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Abstract—The development and initial testing of a prototype
concentric tube robot suitable for surgical applications is pre-
sented. The system is endowed with 3 degrees–of–freedom and
consists of a three concentric tubes assembly and an actuation
module. Design issues are discussed in a general context of
concentric tube robots in view of their potential applications
in surgery. Among the distinct features of the system is that the
actuation module provides a mechanical decoupling between the
available motions that effectively facilitates control of the device.
Such robotic systems are considered particularly suitable for MR–
guided interventions and compatibility issues with the specific
imaging modality are discussed. Initial experimental testing of
the device is presented which involved tip targeting and steering
trials using direct visual feedback for guidance.

Index Terms—Concentric tube robots, medical robotics,
image–guided interventions

I. INTRODUCTION

A continuum robot constitutes a special type of manipulator
capable of adjusting its continuously curving members in
order to perform tasks requiring end–effector positioning/path–
following and whole–arm grasping/manipulation of objects. A
related class of robotic systems are the snake–like robots that
were considered both for manipulation and locomotion pur-
poses (e.g., [1], [2]) but this is outside the scope of the present
work. Continuum robots belong to a class of biologically–
inspired systems resembling the structure/function of snakes,
elephant trunks, octopus tentacles, etc. In general, such robots
can enter spaces through small openings, exhibit remarkable
maneuverability inside confined spaces, can follow curved
pathways and perform highly dexterous tasks. Continuum
robots have become an emerging field in robotics with various
potential applications including surgery at the epicenter.

Continuum systems theoretically possess an infinite number
of degrees–of–freedom (DOF) and can assume rather compli-
cate shapes. A classification of the most common types of
continuum robots based on their motion system realization was
provided by [3]: (1) Robots shaped by continuously bending
actuators (e.g., [4]), (2) Robots shaped by tendons (e.g., [5],
[6], [7]), (3) Concentric tube robots (e.g., [8], [9], [10]), and (4)
Steerable needles (e.g., [11]). Other types of continuum robots
were also proposed including the pneumatically actuated sys-

tem of [12]. The present work focuses on the third class of
the abovementioned systems, namely concentric tube robots.
They consist of a concentric tubes assembly, with member
tubes allowed to telescopically extend/rotate relevant to each
other along/about their common axis. Selected members are
precurved so that upon extension they assume a curved shape,
while releasing their stored elastic energy. At the inboard end
of the robot is located the actuation device and at the distal
end can be attached an application–specific end–effector (e.g.,
forceps, scissors, cameras).

Compared to other continuum robot implementations (e.g.,
involving tendons), concentric tube robots are inherently com-
pact and can be constructed in small diameters. This makes
them particularly suitable for operating inside confined spaces
and also allows for miniaturization as required for microma-
nipulation tasks. A convenient feature of concentric tube robots
is that the innermost tube may provide an unobstructed passage
through which actuation elements (e.g., strings, electric cables,
pressurized liquid, etc.) can reach the end–effector situated at
the distal end of the continuum system.

Concentric tube robots differ from articulated robots in
terms of kinematics/dynamics analysis and control. In fact,
links and joints of a concentric tube robot are part of the same
entity. Various mechanics models regarding concentric tube
systems have already been developed [8], [9], [10]. A recent
review paper on kinematics modeling of constant curvature
continuum robots was provided by [3]. The kinematics foun-
dation of continuum robots is outside the scope of this paper,
which maintains a focus on mechanical design aspects. In
particular, a 3–DOF concentric tube robot is presented featuring
a novel actuation mechanism. The prototype system was
constructed and initial experimental testing on tip targeting
and steering was carried out. The purpose of the prototype is
to serve as a testbed for validating relevant mechanics models
and examine the potential of concentric tube robots in surgical
applications.

II. MEDICAL APPLICATIONS

A fertile field of applications for concentric tube robots
exists in the surgical interventions domain; thus they are

Proceedings of the 2012 IEEE 12th International Conference on Bioinformatics 
& Bioengineering (BIBE), Larnaca, Cyprus, 11-13 November 2012

978-1-4673-4358-9/12/$31.00 ©2012 IEEE 227



commonly referred to as “active cannula systems”. In par-
ticular, potential for using concentric tube robots exists in
two surgical paradigms: (1) Minimally–invasive surgery (MIS)
which is carried out through small incisions on the body (e.g.,
abdominal wall) providing percutaneous access for the surgical
instruments. Among the advantages of MIS are included the
reduced trauma to the body, less risk of infection, faster
recovery and minimal scarring. Special robotic technology
has already been developed for this type of interventions
[13]. In cases where the number of incisions is reduced
to one the procedure is referred to as single port access
(SPA) surgery and can be facilitated by specially–designed
continuum robot systems [14]. (2) Natural orifice transluminal
endoscopic surgery (NOTES) uses natural body orifices (e.g.,
mouth, nostrils, vagina, urethra, rectum) in order to provide
surgical instruments with an entry point to access internal
organs (e.g., stomach, bladder) and perform, for example, a
transvaginal cholecystectomy [15]. For this reason NOTES is
often referred to as “scarless surgery”.

Concentric tube robots, as well as continuum robots in
general, are expected to have a most significant impact in two
specific surgical areas: cardiac surgery and neurosurgery. Their
usage is expected to eventually allow for complex intracardial
repairs to be carried out on a beating heart (e.g., mitral
valve annuloplasty). This will allow avoiding the risk for
complications associated with temporarily stopping the heart
while performing the surgery. In such case the establishment of
a biomotion compensation scheme will be required so that the
manipulation system tracks the cardiac motion and prevents
collisions with sensitive internal cardiac structures. A one–
DOF robotic catheter system developed for this purpose [16],
[17] is capable of performing tip motions while tracking the
tissue motion under ultrasound–based servoing. A multi–DOF
concentric tubes system is expected to meet this requirement
even more effectively. Regarding neurosurgery, continuum
robots operating inside the cerebrospinal fluid spaces are
expected to facilitate various procedures, as for example the
coagulation of the choroid plexus that was considered in [18].
Therein, an approach is proposed for the optimal design of a
concentric tube robot intended for neurosurgical applications.

III. PROTOTYPE SYSTEM DESIGN

In a surgical scenario the envisaged use of the device
includes an initial manual deployment of the continuum sys-
tem (through a hole or a natural orifice) until it reaches the
surgical site (macro–positioning). The next stage will involve
fine controlled motions at the tip level (micro–positioning)
for performing the required tasks under some form of image
guidance (e.g., ultrasound guidance). The robotic hardware
itself is composed of two distinct parts that were individually
considered as part of the design work: (1) The concentric
tubes assembly, that constitutes the continuum system, at the
distal end of which can be installed an application–specific tool
(end–effector), (2) The actuation module which is located at
the base of the system and produces the required controlled
motions of the tubes. Design specifications included the appro-

priateness of the kinematics structure and the adequacy of DOF
in order to allow performing tip positioning and steering tasks,
a mechanical structure that minimizes unwanted transmission
effects (friction, backlash, elasticity) and facilitates control,
as well as compactness and portability of the device so that
it can be effectively accommodated in a surgical setup. The
device was designed as a general–purpose system, i.e., it is
not application– or anatomy–specific.

A. MR–compatibility requirements

Given that the intended use of the device will require
image guidance a basic design requirement has also been the
compatibility with the imaging modalities that the robot will
be used in conjunction with. Possible candidates include X–
rays, computed tomography (CT), ultrasound (US) and mag-
netic resonance imaging (MRI). Using MR–guidance is highly
desirable given that it capitalizes on images of unsurpassed
quality, may exploit its 3–dimensional imaging capabilities
and the option to adjust the imaging plane, as well as other
imaging parameters, in real time [19]. Moreover, the operation
of the specific imaging device does not involve any potentially
harmful ionizing radiation (as in the case of X–rays and CT)
and therefore, it is considered to be relatively safe for the
patient as well as for the operating physician. However, an
impediment to the real–time MR guidance of interventions
has been the limited accessibility to the patient inside the
scanner, which can be realized through robotic assistance
[20]. A concentric tube robot being a compact system can
effectively address the imposed geometric constraints [21].
Another remaining obstacle is due to the magnetic nature of
the modality. In fact, the MRI scanner imposes strict limitations
to any object exposed to its environment which has to be MR–
safe and MR–compatible [22]. MR–compatible robotic systems
in specific are required to have appropriate construction ma-
terials, sensors and actuators [20]. The developed system was
designed with the prospect of using it under MR–guidance
following some modifications to the initial prototype. Various
scanner types exist but the main interest focuses on closed–
cylindrical scanners which have high static magnetic fields
(1.5-3.0 Tesla) and provide better quality images compared
to open scanners. Further MR–compatibility issues will be
discussed in the sequel.

B. Concentric tubes system and degrees–of–freedom

Defining the required kinematics structure of a concentric
tube robot involves deciding about the number of tubes,
specifying which individual tubes will be precurved and the
required motions for each tube member (translation, rotation
or both). The actuation device is then designed accordingly in
order to realize the controlled motions. Critical for an efficient
telescopic and rotational motion of the tubes is to assign appro-
priate dimensional tolerances to the individual tube diameters
in order to eliminate mechanical play (backlash), avoid high
friction, and minimize torsional flexibility, which are effects
imposing performance limitations to the controlled behaviour.
Friction is difficult to model and increases while the continuum
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Fig. 1. (a) The three–tube configuration of the prototype continuum system
and the corresponding motions. The innermost tube is allowed both extension
and rotation (d1, θ1), whereas the intermediate tube is only allowed telescopic
extension (d2). Only the innermost tube is precurved. (b) The above three–tube
configuration is implemented here with both the intermediate and innermost
tubes precurved. Both configurations can use the same actuation unit.

system curves. It causes positioning errors and combined with
flexibility may result to jerky motions of the moving tubes.
Critical for the reduction of friction is the appropriate selection
of materials for the tube members as well as lubrication.
Another key design issue is how the bending stiffness val-
ues should be allocated to the individual component tubes,
which will affect the resultant overall shape of the continuum
system. In general, every tube should be more stiff than any
precurved tubes that it embraces. Telescopic sections which
are precurved, upon extension they assume a curved shape.
However, when retracted they should conform to the shape
of the outer (stiffer) tubes without considerably affecting their
curvature.

Design tradeoffs are involved when defining the DOF and
the kinematics structure of the continuum robot. Practically, a
concentric tubes system with many DOFs may effectively use
its motions to accurately position its tip while operating in
open spaces. Otherwise, physical contacts render basic model
predictions regarding the tip positions obsolete. Given that
the number of DOF corresponds to the number of concentric
tubes involved, the more DOF the more thick the continuum
system will result. Also, kinematic redundancy needs to be
managed through motion planning and active control adding
complexity to the relevant algorithms. The developed system
is endowed with 3 DOF as depicted in Figure 1a and involves
the combination of three tubes. The outside tube is used for
the initial manual overall positioning of the system. At the tip
of the continuum system the base prismatic joint contributes
a pure rectilinear motion (1 DOF). The second (distal) joint
combines an extension and rotation of the precurved member
(2 DOF). These motions are in fact rather intuitive for an
operator to manage efficiently. Using the actuation device that
was developed the same motions can also be implemented
on a 3–tube system with both the middle and the outer tube

Fig. 2. Solid model representing the prototype system design. The arrows
show the available motions of the actuation module (θ1, d1, d2) and the
correspondence to the motions of the continuum concentric tubes system.

members precurved, as shown in Figure 1b.
From a surgical perspective the concentric tubes assembly is

required to be easily detachable from the actuation module and
that is how it was implemented with the current design. This
will facilitate an initial free–hand positioning of the continuum
system before connecting it to the actuation device in order
to proceed with the computer–controlled mode. It also allows
for the continuum system to be disposable or removable for
sterilization purposes (note that the actuation module itself can
be fully inserted in a sterile bag if required). Regarding the
overall length of the active cannula system this will be dictated
by application requirements (e.g., the target’s depth). However,
maintaining a minimum length helps minimize friction. In the
case of MR–guided interventions the tubes’ length should also
allow for the system to reach and operate inside the scanner
at the vicinity of the isocenter. In that area the main magnetic
field is more homogenous yielding images of better quality
and with minimal spatial distortions.

C. The actuation module

The importance of controlling a concentric tube robot
through a computer–controlled actuation device becomes ap-
parent if we consider the kinematics complexity of an assem-
bly with many DOF. The kinematics position solutions are
rendered less intuitive to be mentally handled by the operator
while manually operating the end–effector. Motion planning
algorithms incorporating kinematics models are expected to
enhance the capabilities of the system. Also, in cases where
the system needs to automatically position itself as part of
a biomotion compensation scheme (e.g., position adjustments
in response to respiratory or cardiac motions) corrections
can only be handled effectively by an automated system.
Compared to manual actuation the use of a robotic device
presents further favorable features including precision, steady–
hand characteristics, force and motion scaling, etc.

The actuation module was designed as a generic system
for driving any three–tube continuum robot with the afore-
mentioned DOF (shown in Figure 1). The concentric tubes
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TABLE I
LIMITS FOR THE INDIVIDUAL MOTIONS OF THE ACTUATION MODULE.

Motion variable Travel limits

d1 ±4 cm

d2 ±6 cm

θ1 ±180o

connect to the actuation device and appropriately engage with
the motion system. The DOF of the actuation device are shown
in Figure 2, which also depicts the direct correspondence to
the motions of the concentric tubes system. The motion system
incorporates two stacked translational stages corresponding to
each one of the two telescopic motions (d1, d2). In particular,
the bottom stage corresponds to the intermediate tube and the
top stage to the innermost tube. This arrangement constitutes
the two translational motions independent. Each one of the
two stages is mounted on and slides along a parallel rails
system. The two stages are actuated via electric motors and a
lead–screw mechanism is used to convert the rotational motion
of the motors to translational with a fixed transmission ratio
(lead=20 mm). A third motor is responsible for rotating the
innermost tube (θ1). This rotation involves a spar gears pair
(transmission ratio = 1), which rotates a splined shaft passing
through the output gear, while transmitting its rotation to the
innermost tube. This arrangement effectively realizes a me-
chanical decoupling between the translation/rotation motions
of the innermost tube. It also allows for the two motions to
be controlled independently, which is advantageous in terms
of control.

D. System actuation and control

Stepper motors were used for the actuation of the prototype
system, which allow for accurate open–loop position control.
Given the system’s modular design these motors can be readily
replaced with different type motors (e.g., DC servo motors).
For using the device under MR conditions an appropriate
choice for actuation would be piezoelectric motors. Their
operation does not involve magnetic field interactions with
the scanner, as long as they are kept outside the scanner at
a sufficient distance from the imaging volume. Concentric
tube robots are inherently remotely–actuated devices, which
is consistent with the aforementioned requirement. Remote
actuation has been used with other articulated MR–compatible
robotic systems, as for example a 5–DOF general–purpose
robotic system that uses piezoelectric actuators [23], [24].

IV. PROTOTYPE SYSTEM AND INITIAL TESTING

The prototype system is shown in Figure 3 with a plastic
transparent enclosure installed over the moving parts of the
actuation module. The main construction material for the
actuation module has been aluminum. Certain small–sized
parts were constructed of bronze as well as stainless–steel.
Plastic tubes were used to construct the continuum system and
lubrication helped minimize friction between them. The size
of the actuation device is 57(length)×13.5(width)×19(height)

Fig. 3. The developed prototype system. It includes the actuation module
and the continuum system that consists of three concentric tubes.

cm. The overall length of the continuum system is 75 cm
when all tubes are fully retracted. The tubes that were used
have outside diameters of 10, 6, and 4 mm, respectively. The
travel limits for each individual motion are collected in Table I.
The continuum system is interchangeable and can be quickly
affixed to the motion platform during an intervention, without
requiring any special tools or a specialized technician for this
purpose. This facilitates the initial manual positioning of the
device before proceeding with computer control. With the
current version of the device the actuators are independently
controlled by the operator directly from the control computer.
Limit switches were installed on the device to restrict the travel
of each individual motion.

Initial experimental testing of the device focused on the
ability of the system to acquire a target using direct vi-
sual feedback and evaluate the efficiency of its kinematic
structure for performing tip steering tasks. Benchtop testing
was carried out with the operator manually controlling the
available motions through the computer. Two different tests
were carried out. The setup for the first test involved a
transparent box representing a cavity into which the active
cannula system can be manually inserted (Figure 4(a)) through
a hole (10 mm in diameter) before directing its tip towards
a target, as in the case of a MIS. The dimensions of the
box were 31(length)×23(width)×19(height) cm. Figure 4(b-
f) shows a sequence of motions starting with the initial
manual deployment of the continuum system through an entry
hole, followed by the computer–controlled stepwise motions
at the tip level to acquire the target. The target was a coin
(19.5 mm in diameter) affixed on a side wall. Each photo
corresponds to a single motion–axis step. The same experiment
was successfully repeated for different positions of the target
on the box’s walls.

The second test carried out involved a curved transpar-
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Fig. 4. (a) Experimental setup used for evaluating the ability of the system
to operate inside body cavities and acquire targets as required in minimally–
invasive surgery (MIS) applications. (b)-(f) Motion sequence showing the
initial manual deployment of the system followed by acquisition of a target
while performing stepwise motions under direct visual feedback.

ent plastic tube of 2 cm internal diameter. The continuum
robot was initially manually inserted in the tube with the
tip approaching a side hole (15 mm in diameter), as shown
in Figure 5a. Then by controlling the device through the
computer and using direct visual feedback the tip advances
towards the hole and passes through it. The corresponding
sequence of motions is shown in Figure 5(b-h). Again, each
photo corresponds to a single motion–axis step. This scenario
is analogous to a steering task during a NOTES intervention.

While performing the above tests the assigned DOF were
found highly effective for target acquisitions inside the cavity’s
volume as well as steering the tip in order to direct the
continuum system towards a new path. The rather intuitive
kinematics structure of the robotic device allowed the operator
to comfortably operate the system by controlling each motion
independently through the computer after minimal training.

V. DISCUSSION

A distinct feature of the developed robotic system is its
computer–controlled actuation module. Even though it is
limited to controlling a 3–DOF concentric tubes system all
the available motions can be independently controlled. This
effectively facilitates the control of the system. A different
actuation device for active cannula robots was developed in
one of the key works in the field by Webster [25]. In that case,

Fig. 5. (a) Experimental setup used for evaluating the ability of the system
to pass through a curved passage and then redirect its tip to go through a
hole, as required in natural orifice transluminal endoscopic surgery (NOTES)
applications. (b)-(h) Motion sequence showing the initial manual deployment
of the system followed by stepwise motion of the tip in order to approach
and then go through a side hole.

the basic actuation unit has the ability to translate and rotate a
single tube of the system, while other tubes are allowed to pass
through it. The two available motions are not independent due
to mechanical coupling that exists. Consequently, for a pure
rotation of the tube a simultaneous translational adjustment
is required in compensation for an induced axial motion. A
useful feature of that specific device is that a multi–DOF
active cannula system can be actuated using a train of the
aforementioned basic actuation modules arranged in series.

Various other actuation systems were developed and em-
ployed for the experimental verification of theoretical kinemat-
ics models of concentric tube systems. A manual actuation unit
based on a two–tube configuration was used in [9]. Also, in
[10] a manually actuated device includes input handles which
are etched to encode rotation. The support structure is also

231



etched with a ruler that encodes translation. An experimental
actuation setup was used for testing kinematics models based
on a three concentric tubes arrangement in [8]. A 6–DOF
MR–compatible concentric tubes robotic system was presented
in [26], which is actuated using piezoelectric motors. In
fact, the system was adapted from a previously developed
robot dedicated to prostatic biopsies under MR–guidance. A
continuum system was added to the Cartesian stage of the
basic original system. The three–tube continuum system used
was structured to provide a rotation and translation of the
middle precurved tube, as well as translation of the innermost
one. This specific kinematics structure is similar but different
from the one proposed and implemented herein.

Testing of the developed device was carried out using direct
visual feedback. The next step will be to implement image
guidance using an appropriate imaging modality. Particular
interest exists in using the device under MR–guidance. The
continuum system consists of plastic tubes which are perfectly
MR–compatible. The main construction material for the ac-
tuation module was aluminum, which in general is MR–safe.
However, aluminum is conductive and parts constructed of this
material are required to remain outside the gantry to prevent
related image artifacts. Further work needs to focus on the
MR–compatibility characteristics of the device. As part of the
required modifications it will also be considered replacing its
actuators with piezoelectric motors. The compatibility charac-
teristics of the device remain to be thoroughly tested before
proceeding with actual experiments on image guidance. Future
work will also focus on image–based preoperative motion
planning and the development of software tools/user interfaces
to facilitate this process, as for example in [27]. Motion
planning algorithms should incorporate analytical mechanics
models and for this purpose both the forward and inverse
kinematics solutions become relevant. The effective combi-
nation of the device and the imaging modality is expected to
further enhance the capabilities of the operating physician in
performing standard as well as novel surgical applications.
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