–5, (2011).

71. J. Burgner, P. J. Swaney, R. A. Lathrop, K. D. Weaver, and R. J. Webster III,
Debulking From Within: A Robotic Steerable Cannula for Intracerebral Hemorrhage
Evacuation, IEEE Trans. Biomed. Eng. 60(9), 2567–2575, (2013).

72. T. Anor, J. R. Madsen, and P. Dupont. Algorithms for Design of Continuum Robots
Using the Concentric Tubes Approach: A Neurosurgical Example. In IEEE Int. Conf.
Robot. Autom., pp. 667–673, (2011).

73. L. G. Torres, R. J. Webster III, and R. Alterovitz. Task-Oriented Design of Concentric
Tube Robots Using Mechanics-Based Models. In IEEE/RSJ Int. Conf. Intell. Robot.
Sys., (2012).

74. C. Baykal, L. G. Torres, and R. Alterovitz. Optimizing design parameters for sets of
concentric tube robots using sampling-based motion planning. In Proc. IEEE/RSJ
Int. Conf. on Intell. Rob. Sys., pp. 4381–4387, (2015).

75. C. Bergeles, A. H. Gosline, N. V. Vasilyev, P. J. Codd, P. . del Nido, and P. E.
Dupont, Concentric tube robot design and optimization based on task and anatom-
ical constraints, IEEE Trans. Rob. 31(1), 67–84, (2015).

76. J. Burgner, H. B. Gilbert, and R. J. Webster III. On the Computational Design
of Concentric Tube Robots : Incorporating Volume-Based Objectives. In IEEE Int.
Conf. Robot. Autom., pp. 1185–1190, (2013).

77. J. Burgner-Kahrs, H. B. Gilbert, J. Granna, P. J. Swaney, and R. J. Webster
III. Workspace Characterization for Concentric Tube Continuum Robots. In Proc.



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 20

20 Arthur W. Mahoney, Hunter B. Gilbert, and Robert J. Webster III

IEEE/RSJ Int. Conf. on Intell. Rob. Sys., pp. 1269–1275, (2014).
78. J. Granna and J. Burgner. Characterizing the workspace of concentric tube contin-

uum robots. In Int. S. on Robot., pp. 1–7, (2014).
79. A. W. Mahoney, T. L. Bruns, A. R., and R. J. Webster III, Design, sensing, and

planning: Fundamentally coupled problems for continuum robots, Proc. Int. Symp.
Robotics Research. p. in press, (2015).

80. H. Azimian, P. Francis, T. Looi, and J. Drake. Structurally-redesigned concentric-
tube manipulators with improved stability. In Proc. IEEE/RSJ Int. Conf. on Intell.
Rob. Sys., pp. 2030–2035, (2014).

81. J.-S. Kim, D.-Y. Lee, K. Kim, S. Kang, and K.-J. Cho. Toward a solution to the snap-
ping problem in a concentric-tube continuum robot: Grooved tubes with anisotropy.
In Proc. IEEE Int. Conf. Robot. Autom., pp. 5871–5876, (2014).

82. J. Ha, F. C. Park, and P. E. Dupont. Achieving elastic stability of concentric tube
robots through optimization of tube precurvature. In Proc. IEEE/RSJ Int. Conf. on
Intell. Rob. Sys., pp. 864–870, (2014).

83. R. J. Hendrick, H. B. Gilbert, and R. J. Webster III. Designing snap-free concentric
tube robots: A local bifurcation approach. In Proc. IEEE Int. Conf. Robot. Autom.,
pp. 2256–2263, (2015).

84. H. B. Gilbert and R. J. Webster III, Rapid, Reliable Shape Setting of Superelastic
Nitinol for Prototyping Robots, IEEE Robotics and Automation Letters. (In Press).

85. E. Amanov, T.-D. Nguyen, and J. Burgner-Kahrs. Additive manufacturing of patient-
specific tubular continuum manipulators. In SPIE Medical Imaging, pp. 94151P–
94151P. International Society for Optics and Photonics, (2015).

86. P. York, P. J. Swaney, H. B. Gilbert, and R. J. Webster III. A wrist for needle-sized
surgical robots. In Proc. IEEE Int. Conf. Robot. Autom., pp. 1776–1781, (2015).

87. E. J. Butler, C. Folk, A. Cohen, N. V. Vasilyev, R. Chen, P. J. del Nido, and P. E.
Dupont. Metal MEMS Tools for Beating-heart Tissue Approximation. In IEEE Int.
Conf. Robot. Autom., pp. 411–416, (2011).

88. N. V. Vasilyev, A. H. Gosline, A. Veeramani, M. T. Wu, G. P. Schmitz, R. T. Chen,
V. Arabagi, P. J. Del Nido, and P. E. Dupont, Tissue removal inside the beating
heart using a robotically delivered metal mems tool, Int. J. Rob. Res. 34(2), 236–
247, (2015).

89. A. H. Gosline, N. V. Vasilyev, E. J. Butler, C. Folk, A. Cohen, R. Chen, N. Lang,
P. J. Del Nido, and P. E. Dupont, Percutaneous intracardiac beating-heart surgery
using metal MEMS tissue approximation tools, Int. J. Robot. Res. 31(9), 1081–1093,
(2012).

90. E. P. Lamers, A. A. Remirez, P. J. Swaney, and R. J. Webster III. A Bronchial
Puncture Mechanism for Transoral Access to the Lung Parenchyma. In Design of
Medical Devices Conference, (2015).

91. R. J. Webster III, J. P. Swensen, J. M. Romano, and N. J. Cowan. Closed-Form
Differential Kinematics for Concentric-Tube Continuum Robots with Application to
Visual Servoing. In Int. S. Exp. Robot., pp. 485–494, (2008).

92. E. J. Lobaton, J. Fu, L. G. Torres, and R. Alterovitz. Continuous Shape Estimation
of Continuum Robots Using X-ray Images. In IEEE Int. Conf. Robot. Autom., pp.
717–724, (2013).

93. A. Vandini, C. Bergeles, F.-Y. Lin, and G.-Z. Yang. Vision-Based Intraoperative
Shape Sensing of Concentric Tube Robots. In IEEE/RSJ Int. Conf. Intell. Robot.
Sys., pp. 2603–2610, (2015).

94. H. Ren and P. E. Dupont. Tubular Enhanced Geodesic Active Contours for Contin-
uum Robot Detection using 3D ultrasound. In IEEE Int. Conf. Robot. Autom., pp.



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 21

A Review of Concentric Tube Robots: Modeling, Control, Design, Planning, and Sensing 21

2907–2912, (2012).
95. H. Ren and P. E. Dupont. Tubular Structure Enhancement for Surgical Instrument

detection in 3D Ultrasound. In Int. Conf. IEEE EMBS, vol. 2011, pp. 7203–7206,
(2011).

96. H. Ren, N. V. Vasilyev, and P. E. Dupont. Detection of Curved Robots using 3D
Ultrasound. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., vol. 2011, pp. 2083–2089,
(2011).

97. P. J. Swaney, J. Burgner, T. S. Pheiffer, D. C. Rucker, H. B. Gilbert, J. E. Ondrake,
A. L. Simpson, E. C. Burdette, M. I. Miga, and R. J. Webster III. Tracked 3D
Ultrasound Targeting with an Active Cannula. In SPIE 8316, vol. 8316, (2012).

98. J. Furusho, T. Kikuchi, H. Tanaka, H. Kobayashi, T. Yamamoto, M. Terayama, and
M. Monden. Development of the needle-insertion system for path-error correction
using a CMTD(Curved Multi-Tubed Device). In IEEE/ASME Int. Conf. Adv. Intell.
Mechatronics, pp. 938–942, (2008).

99. J. Furusho, T. Kikuchi, T. Yamamoto, H. Tanaka, H. Kobayashi, M. Terayama, and
M. Monden. Development of the needle-insertion system for path-error correction in
liver environment using a CMTD(Curved Multi-Tubed Device). In IEEE Int. Conf.
Mecha. Autom., pp. 290–295, (2008).

100. M. Mahvash and P. E. Dupont. Stiffness Control of a Continuum Manipulator in
Contact with a Soft Environment. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., vol.
2010, pp. 863–870, (2010).

101. R. A. Lathrop, D. C. Rucker, and R. J. Webster III. Guidance of a Steerable Cannula
Robot in Soft Tissue Using Preoperative Imaging and Conoscopic Surface Contour
Sensing. In IEEE Int. Conf. Robot. Autom., pp. 5601–5606, (2010).

102. R. Xu and R. V. Patel. A Fast Torsionally Compliant Kinematic Model of Concentric-
Tube Robots. In Int. Conf. IEEE EMBS, vol. 2012, pp. 904–907, (2012).

103. A. H. Gosline, V. Arabagi, A. Kassam, and P. E. Dupont. Achieving Biocompatibility
in Soft Sensors for Surgical Robots. In Hamlyn S. Med. Robot., pp. 5–6, (2013).

104. D. C. Rucker and R. J. Webster III. Deflection-Based Force Sensing for Continuum
Robots: A Probabilistic Approach. In IEEE/RSJ Int. Conf. Intell. Robot. Sys., pp.
3764–3769, (2011).

105. Y. Park, S. Elayaperumal, B. Daniel, S. C. Ryu, M. Shin, J. Savall, R. J. Black,
B. Moslehi, and M. R. Cutkosky, Real-Time Estimation of 3-D Needle Shape and
Deflection for MRI-Guided Interventions, IEEE/ASME Trans. Mechatronics. 15,
(2010).

106. R. J. Roesthuis, M. Kemp, J. J. van den Dobbelsteen, and S. Misra, Three-
Dimensional Needle Shape Reconstruction Using an Array of Fiber Bragg Grating
Sensors, IEEE/ASME Trans. Mechatronics (In Press). (2013).

107. S. Ryu and P. E. Dupont. FBG-based shape sensing tubes for continuum robots. In
IEEE Int. Conf. Robot. Autom., pp. 3531–3537, (2014).

108. B. Kim, J. Ha, F. C. Park, and P. E. Dupont. Optimizing curvature sensor placement
for fast, accurate shape sensing of continuum robots. In Proc. IEEE Int. Conf. on
Robot. Autom., pp. 5374–5379, (2014).

109. S. Thrun, W. Burgard, and D. Fox, Probabilistic Robotics. (MIT Press, Cambridge,
MA, 2006).

110. D. Simon, Optimal State Estimation: Kalman, H∞, and Nonlinear Approaches.
(John Wiley & Sons, Hoboken, NJ, 2006).

111. A. Gelb, Applied Optimal Estimation. (MIT Press, Cambridge, MA, 1974).



February 8, 2016 11:29 World Scientific Review Volume - 9.75in x 6.5in concentric˙tube˙encyclopedia page 22


