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Design and Fabrication of Concentric Tube Robots:
A Survey

Chibundo Nwafor!, Cédric Girerd?, Guillaume J. Laurent!, Tania K. Morimoto®?, and Kanty
Rabenorosoa', Member, IEEE

Abstract—Concentric tube robots (CTRs) have drawn signifi-
cant research attention over the years, particularly due to their
applications in minimally invasive surgery (MIS). Indeed, their
small size, flexibility, and high dexterity enable several potential
benefits for MIS. Research has led to an increasing number of dis-
coveries and scientific breakthroughs in CTR design, fabrication,
control, and applications. Numerous prototypes have emerged
from different research groups, each with their own design and
specifications. This survey paper provides an overview of the
state-of-the-art of the mechatronics aspects of CTRs, including
approaches for the design and fabrication of the tubes, actuation
unit, and end effector. In addition to the various hardware
and associated fabrication methods, we propose to the research
community, a unifying way of classifying CTRs based on their
actuation unit architecture, as well as a set of specification details
for evaluation of future CTR prototypes. Finally, we also aim to
highlight the current advancements, challenges, and perspectives
of CTR design and fabrication.

Index Terms—Concentric tube robots, robot design, surgical
robotics, continuum robots.

I. INTRODUCTION

ONCENTRIC tube robots (CTRs) have become an im-

portant research topic, especially in the field of medical
robotics, due to their many potential advantages in minimally
invasive surgery (MIS). Compared to traditional open surgery,
MIS involves reaching a surgical site through natural body
orifices or small incisions, which can result in reduced patient
discomfort, shorter recovery times, and improved surgical
outcomes [1]-[5]. These benefits, along with the need for
more dexterous, flexible, and miniaturized instruments for
navigation in MIS procedures, have motivated the develop-
ment of new minimally invasive surgical devices and robotic
systems, including the development of continuum robots [6].
In particular, we focus here on the developments of a subclass
of continuum robots, known as concentric tube robots, which
have numerous potential advantages for MIS [7]-[11].
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A. Concentric Tube Robots

CTRs are composed of a set of precurved, thin, hollow
telescoping tubes, nested concentrically [[12]], [[13]. Translation
and rotation at the proximal end, causes the tubes to interact
elastically with each other, leading to changes in the backbone
configuration and distal tip pose [8]l, [14]-[16]. Just like
other members of the continuum robot family, CTRs are not
composed of discrete rigid links connected by joints and
are instead characterized by their infinite-DOF, continuously
bending and elastic structures [[17], [18]]. Due to the simplicity
of their structure and their extrinsic actuation, they can be
easily miniaturized [6] and are among the smallest type of
continuum robot. In addition, their shape during deployment
can be controlled along 3-D curves, without relying on or
causing damage to body tissue [§]. They can also be easily
deployed through fluid-filled channels or open cavities (e.g.
blood vessels, air tracts etc) [4]], [[8]]. The structural design of
a CTR can be divided into three main parts: the tubes, the
actuation unit, and the end effector, as shown in Fig. E}

B. Prototypes

Over time, CTRs have advanced from manual instru-
ments to automated systems. The first prototype, which dates
back to around 1985, is composed of a straight outer tube
with a precurved inner Nitinol wire. In 2005, a motorized
CTR was introduced, and an initial patent was filed in
2014 [19]. Since then, CTRs have evolved tremendously,
and many other patents related to CTRs have been filed,
including ones for patient-specific customized designs [20],
CTR actuation systems [21], a hybrid snake robot [22],
a CTR for minimally invasive surgery [23[], a bimanual
neuroendoscopic robot [24], [25], an active cannula robotic
system [26]-[29], a system for positioning and control-
ling concentric tube probe [29]], [30], and a modular ster-
ilizable robotic system for endonasal surgery [31]. Today,
there are numerous CTR research groups around the globe,
each continuously developing new prototypes, whose de-
tails can be found in the online CTR Prototype Resources
https://cgirerd.github.io/ctr_prototyping_resources.html,

C. State of the Art

To date, a number of literature review/survey papers on
CTRs have been written, each focusing on a specific aspect of
the state-of-the-art. Webster et al. [17] focused on the design
and relationship between the different modeling approaches
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Fig. 1. The various components of a CTR prototyping, along with their respective specifications. The targeted application influences and determines the CTR
design and its validation criteria. The CTR tubes are designed based on the geometry of the anatomical area and fabricated with processes that depend on the
material selected. The actuation unit is also designed and fabricated using application and tube requirements. End effectors are selected and integrated into the
innermost tube. An integration step consists in assembling all of these elements together, along with the implementation of a control system and validation

of the CTR performance.

for constant curvature kinematics of continuum robots, for
which CTRs are one example. Burgner-Kahrs et al. [6]] covers
continuum robots for medical interventions, with a broad
overview on their different classifications, design, modeling,
control and their detailed medical applications. The first review
paper dedicated solely to CTRs discusses modeling, control,
sensing, and design [14], and was later extended with more
recent progress in modeling, control, motion planning, and

sensing [[16]]. Finally, Alfalahi et al. [4] and Mitros et al. [32]],
also address the generic design, modeling, and control of
CTRs but with a major emphasis on their different clinical
applications.

D. Contributions

While the mentioned reviews have focused on the robot
modeling, control, sensing, planning, and proposed applica-



tions, none have addressed the design, fabrication approaches,
and technologies of CTRs with significant detail. Therefore,
this paper fills this gap by providing a review of the large
variety of CTR designs and fabrication methods for all aspects
of a physical prototype, including the tubes, actuation unit,
and end effectors. Our contribution includes the creation of
an online public resource that provides details on the tube
designs and actuation units reported in the literature to date
https://cgirerd.github.io/ctr_prototyping_resources.html. This
resource will also be updated on a regular basis to include any
new designs. We also propose a set of specification details, for
future CTR prototype assessment and evaluation. This survey
paper can serve as a resource to the research community with
regards to various prototype designs in order to help find
an avenue for creating a more mature robotic platform. The
ultimate goal is to help channel major efforts towards other
vital research challenges and to enable rapid improvements
without requiring the development of new prototypes each
time, which can be time consuming. Lastly, we also aim to
classify the different concepts and approaches that have been
developed and proposed by research groups, as well as to
provide to the community a unifying way of classifying CTRs,
which is based on the kinematics of the actuation unit. The
remainder of the paper is organized as follows: Section
introduces the general CTR prototyping and specification.
Section presents the tube design, followed by the tube
fabrication in Section Section [[V] describes the different
actuation unit architecture and prototypes developed over the
years, and Section [V] presents various CTR end effectors used
for CTRs. A conclusion and discussion on the current state of
the field and remaining challenges is proposed in Section

II. SPECIFICATIONS AND PROTOTYPING

The general approach for CTR prototyping involves

many design considerations and systematic steps to
obtain the final desired robot. Despite the importance
of the design specifications for  reproducibility,
evaluation, and progress towards a more mature CTR
platform, often these details are left unreported in
the literature, as illustrated by the incomplete/empty
spaces in our online CTR Prototyping Resources
https://cgirerd.github.io/ctr_prototyping_resources.html.
We propose to the research community, a unifying template
of critical CTR specification details to be provided for future
CTR prototypes in Fig. [T} as well as present the different
components for CTR prototyping. These components are
shown as the different sections in Fig[I] along with numerous
design consideration and specifications. The procedure for
prototyping CTRs can either be done sequentially, or multiple
components can be carried out concurrently for faster and
more efficient design. These components for CTR prototyping
include:

1) Application: The prototyping of CTRs often begins with
identifying the application and related requirements (e.g. MRI
compatibility, ability to control remotely, sterilizability, etc.).
Fig.[I]shows that application requirements influence the design

of the CTR and dictate how the final CTR prototype must be
validated. There are numerous proposed medical applications,
which are detailed extensively in [4], [6].

2) CTR Tubes: This component of CTRs is the most
discussed in the literature. The tube design process involves
finding the desired/optimal tube properties/specifications for
the given application and the use of pre-operative medical
images. These design specifications include the number of
CTR arms, number of tubes, and the curvatures, lengths,
diameters, and materials of each tube. There are two main
documented fabrication approaches: additive manufacturing
and heat setting. The fabrication method can also include
structural modifications of the tubes for improved stability.
Fig. |l] illustrates the different approach for precurving CTR
tubes in literature, along with the necessary specification
details. Section of the paper discusses the CTR tubes
in detail.

3) Actuation Unit: CTR actuation involves the translation
and rotation of the tubes relative to one another. Fig.
shows the two actuation unit architectures commonly used in
the literature to date, along with the proposed specification
details to be provided for future prototypes. The architectures
and proposed classifications of actuation units are detailed in
Section [[V]

4) End Effector: End effectors are needed in order to
functionalize CTRs for particular applications. Some popular
end effectors, including micro grippers, coagulators, curettes,
cameras, and lasers, are shown in Fig. [} Depending on the
medical application or task, end effectors may be used for
tissue manipulation, suction, ablation, visualization, etc. The
critical specification details to consider for the end effectors
are shown in Fig. [I] and Section [V] presents the different CTR
end effector prototypes proposed to date.

5) Integration: After designing and fabricating the CTR
tubes, actuation unit, and end effector, the last step is to
integrate these components together, along with the associated
electronics and computing units for their control. The tube
translation and orientation must then be calibrated, which can
be a delicate process for the orientation since the torsional
interactions and friction between tubes make it difficult to
identify the plane of curvature of the tubes after their concen-
tric assembly [33]]. After calibration, the robot can be used with
one of the many proposed control laws, which include open-
loop, closed-loop, or human-in-the-loop control approaches, in
a model-based or model-free scheme. For human-in-the-loop
approaches, an appropriate human-machine interface must be
selected to enable intuitive teleoperation. For more robust and
accurate control, there is often an integration of sensors which
could be vision-based shape sensing [34], [35], fiber Bragg
grating shape sensing [36], [37]], magnetic/hall effect shape
sensing [38]], [39]], or force sensing [40], [41], for example.
One key step here is the implementation of control algorithms,
which could involve integration of low level motor controllers,
high level controllers, joint space controllers, or task space
controllers, depending on the CTR design. Since the area of
CTR control has been reviewed extensively in [14]], [[16], we
did not extend this review to cover this aspect, and instead
focus on the prototyping of CTRs.
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ITI. TUBES
A. Tube Design

In this section, the design variables considered for CTRs
and the approaches used to design the tubes are presented.
1) Kinematics and Design Variables: While the links of se-
rial or hyper-redundant robots can be independently controlled
due to actuated joints placed between them, the segments of
CTRs cannot be independently controlled. Indeed, translating
or rotating a distal segment of a CTR requires the innermost,
longest tubes to be actuated. This changes the bending and
torsional equilibrium of the preceding robot segments, leading
to a change in the entire robot shape. Therefore, designing a
tube set to perform a given task in a constrained environment
is not intuitive to designers, and necessitates the use of
simulations that rely on the kinematic models of these robots.
Three kinematic models from the literature have mainly
been used to aid in the synthesis of CTR tubes. These models,
in order of development time, include a dominant stiffness
model, a torsionally-rigid model, and a torsionally-compliant
model. The dominant stiffness model [42] is the simplest
model developed for CTRs. It assumes that each tube of the
robot is infinitely stiff compared to the tubes inside of it, so
that the shape of the robot is dictated by the shape of the
stiffest tube in each given link. Infinite torsional stiffness is
also assumed in this model. This model was used in some
early work on the synthesis of these robots [43]], as well as in
special cases where the assumptions of the model hold [44].
However, the assumptions generally do not hold as the ratio
of relative bending stiffness between the tubes approaches one,
leading to the development of a second model that includes
bending interactions between tubes. This model has higher ac-
curacy and became more widely used for synthesis approaches
developed between 2011 and 2013 (see Table [). Compared
to the dominant stiffness model, the torsionally rigid model
adds little complexity and still remains an algebraic closed-
form model. For this reason, it has still been used in recent
years as a first pass in the synthesis before being refined using
a torsionally-compliant model [[10], due to its computational
tractability. It is still useful today for the synthesis of CTRs
in which tubes are not subject to torsional interactions and
for which the torsionally-rigid and compliant models give
identical results for stable robots, which is the case for CTRs
that deploy in a follow-the-leader (FTL) manner [45]-[47].
The limits of this model for tubes that experience tor-
sional interactions were shown and led to the development of
torsionally-compliant models [7] that take both the bending
and torsional equilibriums between the tubes into account.
Torsion was first modeled in straight sections of the tubes
only [[15]], [48]], and was generalized later to both the straight
and curved sections [7]], [8], [17], [49], [50]. These models
are considered in the literature as the sweet spot in terms
of modeling complexity and accuracy [14]], compared to the
simpler dominant-stiftness [42] or torsionally-rigid models dis-
cussed [8]], [17], and more complex models recently developed,
that take tube clearance and friction into account [51], [52].
We note that to date these more complex kinematic models
that include the effects of tube clearance and friction have not

been used for CTR design optimization purposes. In addition
to the three main models presented, a torsionally-compliant
kinematic model that takes external loads into account [53]
has been used in one tube design approach [54f], discussed
later in this section.

The variables that can be considered for the synthesis of
CTRs are the ones that appear in the kinematic models used
and are reported in Fig. 2] For the dominant stiffness model,
the parameters include the tube number, lengths, and curva-
tures. The torsionally-rigid model adds the bending stiffnesses
of the tubes, which depends on their inner and outer diameters,
and on the Young’s modulus of the material used. Finally, the
torsionally-compliant model adds the torsional stiffness, which
depends on the inner and outer diameters of the tubes, as well
as on the shear modulus of the material used.

2) Tube Design Approaches: The tube synthesis is split into
two different categories: (1) the synthesis of a tube set to obtain
a desired robot shape for specific tasks, and (2) the synthesis
of tubes in order to obtain desired mechanical properties via
structural modifications.

a) Optimization of a Tube Set: The tube set design ap-
proaches for CTRs, sorted by objective function, are reported
in Table [I} Despite a high number of design variables included
in the kinematic models, as detailed in the previous section,
it is visible in Table [I] that the methods developed so far only
lead to the synthesis of a subset of design parameters, with
the others being pre-selected. Indeed, the tube number for
instance is defined beforehand in all approaches. In general,
designers tend to use 3 tubes, which allows tip pose control
with 6 DOF for fully actuated tubes. However, we note the use
of 2 tubes is also a common choice, and very few researchers
have investigated the use of 4 [13], [[76], [77] or even 5
tubes [77]]. In addition, the tube materials, inner diameters,
and outer diameters are usually predefined, except in [54]]
where they are optimized, and in [S5] where the tube diameters
are optimized. The consequence of this choice is that both
the bending and torsional stiffnesses of the tubes, which are
important parameters that impact the robot shape, are thus
predefined, therefore limiting the design space of CTRs. This
choice is usually made to limit the complexity of the synthesis
as well as the computation time. Also, with the exception of
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Fig. 2. [Illustration of a set of CTR tubes, with their design variables
represented.



a few approaches that investigate the benefits of tubes with
continuously varying curvature along their lengths [62], [63]],
the tube curvatures are usually limited to constant curvature
sections in the synthesis approaches [10]. Indeed, CTR tubes
are usually considered to have a straight section, followed by
a constant curvature section. This choice can be explained
by kinematic models that are easier to implement under the
constant curvature assumption, and for the ease of manufac-
turing of the tubes and identification of their curvature after
their shape-setting. In addition, while all approaches listed in
TableE]except [62], [63] rely on constant-curvature tubes with
two sections, such limitation still allowed researchers to tackle
many applications and areas in the human body, as listed in

tube shapes considered, CTR designers have also introduced
various design guidelines in order to further simplify the
synthesis problem. Bedell et al. proposed a decoupling of
the robot in a navigation and a manipulation section [75],
which was later integrated in the work of Bergeles et al. [10].
This decoupling has been reused in [78] for the search of
feasible CTR shapes with a navigation and an exploration
section. Bergeles et al. [10] further proposed that the stiffness
of each link of the robot should dominate the stiffness of the
previous ones, derived rules for approximate follow-the-leader
deployment, and proposed the use of either fixed or varying
curvature links for the robot, with the goal of simplifying the
synthesis problem.

Table [

In addition to limiting the number of design variables and

Diverse objective functions have been implemented for the
synthesis of CTRs, and can be classified into two main cat-

TABLE I

OVERVIEW OF THE SYNTHESIS APPROACH PROPOSED IN THE LITERATURE FOR CTRS, CLASSIFIED BY OBJECTIVE.

Objective Year  Research team Optimization approach Optimized parameters: Kinematic Application
Tube length  Tube curv. model
Collmgn a\{mdance, tip position 505y [in et al. 55 S_NOPT for tube dfamgn +mo- v TC Laryngoscopy, Heart
and orientation tion planner (gradient-based) biopsy
2019  Baykal et al. [56] ASA for tube design
Maximize reachability, 58:; }E;ayl]za} et a}. [2; + moFion planner v v TC Lung biopsy
collision avoidance aykal et al. [58] (gradient-free)
2012 Torres et al. [59] RRT for tube design + RRT for - v TC Lung biopsy
motion planner (gradient-free)
Maximize elastic stability, mini- TR and Hydrocephalus
mize tube lengths and curv., col- 2015  Bergeles et al. [[10] Nelder-Mead (gradient-free) v v TC treatment, cardiac
lision avoidance surgery
Maximize reachability, 2018  Girerd et al. [60] Brute force (gradient-free) v v TC Olfactory cleft biopsy
collision avoidance, - . ) - ) - "
stability 2017 Boushaki et al. [61] Pareto grid search (gradient- v TC Deep anterior brain tu-
free) mor surgery
Maximize field of view 2015  Hendrick et al. [44] Brute force (gradient-free) v DS Prostate surgery
L TSR 2017  Ha et al. [62] Steepest descent
Maximize elastic stability 2014 Ha et al. [63 (gradient-based) v TC -
Maximization of collaborative ¢ cyivhaoui et al. 647+ Particle swarm (gradient-free) v’ v TC -
configurations between two CTRs ’ g
Maximize workspace, robot struc- TC with
. pace, 2019  Granna et al. [54] t Particle swarm (gradient-free) v v external -
tural stiffness
loads
Maximize surface coverage 2016  Noh et al. [65] Nelder-Mead (gradient-free) v v TR
2017  Granna et al. [54], [66] Particle swarm (gradient-free) v TR Mahgnam brain tumors
ablation
L : Brute force, Greedy optimiza-
Ez[)z\l/);gléée volume 2017  Granna et al. [67] tion (gradient-free) v TR lnlracer.ebral hemorrhage
2013  Burgner-Kahrs et al. [68]  Brute force (gradient-free) v v TR evacuation
2013  Burgner-Kahrs et al. [69]  Nelder-Mead (gradient-free) v v TC Pituitary gland surgery
2011  Burgner-Kahrs et al. [2] Nelder-Mead (gradient-free) v v TR Skull base surgery
2019  Farooq et al. [70] Nelder-Mead (gradient-frec) v v . V}lrorelmal surgery
L 2016  Farooq et.al [71] Ligation
Minimize robot
distance to path 2018  Morimoto et al. [72]
2017  Morimoto et al. [73] Analytical formulation v v TR Kidney stone removal
2016  Morimoto et al. [74]
Minimize tube lengths 2011  Bedell et al. [75] Gene-rahzed pattern  search v v TR Cardiac surgery
(gradient-free)
and curvature,
collision avoidance 2011 Anor et al. [43] Gene_rallzed pattern  search v v DS Hydrocephalus
(gradient-free) treatment

*: Method applied to a dual-arm robot

DS: Dominant stiffness

ASA: Adaptive simulated annealing (gradient-free)
RRT: Rapidly-exploring random trees (gradient-free)

§: Also includes optimization of tube inner and outer diameters

t: Also includes optimization of tube inner and outer diameters and Young’s modulus
TR: Torsionally-rigid

TC: Torsionally-compliant



egories. The first category corresponds to objective functions
related to the task to be performed, including mostly obstacle
avoidance and reachability. The goal in these scenarios is
to design a set of tubes to enable the robot tip to reach a
desired pose in Cartesian space, or to sweep a given volume, as
illustrated in particular in [2], [10], [68], [69], [75]. The second
category corresponds to objective functions that constrain the
design of the CTR or its joint values, in order to guide
solvers towards a feasible robot. For instance, tube lengths and
curvatures are usually minimized in order to avoid loopings
of the robot in the anatomy [43]], or to increase its stiffness
or remain in the admissible stress limit of the material [75].
While not being an objective, constraints on the material strain
have also been implemented in [55] to ensure tube mechanical
integrity during usage. Researchers also sought to maximize
the robot stability [10]], [60]-[63] in order to avoid having
multiple solutions to the direct kinematic model, which results
in a snapping phenomena occurring due to the accumulated
torsional energy releasing when they are actuated.

In addition, it should be noted that most work has focused
on the synthesis of CTRs by assessing collisions for a fully de-
ployed configuration only. While this ensures that the deployed
robot meets the desired performance, it does not guarantee that
the robot can deploy to the site of interest without colliding
with the anatomy. In order to achieve a collision-free path,
the synthesis of the CTR must be coupled to a motion planner
in order to take the deployment of the robot into account.
This approach has been explored in the work of Torres et
al. [59], with an RRT (Rapidly-exploring Random Tree) to
sample the design parameters and another RRT to sample the
joint variables, Baykal et al. [57]], [58]], [[79]], with methods that
enables the obtention of tube geometries as well as a motion
plan, and more recently in Lin et al. [55].

Overall, it can be observed from Table [[] that all design
algorithms proposed to date are gradient-free optimization
approaches, except the recent work of Lin et al. [55[. Other
exceptions are [62], [63]], however these works did not consider
task objectives and constraints. This trend can be attributed to
the difficulties of formulating the kinematic model of CTRs
in a way that is differentiable with respect to its design
variables, since the robot shape is obtained by a boundary
value problem followed by two integrations. It can also be
explained by the variety of constraints, such as collisions with
the anatomy, computed from triangular meshes that represent
the areas of interest [10], and optimization objectives, such
as volumes swept by the robot tip, computed using ratios of
voxels [[54]], [|66]], that have been easier to integrate in gradient-
free frameworks due to their formulations.

b) Modification of the Mechanical Properties of Tubes
via material removal: While the approaches presented pre-
viously deal with the design of a set of tubes, each of them
having an annular cross-section along their entire length, more
recent research has investigated ways to modify the mechani-
cal properties of the tubes, via structural modifications. These
structural modification take the form of patterns where tube
material is removed, as illustrated in Fig. ] The geometry of
the patterns enables independent modifications of the bending
and torsional stiffnesses of the tubes, which are normally

related by the Poisson’s ratio in the case of a uniform material
along the radius and length of the tubes. The goal of using such
patterns is to lower the bending to torsional stiffness ratio of
CTR tubes in order to obtain stability for the robot and avoid
any snapping phenomena during usage [[84]]—[86]. In particular,
tube patterning has been investigated for use in follow-the-
leader deployment [87]], [88]], for which unstable robots must
have their tubes patterned to obtain stability, while keeping a
desired robot shape. In general, tube patterning approaches to
date have included the use of helical tubes composed of multi-
ple layers [89], patterned or cellular tubes [81], [82]], [89], and
patterns defined using topology optimization [83]], [90], more
particularly with rhombus patterns identified in [83]]. Cases of
helically-patterned Nitinol tubes for use as steerable needles
have also been reported in the literature [91]]. While the above
approaches have focused on structural modification of tubes
that affects their bending stiffness as uniformly as possible
around their circumference, recent research has shown the
advantages of patterning tubes to obtain direction-dependent
flexural rigidity [92]]. Indeed, it was shown that patterning
planar, piecewise-constant curvature tubes in their curvature
plane enables stability to be obtained more efficiently, while
preserving most of the structural stiffness of the tubes, which
is highly beneficial for tasks that require interactions between
the robot and tissue, for instance.

Despite the advantages of tube patterning on CTR stability,
it has been observed that translating and rotating patterned
tubes relative to one another can be difficult, due to physical
interference between their notches [81]]. One solution adopted
was to insert thin PTFE tubes between patterned tubes in order
to isolate their notches. However, such tubes tend to wear
after repetitive motions of the tubes and do not constitute a
permanent solution [81]]. In order to improve the CTR stability,
another approach has been to decrease the tube wind-up along
the transmission lengths by using a more torsionally rigid
material compared to the material of the deployed portion
of the tubes. For this purpose, researchers have combined
stainless steel transmission lengths with deployed Nitinol tube
lengths [93]], [94]].

3) Tube Design: Perspectives: With regards to the tube
design, there are a number of improvements that can be made.
First, the current synthesis approaches fail to take advantage
of all design variables, as most of them are being preselected.
Indeed, the tube inner and outer diameters, the tube materials,
and number of constant-curvature sections, are usually pre-
defined and thus not optimized. Yet, these parameters play
an important role in the variety of shapes that a CTR can
adopt. In addition, current tube geometries considered, usually
composed of a straight section followed by a curved one, could
be generalized to tubes with more than two sections or with
continuously varying curvature along their lengths. However,
such an increase in the number of design variables might
not lead to tractable problems for the gradient-free algorithms
used in the literature to date, and the community could benefit
from the investigation of gradient-based approaches, such as
in Lin et al. [55]]. Although, optimizing variables such as
tube materials and the number of tube sections is difficult
in gradient-based approaches, since these variables take non-
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Fig. 4. Example of pattern shapes proposed by researchers, with (a) param-
eterised patterns simulated using FEA and (b) diamond-shape patterns
obtained using topology optimization [83].

continuous values. Thus, there is a need for optimization
approaches that can handle a large number of continuous and
discontinuous design variables in order to push the boundaries
of CTR tube design forward. Furthermore, more accurate
kinematic models, that include the effects of tube clearance
and friction between them [31]l, [52]] could be included in the
tube design algorithms in order to increase the shape fidelity
representation of these robots. Including tube anisotropy in
design approaches would also be of interest to extend the
capabilities of CTRs. However, locally patterning tubes along
their circumferences and lengths usually leads to non-uniform
bending and torsional stiffnesses along these directions. As
a result, translating and rotating such tubes could lead to tip
pose oscillations, which have not been quantified in current
research. The research community does not seem to have
converged to a specific pattern, which means that additional
work could be required in order to identify the most efficient
pattern geometries. Tube design should also incorporate path
planning, as in most recent approaches, in order to ensure a
collision-free deployment of the robot to the target. Current
planning is limited by the accuracy of the kinematic models,
which neglect tube clearance and friction, leading to a 3-D
shape of the robot which is, in practice, different from the
predicted one. The use of more advanced kinematic models
could lead to improved path planing and tube designs. In
addition, CTR stability should also be included in the planning
of these robots for tube synthesis purposes. Although current
design approaches have led to tube sets capable of accessing

hard-to-reach areas of the human body, these approaches
significantly reduce the overall design space, which could lead
to sub-optimal results or failure to succeed in given scenarios.

B. Tube Fabrication

One critical aspect of CTR prototyping is the tube
fabrication, which often depends on the material to be
used. CTR tubes are primarily made using Nitinol, which
is a superelastic alloy of nickel and titanium, and more
recently, polymer materials have also been used [95]-[97].
A comparison of the mechanical properties of materials
used to date are given in Table [ which can serve as
a reference for choosing a tube material. This section
presents the main CTR tube fabrication methods to date:
heat-setting of Nitinol and heat-shrink plastic tubes, additive
manufacturing for plastic tubes, and the fabrication of
patterned tubes. Collections of the various tube prototypes in
the literature are provided in our CTR Prototyping Resources
https://cgirerd.github.io/ctr_prototyping_resources.html for
both single and multi-arm robots.

1) Heat Setting:

a) Heat Setting of Nitinol Tubes: Nitinol tubes are typ-
ically sold as straight tubes by manufacturers (see [104]-
[106] for lists of various manufacturers/suppliers). Nitinol is
the predominantly used material for CTR tubes thanks to
its large superelastic range, which enables large workspaces
compared to CTRs made of other materials [80], [96]. There
are several patents related to the shape setting of Nitinol,
including patents for shape alloy treatment [107]], drawing
heated Nitinol followed by forming and rapid quenching [[108],
and treatment for cold worked Nitinol under non-stress in-
duced shape setting [109]. Although some companies (e.g.
Minitubes [I10], Memry [I11]), Nimesis [112]])) have mas-
tered the shape setting of Nitinol using proprietary processes,
obtaining these precurved tubes is typically expensive. The
research community has therefore developed processes for
bending commercially available straight tubes, typically using
heat treatment approaches.

Heat treating depends on the state of the Nitinol acquired
from the provider and requires considerable technical knowl-
edge and specialized equipment in order to obtain an opti-
mized, consistent, and accurate result without any unwanted

Desired
curve

Specimen after
shape setting

Fig. 3. a) Joule heating effect by high current flow through the tube [80], b) Air furnace heat treatment using metal fixture with brass pins [80], ¢) Air furnace

annealing process using engraved aluminium mold [T].
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TABLE I

MECHANICAL COMPARISON OF THE DIFFERENT TUBE MATERIALS.

Property Material Rating  Remarks
Nitinol etkdk Yield strength: 195 - 690 MPa and Young modulus: ~83 GPa [98], recoverable strain up to 11% [99]
Elasticity and PLA o Yield strength: 60 - 70 MPa and Young modulus: 2.5 - 7.8 GPa [96|
recoverable PCL wE Yield strength: 16.1 MPa and Young modulus: 0.34 - 0.36 GPa [96
strain NYL fdai Yield strength: 60 - 70 MPa and Young modulus: 1.5 - 4 GPa [96], [97]
Heat-shrink tube = ** Tensile strength: 23 - 39.6 MPa and Young modulus: 0.44 - 0.64 GPa [65], [100]
Nitinol sk 1.49 mm [96]
Tip repeatability PLA dekokok 0.3 - 3.1 mm (the mean error = 1.7 mm) [96]
error and PCL o 0.2 — 9.8 mm (the mean error = 5 mm) [[96]
Fatigue resistance NYL sk 0.4 - 7.6 mm (the mean error = 4 mm) [96
Heat-shrink tube  ** 1.0 - 2.1 mm (the mean error = 1.55 mm) [101]
Nitinol ko Min. internal/external diameter: 0.258/0.33 mm; min wall thickness 0.036mm [102]
Miniaturization PLA wEE Min. int./ext. diam: 0/1.2 mm, 0.6 wall thickness and resolution 100 microns [96]
and minimum PCL wEE Min. int./ext. diam: 0/1.2 mm, 0.6 wall thickness and resolution 100 microns [96]
resolution NYL wEE Min. int./ext. diam: 0/1.2 mm, 0.6 wall thickness and resolution 100 microns [96]
Heat-shrink tube — *##* Min. int./ext. diam: 1.17/1.67 mm, 0.5mm wall thickness [65]
Nitinol Hokekkok 11e-6/°C [98]
Thermal PLA Hokkok 8.5e-5/°C [103]
effect/shock PCL *kk 16e-5/°C [103] this can even reshape by heating in hot water [96]
(Expan. coeff.) NYL seokokok 5e-5/°C [103]
Heat-shrink tube = ** (8.3-10.5)e-5/°C [100]
Nitinol Fakkkk High surface smoothness (best)
Surface PLA *% Low surface smoothness (worst) [96]
friction/ PCL *kk Medium surface smoothness (good) [96]
smoothness NYL K Medium surface smoothness (best among 3-D printed polymers) [96]
Heat-shrink tube — *%** Medium surface smoothness [65]
L. Nitinol etk More complex and challenging fabrication process [95], [96
Fabrication s . .
complexity/ PLA * Not r¥g0rous and d}rect process [957, [967
customization PCL o Not rigorous and direct process [95:, [96:
NYL Fakkok Not rigorous and direct process [95], [[96]

Heat-shrink tube =~ *#*#**

Simple and direct process [65], [101]

*: Symbol used for the ranking/grading, PLA: Polylactic, PCL: Polycaprolactone, NYL: Polyamide/Nylon

spring-back or material aging [80]. There are two main heat
treatment methods for shape-setting Nitinol tubes: (1) heat
diffusion using a furnace and (2) joule heating by passing
current through the tubes. For both methods, a patterned fixture
or mold with the desired shape engraved, is used to fix the
shape of the initially straight tubes, as shown in Fig. [3] These
processes require accurate timing and temperature in order to
achieve the desired goal, and deviations can lead to relaxation
of the tubes from the desired shape [68] or a loss of their
superelastic properties.

For the furnace heat treatment approach, the use of a
box/small furnace has been widely adopted due to cost, ver-
satility, precise temperature control, uniform heat distribution
and the ability to rapidly prototype without much risk [80],
[L13], [[114], since most are equipped with advanced features,
such as temperature control. Using this approach, groups
have demonstrated the bending process by constraining the
straight commercial Nitinol tubes in a variety of fixtures
designed to have the desired precurved shape (see Fig. [Bp.
and Fig. E}:). Once constrained, the tubes were then heated in
the furnace for 10 minutes at 500°C [113], [115]-[117] and
finally quenched in water at room temperature to suppress the
aging effect. The resulting tubes, however, had a high spring-
back, and the quality of the results seemed difficult to predict.
In addition, this process is said to be highly inefficient which

require several trials, significant time, energy and material,
especially the cost of mold machining and use of thick steel
to minimize buckling and thermal expansion bulge, which
conversely absorb more heat than the tube itself. All these
prompted the development of electric heat setting techniques.

Electric heating relies on joule heating, where electric
current passing through the Nitinol tube (which acts as a
resistance) generates the heat needed to shape the tube with
the desired curvature [80], [[113]], [118]. The proposed setup
includes temperature control and monitoring using real-time
resistance measurements of the tube. This method was ob-
served to have several advantages, including (i) the use of high
current enables the shape setting temperature to be reached
very quickly, and (ii) there is minimal equipment required to
control the heating while supplying the required current. It
should be noted that the fixture with an engraved pattern must
be an electrical insulator with low thermal conductivity, which
excludes the use of metals. A medium density fiberboard,
ceramic or 3D printed mold has been used by researchers [80],
[114]) (see Fig. Bh) for this purpose. The cooling was done
through natural convection, and it was observed that the
system operates correctly even when considering the non-
uniformity of the heat sinking effect. Finally, a comparison
between the two heat setting methods showed that the electric
heating technique results is more energy efficient with less



spring-back for the tubes compared to the furnace heating
method, as well as faster shape-setting processes [80], [114],
[119]. However, the drawbacks of electric heating are: (1) the
requirement for a specific setup, which has some hardware
limitations (2) tuning and calibrating the system to match
the tube-specific transition temperature is challenging, and
(3) the uneven thermal gradient/expansion along the tube
can result in undesirable distorted shapes near the clamped
ends [114]]. Despite the high cost and inefficiency, the most
commonly used approach is still the furnace heating technique,
as recorded in 24 papers [35]], [46], [62], [70], [81]-[I83[l, [90],
[120]-[135]], as compared to the electric heating with only 6
papers [11f, [114], [136]-[139]], while both approaches are
recorded in [80], [119], [140].

b) Heat Setting of Plastic Tubes: Although heat treat-
ment has mostly been used for Nitinol tubes, recent work
has investigated the use of heat-shrink tubes. This approach
provides an alternative, rapid, and cost-effective fabrication
method. Indeed, medical-grade heat-shrink tube HS-S14 (In-
sultab, Inc., Woburn, MA, USA) has been used in [65]], [[101]]
for the innermost tube of a three-tube CTR. The bending
process consisted of placing the heat-shrink tube in a jig with
a metallic guide wire inside its lumen to preserve its shape.
The assembly was heated with a heat gun and quenched in
water after shrinkage of the material with results as shown in
Fig.[5]. The benefits of using heat-shrink tubes include the low
cost and simple process that does not require any expensive
and specialized equipment, such as a furnace or electrical heat
setting setup. In addition, heat-shrink tubes can be bent in a
timely manner, allowing for the fast fabrication of patient-
and task-specific tube sets. Nevertheless, some limitations
remain with this type of material. Indeed, the fabricated bent
tubes had their radius of curvature permanently increased
when translated inside a straight metal tube. More precisely,
rapid changes in their radius of curvature occurred below
a few dozen cycles, most likely due to fatigue [65]], [101]
and tended to stabilize afterwards. Presently, this approach
seems to be discontinued, as it is limited to the fabrication
of only the innermost CTR tube. However, there are many
potential benefits of the approach, which could be worthwhile
to explore.

Fig. 5. (a) Fabricated heat-shrink plastic tubes and (b) the jig for fabrication
of tubes, extracted from [65]].

PEBA2301 DuraForm
(SLS) (SLS)

Multi
(MJP)

Accura 25 Nylon D80
(SLS)

1]

(SLA)

'.uur.,

Fig. 6. CTR tube prototypes fabricated with additive manufacturing using dif-
ferent material and process. The stereolithography-SLA (for Accura 25). The
selective laser sintering-SLS (for Nylon D80, PEBA 2301, and DuraForm).
multijet printing-MJP (with different material) by Morimoto et al. [[73].

2) Additive Manufacturing for Plastic Tubes: Additive
manufacturing has made it possible to transform a digital
model into a physical 3-D object, and is now often used
to create rapid prototypes in a number of industries. It has
enabled personalized prototyping, where a given patient scan
can be used to generate a personalized digital model, as can be
seen in [73]], [96]. Additive manufacturing is a layer-by-layer
controlled process of creating physical objects using a digital
model. There are many different technologies and materials
available for additive manufacturing, and several were studied
in the context of CTRs [95], each with their pros and cons.
The first step for prototyping using additive manufacturing is
to create a mesh file of the part to be printed. It was observed
that the key to obtaining optimal results, depends heavily on
the printer settings [96]. Once the print is complete, there may
be additional post-processing steps to clean unwanted material,
depending on the additive manufacturing process used.

The different materials that were investigated by Amanov
et al. [96] lead to varying results. Sixteen tubes for each
material were evaluated, and it was observed that Nylon
and Polycaprolactone (PLC) had a comparable accuracy/tip
position error range to that of Nitinol tubes and possess
better properties (e.g. surface friction and stiffness/elasticity
etc.) than Polylactic (PLA), with Nylon having the smoothest
surface. Amanov et al. demonstrated that prototypes created
using additive manufacturing can be fabricated quickly and
can easily be patient-specific and made on site even in a
hospital. Another extensive investigation of prototypes created
using additive manufacturing, was carried out by Morimoto
et al. with a focus on personalized designs for pediatric
patients using ultrasound images. In [72], a PCL material was
used and follow-the-leader deployment was implemented. In
another paper [95]], Morimoto et al. used several additive
manufacturing processes and materials, as shown in Fig. [6] to
investigate their different performances. It was observed that
the combination of both SLS (using a polyether block amide)
for the outer tube and stereolithography (polypropylene-like



material) for the inner tube, gave the required maximum strain
combination although biocompatibility was not considered.
The use of Multijet additive manufacturing (MJT) was later
explored for printing Nylon-12 [97] and was found to have
higher accuracy, finer resolution, and a smaller minimum wall
thickness compared to SLS, which improved the result of the
printed CTR tubes.

3) Fabrication of Patterned Tubes: Patterning tubes in-
volves removing material from annular cross-section tubes.
Although patterned tubes can be implemented with any of the
materials cited previously for CTRs, they have mainly been
explored for Nitinol, and fabrication techniques adapted to
this material were explored. Various manufacturing techniques
have been considered, including milling [141], laser cut-
ting [82], electro discharge machining [[142] and femtosecond
laser machining [143]. Milling can lead to unintentional heat
treatment of the material due to high temperatures during the
process, and the diameters of the mill bits limit the dimensions
of the notches that can be made on the tubes. Laser cutting
with long pulse-widths can also generate significant heat, but
allows for smaller patterns to be made. Electro discharge
machining and femtosecond laser machining both enable small
patterns to be made, with femtosecond laser machining being
able to produce the smallest ones. Femtosecond laser ma-
chining also minimizes the heat-affected zones at the edges
of the pattern, limiting the undesired heat-treatment of the
material [[143]].

4) Tube Fabrication: Perspectives: Although both Nitinol
and polymers have been used to create CTRs, Nitinol con-
tinues to be the most commonly used material. Plastic tubes
gained some popularity due to their potential for being low-
cost and enabling fast fabrication times. The apparent decline
and lack of adoption of additive manufacturing for CTR
tubes can likely be attributed to the present state of additive
manufacturing technologies (printer resolution and obtainable
material properties) and some of the comparable factors iden-
tified in Table @ However, Nitinol is an expensive material
and involves complex processes for shape-setting. Currently,
the research community has almost reached a stagnating point,
with the challenge of constant use of Nitinol for CTR tube
design and prototyping. To enable more efficient customiza-
tion, improvements in miniaturization, lower-cost tubes, and
rapid onsite fabrication, there is a need for complimentary,
alternative materials with viable properties.

IV. ACTUATION UNITS

Actuation units enable the conversion of energy into me-
chanical movement. For CTRs, the actuation is achieved by
translating and rotating the tubes relative to one another [12],
[13]]. Their actuation unit is simply composed of a set of actu-
ation block(s), where each block is individually connected to
the proximal end of a tube and generates the desired translation
and rotation to drive that tube, as shown in Fig. m Generally,
the number of tubes to be deployed and the required DOF per
tube determine the number of actuation blocks in an actuation
unit. The total number of DOF of a CTR is usually given

as 2n, where n is the number of tubes and 2 corresponds
to one DOF in rotation and 1 DOF in translation. Despite
their importance, actuation units are often described in less
detail in the literature compared to the tubes themselves, and
often they appear in figures without technical specifications
regarding their design and kinematic architecture.

Although the physical appearances of some actuation units
have similarities, their internal architectures may differ. Rather
than using the various nomenclatures in the literature e.g.
multi-arm, MRI-compatible, bimanual, autoclavable, reusable
etc., we propose a more general but distinct classification
approach based on the actuation unit architecture as presented
in Fig.[7] The actuation kinematics of a CTR deals with the ac-
tuation block arrangement and the mechanism of deployment.
There are two types of block arrangements — parallel and
serial — and their combination can result in fully parallel, fully
serial, or hybrid architectures (or actuation units). For fully
parallel architectures, the translations and rotations of each
block are decoupled, as each one is independent and specific
to one particular tube. For fully serial types, the translation or
rotation in each block is mechanically coupled to the preceding
actuation blocks, thereby influencing the resultant movement
of the preceding tubes with respect to the actuation unit base.
For hybrid architectures, the translations are coupled, but the
rotations remain independent. The actuation unit prototypes
presented to date in the literature fall into either the parallel or
the hybrid category, with no examples of prototypes based on
the serial architecture. In this section, we discuss the general
components of all actuation units, followed by key aspects of
each distinct actuation unit architecture.

A. Actuation Unit Elements

Irrespective of the choice of the actuation unit architecture
or design requirements, the actuation unit of a CTR is always
located at the proximal end of the tubes and contains the
following essential elements.

1) Translation Stage: this section of the actuation block
controls the translation of the tube, and its design determines
the overall range of motion for the associated tube. Common
components include: a rail-guide, a gear/belt/screw drive, an
actuator (brushed DC motor, stepper motor, brushless DC
motor, pneumatic or piezoelectric drive), and position sensor.

2) Rotation Stage: this section of the actuation block
houses the mechanism/components for the rotational motion
about the tube axis. The components that are associated with
this section include gears, pulleys, bearings, actuators, and
Sensors.

3) Tube Holders: these elements are used to grasp the
CTR tubes during deployment. While they can deform and
potentially block inner tubes, screws radially pressing on the
tubes have been used. Custom chucks as well as compressed
rubber rings have also been used [144] and enable detachable
designs, which can make sterilization easier. Glue has been
used as well but results in permanent attachment.

4) Support Frame: this part serves as the main platform,
upon which the other parts of the actuation unit are attached,
and provides the necessary support during actuation.
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unit, bi) The kinematic graph of hybrid actuation unit, bii) The structural example of hybrid actuation unit, ci) The kinematic graphs of serial actuation unit,

cii) The structural example of serial actuation unit.

B. Parallel Actuation Units

This category of actuation units operates based on a parallel
actuation architecture, as shown in Fig. i and ii for
the kinematic graph and the structural design, respectively.
Although their structural design, which depends on the type
of actuation components and coupling mechanism used, might
differ in construction or appearance, as shown in Fig. [8]
their kinematics remain the same. The parallel architecture
is the most commonly used actuation unit in the literature,
as can be seen in our online CTR Prototyping Resources
https://cgirerd.github.io/ctr_prototyping_resources.html.

One example of a parallel actuation unit was presented
by Swaney et al. in [145], where the actuation unit also
incorporates a puncturing mechanism (Fig. [p). Another ex-
ample of a system with a parallel architecture was presented
by Hendrick et al. in [146]], and illustrated in Fig. [8p. This
system was designed to actuate two CTRs and has the benefit
of being hand-held, with passive attachments to compensate
for the weight of the device. Another parallel actuation unit
prototype presented by Gosline et al. in [[76], has a protruded
front design that helps to reduce the interference caused by
having the bulk actuation unit close to the patient and thereby,
provides more free space in case other medical devices are to
be introduced as well (Fig. [8k). Esakkiappan et al. proposed
a 50 cm long CTR prototype composed of two tubes with
3 DOF in total and actuated via a parallel actuation unit [|148]].
The actuation unit uses stepper motors with rotary pulley
mechanisms (Fig.@e). Morimoto et al. in [11]], [150], presented
a compact, lightweight, hand-held and parallel actuation unit,
where all the mechanical parts except the motors were fab-
ricated using additive manufacturing. The design uses roller
gears to enable rotation and translation in a compact form
factor, along with a decoupled actuating structure, where each
tube is controlled by an independent detachable actuation
block (Fig. [8f). Another parallel CTR actuation unit prototype
was presented by Xu in [[149]]. It was designed for teleoperated

surgical tasks (Fig. [8g). The 6 DOF CTR can be controlled by
a haptic device. Finally, Swaney et al. designed a multi-arm
24 DOF CTR for single-nostril skull base surgery [147]. This
parallel CTR actuation unit contains four independent sub-
actuation units for simultaneous deployment of 4 arms, each
of them being composed of 3 tubes, all actuated in rotation
and translation (Fig. [8d).

The popularity of parallel actuation units can be explained
by several factors. First, compared to hybrid or serial systems,
it is easier to make parallel actuation units with modular
components and actuation blocks. Indeed, the independence
between each block enables the removal of some of the
integration constraints that are inherent to serial and hybrid ac-
tuation units due to mechanical couplings between the blocks.
Such modularity could have also lead to more cost-effective
designs. In addition, the positioning accuracy in translation and
rotation relative to the actuation unit base is better in parallel
actuation units, since there is no error accumulation due to
stacking of the actuation blocks.

C. Hybrid Actuation Units

The hybrid actuation architecture combines the serial
and parallel block arrangements, resulting in interconnected
blocks. Fig. [Tbi and Fig. [/bii show a case study of hybrid
kinematics and structural design, respectively, with translation
blocks placed in series and rotation blocks placed in parallel.
This structure is common in the literature for hybrid architec-
tures, as shown in Fig. [0

Several hybrid actuation units have been developed to date.
For example, an MRI compatible, hybrid actuation unit was
proposed by Su et al. in [[I51]]. They created a 6 DOF, piezo-
electrically actuated prototype to enable MRI-guided deploy-
ment of a precurved and steerable CTR. As shown in Fig. D,
this design consists of different translation stages assembled on
top of each other, which results in a simultaneous movement
of all modules placed on top of the actuated one, while
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Fig. 8. Different parallel actuation unit prototypes a) An actuation unit with a puncturing mechanism by Swaney et al [T45]}, b) A multi-arm CTR actuation
unit composing of 1) Lead screws connect translational motors in the motor pack to each carrier. 2) Square shafts connect rotational motors to tube bases
through gear trains. 3) Tubes of the concentric tube manipulators can be seen here. 4) Tube carrier, by Hendrick et al ¢) A parallel actuation unit with
a nose-like design structure by Gosline et al. in [76], d) A 4-arm 24 DOF CTR parallel actuation unit with 3 fully-actuated tubes per arm by Swaney et
al. in [147], e) A transparent casing 3 DOF actuated unit by Esakkiappan et al. in [T48], f) A novel parallel actuation unit with a roller gear mechanism
fabricated using additive manufacturing by Morimoto et al. in [T1]], and g) A teleoperated CTR with parallel actuation unit by Xu in [T49].
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Fig. 9. The hybrid actuation unit prototypes, with a) MRI compatible 6-DOF
piezoelectric actuation unit by Su et al. in [I51], b) Manually actuated unit
with precise tube positioning by Rucker et al. in [152], ¢) Structurally linked
hybrid actuation unit by Boushaki in [3]], [153].

each tube rotates independently. Another hybrid, but manually
actuated design, was developed by Rucker et al. in [152]. As
shown in Fig. Eb, it was used to actuate two tubes with the
outer tube held at a fixed location, while the inner tube was
translated to five different positions and rotated to eight evenly
spaced angular positions for each translation step. Finally,
Boushaki et al. in [5]], presented a hybrid actuation unit with
all three translations arranged in series and rotations arranged
in parallel, as shown in Fig. 9.

Compared to some parallel actuation unit prototypes that
have their translation stages attached at fixed locations with
limited stroke, a benefit of the hybrid architecture is the
increased stroke length achieved via the translation of the
translation stages relative to the actuation unit base. However,
this benefit comes at the cost of a lower absolute positioning
accuracy in translation relative the actuation unit base, since
the translation stages are stacked in series.

D. Serial Actuation Units

Noteworthy to mention is the serial actuation architecture,
which is characterized by a purely serial arrangement, as
shown in Fig. [7ci and [Tkii, for the kinematics and struc-
tural design respectively. Here, each individual actuation is
mechanically coupled to one another, thereby resulting in
simultaneous transmission of actuation to all the preceding
blocks. The idea of this particular actuation unit architecture
has already been presented in the literature (see [4], [5])), but to
date, there have not been any prototypes with this type of ar-

chitecture, as visible in our online CTR Prototyping Resources
https://cgirerd.github.io/ctr_prototyping_resources.html,

The lack of developed prototypes could be explained by
several reasons. First, the actuated degrees of freedom of
such serial architectures are coupled. This feature is only
useful in special cases, such as FTL deployment, where tubes
need to follow a sequential deployment sequence that requires
groups of tubes to move at the same velocity [46], [47].
However, because tubes must move at different velocities
for general CTR deployment, the serial actuation architecture
does not typically simplify the actuation strategy. Second,
since the actuation stages of serial architectures are stacked
on each other, the absolute position accuracy of the tubes
relative to the base of the actuation unit is lower in translation
and rotation compared to parallel architectures, and lower in
rotation compared to the hybrid architectures proposed to date,
since positioning errors add up. Third, stacking the actuation
stages on top of each other also results in the center of
mass of the actuation unit moving more than for parallel or
hybrid architectures, since the bases of the motor supports
are also required to move. To conclude, the serial architecture
seems to have some downsides, but could potentially be used
advantageously for CTR with FTL deployment, where their
architecture is well-suited to the required actuation sequence.

E. Actuation Units: Perspectives

CTR development has mainly been focused on the tubes,
while actuation units were simply viewed as means for moving
them. However, with the maturation of the field, researchers
have come to realize the importance of actuation units for
general CTR performance. In addition, design features, such
as sterilizability, required for commercial use, are becoming
of interest and will place more focus on the actuation unit
design. In fact, when designing a CTR actuation unit, there
are several critical parameters that must be considered. First,
the application itself dictates several constraints on the robot
deployment and workflow. These constraints will inform, for
example, whether the design must be MRI compatible, suffi-
ciently compact or even hand-held, and which portions must
be sterilizable. The application will also affect the number of
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tubes required and the types of actuation sequences needed.
Second, one must select an actuation unit architecture that
is most suitable based on the given design constraints. This
selection will involve weighing the relative benefits and com-
plexities of the architectures. To date, the parallel architecture
has been the most widely used, thanks to its simplicity,
modular design, and high accuracy. Hybrid architectures with
translation actuators in series have also been proposed, and
can expand the translation stroke of some parallel architecture
designs. While the serial architecture could be of interest for
FTL deployment, its downsides have limited its development
so far. Third, one must determine the structural design and
elementary components for the actuation unit. Irrespective of
having the same actuation unit architecture, the structural de-
sign and components differ based on application and available
material, as shown in Fig. B} Finally, the actuation unit must be
physically built, assembled, and calibrated. Appropriate design
and fabrication techniques must be selected for its structure,
while other components such as motors, gears, nuts and screw
rods, must typically be purchased.

There are numerous additional challenges associated with
CTR actuation unit design. In particular, there are several
requirements that must be met to ensure compatibility in a
clinical setting, including sterilizability, safety, compatibility
with associated medical imaging, and ease of integration in
the clinical workflow. While several of these requirements
were often overlooked in much of the older literature,
researchers have recently started to design actuation systems
with the goal of meeting these needs. For example, Graves et
al. [154] proposed a compact and inexpensive CTR design,
which has the potential for one-time use and is disposable
after surgery. Burgner et al. in [I55]] proposed a manually
actuated, reusable approach, consisting of an actuation unit
that is autoclavable and requires no oil lubrication. Burgner et
al. in [68]], then extended the reusable approach by creating
a sterilizable and biocompatible design that uses a sterile
bag/drape to isolate the detachable motor pack from the
other autoclave sterilized parts of the robot, and this concept
has since been adopted for multiple designs [24], [44],
[140]. In order to address the issue of MRI compatibility
and integration with existing clinical workflows, researchers
have proposed the use of either pneumatic or piezoelectric
actuators. However, there are only a handful of such designs in
the literature (refer to our online CTR Prototyping Resources
https://cgirerd.github.io/ctr_prototyping_resources.html),
likely due to their control complexity and size. Since CTRs
are mostly used for medical interventions, sterilization
considerations become very important. Yet this aspect
is not significantly discussed in the literature, with little
detail on the use/design of a sterile boundary or isolation
drape. Finally, our proposed classification system based on
the actuation unit architecture in Fig. [7] could be used to
uniquely identify and categorize new CTR prototypes (as used
in  |https://cgirerd.github.io/ctr_prototyping_resources.html),
and to ease the selection/development of an architecture.

V. END EFFECTORS

The last component of a CTR is the end effector, which is
deployed at the tip. There are many innovative designs, and
they can be classified based on the task to be performed. We
focus here on designs for manipulation, inspection, excision
and resection, and navigation.

A. Manipulation

Many end effectors are designed for manipulating objects
or tissues at the surgical site. The types of manipulations to
be performed include grasping, retracting, stabilizing, holding,
gripping, turning, tilting, picking, placing, adjusting, pushing
or pulling. Burgner et al. in [156], proposed a prototype
with two different end effectors, shown in Fig. @}a The first
consists in a 4 mm long gripper with 110° of opening angle
when fully opened, that was disassembled from a flexible
grasper (Endo-Jaw, FB-211K, Olympus, Japan) and assembled
at the tip of the innermost tube of a CTR. The second is an
ellipse-like steel ribbon curette (with a major radius of 2 mm,
a minor radius of 1.75 mm and a height 1.15 mm), which was
attached directly to the innermost tube. Dupont et al. in [7]]
presented a 1 mm diameter tip mounted forceps, shown in
Fig. [I0b, which is connected to a wire deployed inside the
CTR and linearly actuated to open or close the forceps tip. A
multi-arm CTR proposed by Wang et al. in [157] consists of
a remotely-controlled 1.8 mm diameter medical forceps end
effector connected to a 6 DOF CTR for manipulation purposes,
as shown in Fig. [I0c. Lin et al. in [93]], presented a gripper
design consisting of a 300 pm diameter steel forceps, which
are welded to a 27G stainless steel tubing and glued to the
CTR distal tip as shown in Fig. [I0d. The forceps is used for
gripping by pushing-out or pulling-in of the attached Nitinol
wire, in order to open or close the gripper respectively. Yu et
al. in [158], presented a multi-arm CTR prototype with two
flexible, sterilized end effectors which are deployed through
the inner tube. One of these end effectors consisted of a
1.8 mm diameter mini forceps pair for tissue grasping, as
shown in Fig.[I0g. Dupont et al. in [163]], demonstrated a CTR
with a gripper for tissue manipulation during laser dissection
operation.

B. Inspection

This category of end effectors includes the use of lighting
sources and cameras (e.g. for endoscopic usage) for in vivo
visualization of the area of interest during navigation or at
the surgical site. One example is the three arm CTR system
proposed by Wang et al. in [[157], in which one of the CTR
outlet channels contains a 4 DOF active vision arm. This arm
is attached to an endoscope, which is used for visual feedback
as shown in Fig. [I0k. Another example was presented by Yu
et al. [158]], where a multi-arm CTR prototype was equipped
with a 4 mm diameter vision channel, having a 110° lens
view angle endoscope attached at the tip for visual feedback
(Fig.[TO). Girerd et al. [162]], demonstrated the use of an RGB
camera at the tip of a CTR, for visualising and detecting areas
during a simultaneous localization and mapping deployment
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Fig. 10. Different CTR end effector prototypes: a) Gripper and curette end effectors [156], b) Tip mounted forceps end effector [7], ¢) Multi-arm CTR
with scissors and forceps [[157]], d) The design description and prototype of forceps gripper end effector [93|], e) A multi-channel CTR with forceps pair for
tissue grasping and electric coagulator for tissue ablation [[158]], f) Tissue removing end effector design prototype [[159]], h) Metal MEMS tissue approximation
detachable end effector [76]], g) Needle-sized wrist gripper [160], i) Cable driven CTR disposable micro end effector [161]], j) Beveled tip end effector [[145],

k) RGB camera end effector navigating through an origami tunnel [[162].

strategy with approximate FTL behavior, through an origami

tunnel (Fig. [T0k).

C. Excision/Resection

This category of end effectors includes mechanisms that
enable cutting, puncturing, stitching, excision, ablation or
dissection. These tasks are common across many procedures
and a number of different prototypes have been developed for
such purposes. For example, Wang et al. in [[157]], proposed
a multi-arm CTR with one arm equipped with a remotely
controlled 2 mm diameter scissor end effector (Fig. [I0¢) for
dissection inside the skull. Vasilyev et al. [[159] proposed a
surgical device with tissue removal capabilities for a beating
heart surgery. The prototype is fabricated using a special metal
manufacturing MEMS process (eFAB by Microfabrica), which
enables the incorporation of micron-scale features into a single
device that is deployed through a steerable CTR to the surgical
site. The prototype incorporates both aspiration and irrigation
features for tissue removal and is shown in Fig. [IOf. Yu et
al. in [158] presented a multi-arm CTR prototype with two
end effectors, including a customized electric coagulator for
tissue ablation, as shown in Fig. @}s In addition, Gosline et al.
proposed a detachable end effector, shown in Fig. [ICh, which
was prototyped using metal additive manufacturing [76]. It was
designed to close or seal abnormal openings, such as the heart
atria, by puncturing, pulling, and stitching two tissue layers
together. Another aspect is the suction operation, which was
achieved by connecting an aspirator at the end of the innermost
cannula, for intracerebral hemorrhage evacuation as presented
in [68]], [164]. Finally, there are areas where CTRs are used
for tissue cutting, by passing fibre optics with a laser through

the innermost tube to the surgical site, as demonstrated in
the same video by Dupont et al. in [163]. This technique of
using fibre optics was further extended to laser ablation of
real cholesteatoma cells in [127] and also, for laser-induced
thermotherapy in the brain [163].

D. Hybridized Architectures

In order to improve the dexterity at the distal end of the
CTR end effector and achieve stringent pose requirements
in confined spaces, hybridized robot architectures have been
proposed. These mechanisms involve the integration of another
form of actuation, such as tendons or flexure hinges, at the
distal end. Prasai et al. in [[161]] demonstrated a 2 mm diameter,
cable-driven end effector using a polyolefin tube and acrylic
and steel strings. It can be mounted on a CTR as shown in
Fig. [T0j and has the ability to bend in all directions using the
three control cables spaced 120° apart. Another example is a
needle-sized wrist design that can be used to maneuver around
tight corners [[160]. This end effector, which was presented
by Swaney et al., is tendon actuated and composed of an
asymmetrically patterned nitinol tube designed to reach tighter
curvatures with lower tendon actuation forces. It also contains
an attachable ring curette or gripper, as shown in Fig.[I0g. One
drawback of the asymmetric cutouts is that it is limited to one
directional bending, compared to the design of Prasai et al.
in [161], which can bend in all directions. Other asymmetri-
cally cut nitinol tube designs were investigated by Eastwood et
al. in [[166]]. Swaney et al. in [[145]], presented a functionalized
needle with a spring-loaded puncturing mechanism for tissue
opening. The steerable needle consists of a flexure joint, as



shown in Fig. [I0], and helps to follow higher curvature paths
through tissue.

E. End Effectors: Perspectives

The end effectors have traditionally been the least discussed
topic in the CTR literature, due to the focus on tube geometries
first, then followed by the actuation units. Typically, the size
of a CTR decrease from the proximal to the distal end (i.e.
from the actuation unit to the tubes themselves and finally
to the end effector). Moreover, the end effector has to be
deployed or integrated at the tip of the smallest (innermost)
tube of the robot, which means that the end effector must
be small (millimeter scale or less). Due to the desire to
further decrease surgical invasiveness and to enable multi-arm
deployment via a single port, further miniaturization of the
tube dimensions will likely be needed. These requirements
pose a great challenge for the realization of submillimeter-
scale end effectors. Difficulties in fabricating, integrating and
actuating such small-scale end effectors likely explains why
there are very few end effectors reported in the literature
to date. In fact, researchers often use end effectors taken
directly from off-the-shelf medical tools, rather than designing
their own. These remaining challenges call for significant
dedicated research with regards to the design and fabrication of
customized/miniaturized end effectors, capable of fitting and
taking advantage of the small hollow passage of the internal
tube. Concerning the drawbacks on the micro fabrication of
end effectors, the focus on developing systems for commercial
use, could potentially boost its development in the future. One
notable missing aspect in the literature is the implementation
of interchangeable end-effector designs. This capability would
enable robots to easily perform multiple functions without the
need to change the entire tube set or actuation system.

VI. CONCLUSION AND DISCUSSION

This survey paper aims to provide a single resource with
the details of all CTR prototypes. The focus is on the various
CTR designs and fabrication methods for the main three
components of a CTR represented in Fig. [I} the tubes, the
actuation unit, and the end effector. In addition to identifying
the different approaches and technologies for the various CTR
designs presented in the literature, we also proposed a new
way of classifying CTRs based on their actuation architecture
(serial, parallel, or hybrid). We believe that this review can
serve as a basis for the benchmarking of CTR prototypes and
can help researchers better design their robots. In addition,
we highlighted the main future opportunities for CTRs with
respect to the tube design, tube fabrication, actuation unit, and
end effector.

Furthermore, as previously discussed, it is important to
think about a path towards commercialization. Despite the
significant research advances over the years and the numerous
prototypes developed for different applications, there is still
no single commercially available product [167]. One of the
major deterrents could be the long time to market certification
for medical robotic systems. We note that Virtuoso Surgical is
the furthest along this path towards commercialization and has

currently advanced to clinical trials in the operating room [32],
[168]. Yet the majority of research groups still seem focused
on addressing the remaining scientific challenges, which often
ends in a CTR prototype, rather than on advancing towards
commercialization. Grassmann et al. in [167]], have noted a
current practice in the research community of rarely reusing
CTR prototypes across individual research groups. This low
reuse rate is likely due to the fact that robot-base evaluations
do boost the chances of paper acceptance, and this trend
has hindered fast advancement and development of a single,
widely-used robotic platform. Given all of the above, it is
important as a community to start finding paths towards
commercialization, potentially through the development of
a mature robotics platform, as suggested by Grassmann et
al. [167]. As such, it would be beneficial for the research
community to establish an open source repository where
members can share details of their robot prototype, including
the mechatronics design, CAD, and hardware schematics for
rapid advancement and contribution to the field of knowledge.

Finally, it is important to look at concentric tube robots in
the broader context of the continuum robotics field. Indeed
there are several other classes of continuum robots, notably
tendon-driven and multi-backbone robots, that similarly offer
potential improvements to existing medical procedures due
to their inherent compliance and ability to navigate around
highly curved paths. These potential benefits have motivated
the development of numerous continuum robotic platforms,
and in turn, a large increase in the number of publications in
this area over the last decade [[169]]. It should also be noted that
with the rise in popularity of soft robotics, there has also been
an increase in the development of soft continuum robots, made
from compliant materials [169]. While such robots can offer
even more added safety, they may have difficulty in applying
sufficient forces for many surgical interventions and tissue
manipulation tasks [170]. And as these fields of soft robotics,
soft continuum robotics, and continuum robotics continue to
advance, quantitative assessment of the benefits and trade-
offs among various robotic platforms will become critical for
truly enabling the successful transition of prototypes from the
bench-top to the clinic.
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