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ABSTRACT | Continuum robots are not constructed with dis-

crete joints but, instead, change shape and position their tip

by flexing along their entire length. Their narrow curvilin-

ear shape makes them well suited to passing through body

lumens, natural orifices, or small surgical incisions to perform

minimally invasive procedures. Modeling and controlling these

robots are, however, substantially more complex than tradi-

tional robots comprised of rigid links connected by discrete

joints. Furthermore, there are many approaches to achieving

robot flexure. Each presents its own design and modeling

challenges, and to date, each has been pursued largely inde-

pendently of the others. This article attempts to provide a

unified summary of the state of the art of continuum robot

architectures with respect to design for specific clinical appli-

cations. It also describes a unifying framework for modeling

and controlling these systems while additionally explaining

the elements unique to each architecture. The major research

accomplishments are described for each topic and directions

for the future progress needed to achieve widespread clinical

use are identified.
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I. I N T R O D U C T I O N
Continuum robots find wide application in medicine since
they can be designed to achieve a high ratio of length
to width making them well suited to minimally invasive
and endoluminal medical interventions. These robots are
defined as being comprised of deformable elongate ele-
ments forming a smoothly curving structure whose shape
is controlled primarily through flexure, relative translation,
linear extension, and twisting of the elongate elements.
These continuously deforming structures have an infinite
number of degrees of freedom, but the number of kine-
matic inputs to control their shape is typically small. While
continuum robots lack discrete joints, their curvilinear
shape can be approximated by snake-like robot designs
possessing large numbers of serially connected discrete
joints. Continuum robots taken together with such snake-
like discrete-jointed designs comprise the set of kine-
matically hyperredundant robots. While discrete-jointed
designs are not continuum robots, they are a design alter-
native in medical applications and so are included here.

A. Design Classification

Continuum robot designs can be classified predomi-
nantly by the method of shape control. While five major
design classes are defined below, many hybrid designs are
possible that incorporate aspects of several of the design
classes.

1) Tendon-Actuated Designs: Shape control of the struc-
tural elongate elements of continuum robots is often
achieved using additional deformation-inducing elongate
elements specifically included to apply forces and torques
to the structural elongate elements. Tendon-based designs,
as shown in Fig. 1(a) and (b), are the most popular method
of shape control. Here, the structural elongate element is
a tube that is relatively stiff longitudinally but flexurally
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Fig. 1. Continuum robot design classification. (a) In tendon-actuated designs, tendons run through channels in disks attached to the

central backbone. In many clinical applications, the central backbone and disks are replaced by a tube with small lumens for each tendon

plus a larger central lumen as shown in (b). (b) Tendon-actuated Monarch R� robotic endoscope by AurisTM Health, Inc. c� Auris Health, Inc.

Reproduced with permission. (c) Intuitive Surgical’s 5-mm-diameter laparoscopic instrument [12]. (d) Steerable sheath of Samsung’s NOTES

robot [13]. (e) Multibackbone actuation replaces the tendons with secondary backbones that can exert both tensile and compressive forces

on the structure. (f) Multibackbone arms of the Enos single-port robot by Titan Medical, Inc. [14]. (g) Concentric tube robot comprised of

telescoping sections of either constant or variable curvature [15]. (h) Constant curvature section is comprised of a precurved inner tube that

conforms to the shape of a stiffer outer tube when retracted. (i) Variable curvature section is comprised of tube pairs of approximately equal

stiffness and precurvature. Relative rotation of the combined tubes varies curvature from the maximum value to approximately straight.

(j) Magnetically actuated catheter. Magnetic dipole embedded in robot tip experiences a torque causing it to move toward alignment with an

externally generated magnetic field (from [10]). (k) Soft robots use pneumatic actuation. Here, the sheath is comprised of three internal

chambers that can be independently pressurized. Acting as tensile tendons, the pressurized chambers cause the robot to bend (from [16]).

(l) Soft multisegment catheter (from [17]). (m) Stiff-flop soft medical robot [18].

compliant. Between one and four tendons, fixed at the
distal end, run along the length of the tube offset from the
tube’s neutral axis.

Tension applied to tendons at the proximal end of the
tube generates bending along its length. Since the tendons
are highly compliant in bending, the overall flexural stiff-
ness is that of the tube. Common design variations include
varying tube stiffness along the length, so as to localize
bending in a specific region, e.g., at the tip, as well as

concatenating bendable sections, so as to produce more
complicated curves, e.g., a two-section tube capable of an
“S” curve [1].

2) Tendon-Actuated Discrete-Jointed Designs: Tendon
actuation is also used to control (noncontinuum) hyper-
redundant discrete-jointed designs, such as the examples
shown in Fig. 1(c) and (d). These designs can potentially
offer higher stiffness and reduced manufacturing cost com-
pared to tendon-actuated continuum designs.
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3) Multibackbone Designs: In these designs (Fig. 1(e)
and (f)), elongate elements act as both structural and
deformation-inducing components. For example, in the
“multibackbone” design of Fig. 1(e), a central element
acts as a purely structural component, while the sur-
rounding elements [tubes or flexurally stiff wires replac-
ing the tendons of Fig. 1(a)] are both structural and
deformation-inducing through tensile and compressive
loads applied at the base [2]. Such designs can provide
greater stiffness than tendon actuation.

4) Concentric Tube Designs: The tendon-actuated and
multibackbone designs of Fig. 1(a)–(f) rely on the elon-
gate elements being attached to each other at their distal
ends. Another class of continuum robots forgoes this rigid
connection and substitutes precurvature of the individual
elements as a means of inducing bending in the other
elements and so controlling overall shape. These designs
are known as concentric tube robots [3], [4]. As shown
in Fig. 1(g), they are comprised of a set of precurved tubes
that are inserted inside each other. The overall shape of the
assembled tubes is controlled by translating and rotating
the tubes with respect to each other at their proximal
ends. These robots are typically constructed as telescoping
sections of either constant or varying curvature [3], [5].
These section types are defined in Fig. 1(h) and (i). Recent
variations on this design strategy include arranging some
or all of the precurved elements eccentrically [6]–[8].

5) Magnetically Actuated Designs: In the designs
described above, shape control is achieved by applying
displacements or forces/torques at the proximal end of
the robot. This makes these robots much slimmer along
their length and much easier to sterilize in comparison
with robot designs that locate discrete joints and motors
along their length. An alternative design strategy that can
further reduce robot diameter is to control robot shape
using magnetic fields generated external to the patient
[see Fig. 1(j)]. These fields can be created using electro-
magnets [9], permanent magnets [10], or even an MRI
scanner [11]. This approach is well suited for medical
applications requiring particularly long robots, e.g., 1 m,
as in some endovascular procedures. The external mag-
netic field acts on ferromagnetic material in the tip of the
robot to bend it in the desired direction, while its inserted
length is mechanically controlled at its base.

6) Soft Robot Designs: The structural and defor-
mation-inducing elongate elements of the continuum
robots described above are typically composed of metals,
polymers, and their combinations. An alternative approach
is to construct the robot entirely from rubbery materials
and accomplish shape change by incorporating pneumatic
or hydraulic chambers within the elongate elements. Such
designs are called “soft robots” and comprise a subset of
continuum robots. The design strategies of these robots can
parallel those of nonsoft continuum robots. For example,
Fig. 1(k) shows the soft analog of tendon/multibackbone

actuation. The extension and bending of the robot are
controlled via relative pressurization of the three inter-
nal chambers. Multisection designs have been produced,
as shown in Fig. 1(l) and (m). Hybrid designs are also pos-
sible, which combine the actuation methods and materials
of soft and nonsoft continuum robots.

B. History and Seminal Results for Design
Families

Manual medical instruments based on many of the
designs described above predate their robotic versions and
still outnumber them today. The major clinical motivation
has been to add steerability to endoscopes and catheters.
Patents dating to the 1920s for endoscopes [19] and the
1950s for catheters [20] describe tendon-actuated devices
based on both continuum and snake-like designs [21].
A 1941 patent describes using tendons sufficiently stiff to
both push and pull as in multibackbone designs [22].

In a steerable catheter patent filed in 1966 [23], tendon-
actuation is suggested to be a favorable alternative to using
combinations of precurved tubes and magnetic steering
using moveable magnets outside the body. Consequently,
while balloon catheters date back to the 1960s [24], soft
robots appear to be the only continuum design not ini-
tially introduced or contemplated as a manually steerable
medical device.

Manual shape control is accomplished using knobs and
sliders mounted on the instrument handle. The large
strains and the significant friction between sliding and
rotating components in these designs produce substantial
hysteresis that the operator must compensate for using
image-based feedback. For simple steering motions, mas-
tery of manual control can be achieved through practice.
Nevertheless, instrument steering continues to consume
some fraction of mental bandwidth, may necessitate sev-
eral operators to maintain control of all degrees of free-
dom, and can require a minimum number of cases per year
to maintain proficiency.

Robotics can improve upon manual instruments by
providing intuitive or autonomous control of larger num-
bers of degrees of freedom by a single operator, improv-
ing operator ergonomics, automatically compensating for
hysteresis and friction, and enabling the integration of
preoperative image-based planning. Thus, the major con-
tribution of the robotics research community, as summa-
rized below, has not been to invent the continuum and
snake-like mechanisms but rather to formalize each design
and create the tools needed to implement this robotic
functionality.

1) Tendon-Actuated Designs: The seminal work on the
modeling and control of tendon-actuated catheters was
done by Camarillo [25] as his Ph.D. thesis and published
in [26] and [27] under funding provided by Hansen
Medical, Inc., which was developing an electrophysiology
catheter for performing cardiac ablations. While Hansen
Medical ultimately did not succeed commercially, their IP
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was acquired by Auris Health, Inc. (now owned by J&J)
and is currently being applied to airway endoscopy for
performing peripheral lung biopsies [28].

2) Tendon-Actuated Discrete-Jointed Designs: Several of
these noncontinuum robots have been used clinically. For
example, Intuitive Surgical’s 5-mm-diameter instruments
employ a serial arrangement of revolute joints actuated
by tendons to approximate the wrist motion of their
8-mm-diameter instruments [12]. Degani et al. [29] intro-
duced a novel design comprised of two concentrically
arranged snakes. Each snake is composed of cylindrical
links connected by spherical joints. Three tendons run
through the outer snake and one through the inner snake.
When the tendons for either snake are pulled tight, friction
between the links causes the snake to become stiff in its
current shape. When loose, the snake is deformable. The
two snakes can be extended along any curve in 3-D by
tensioning the inner snake while extending the outer snake
and curving its extended tip in the desired direction. The
outer snake tendons are then tightened in that shape, and
the inner snake makes a limp and extended to the tip of the
outer snake. The process is then repeated. This design was
employed as a steerable robotic sheath by MedRobotics,
Inc. and combined with two manually actuated arms run-
ning parallel to and external to the sheath [see Fig. 2(a)].
These systems were approved for use in transoral and
transanal procedures and were used clinically up until a
few years ago [30].

3) Multibackbone Designs: The seminal work on this
design was performed at Johns Hopkins University by
Simaan during his postdoctoral studies with R. H. Taylor.
They developed a system similar to Fig. 2(b) for transoral
surgery [31]. Simaan’s motivation for using multiple back-
bones instead of tendons was to create stiffer and stronger
designs while also promoting design miniaturization since
push–pull designs require fewer actuation lines than pull-
only designs. This technology was used in the early devel-
opment stages of the Titan Medical, Inc. SPORT system for
single-port access surgery [14].

4) Concentric Tube Designs: The practice of using combi-
nations of curved and straight tubes and wires to navigate
bifurcations in the vasculature is a staple of cardiology.
This practice uses predominantly the approach of Fig. 1(h)
in which the overlapping portion of a more compliant elon-
gate element conforms to the shape of a stiffer element.
This method has also been used in needle steering [32].
The varying curvature approach of Fig. 1(e) involving the
rotation of two elongate elements of comparable precurva-
ture and flexural stiffness enables active control of flexure
similar to tendon-based actuation. The formalization of
these concepts as a robot design was proposed indepen-
dently by two groups in initial papers appearing at the
same conference [33], [34]. More complete descriptions
of the technology followed in [3], [4], [35], and [36].
Dupont’s group at Boston University developed the concept

while working on needle-based tools for fetal interven-
tions. The second group, comprised of Okamura, Cowan,
Chirikjian, and Webster at Johns Hopkins University, was
motivated by applications in endoscopic neurosurgery. The
properties of concentric tube robots make them best suited
for clinical applications requiring arm diameters of about
2 mm and steerable lengths less than about 10 cm. Cur-
rent translational efforts are focused on endoscopic robots
employing pairs of teleoperated concentric tube robots as
the surgeon’s arms.

5) Magnetically Actuated Designs: In the last 30 years,
several companies (Stereotaxis [37], Magnetecs [38], and
Aeon Scientific [39]) have developed magnetic catheters
for cardiac electrophysiology procedures. Of the three,
only Stereotaxis is still in business. Founded in 1990, it first
targeted neurovascular interventions before focusing on
the treatment of cardiac arrhythmias. Tunay [40]–[42],
while a staff scientist at Stereotaxis, published early
work on the modeling of magnetically steerable catheters.
More recently, Nelson’s group, which has produced fun-
damental results on medical electromagnetic navigation
systems [43], has devoted effort to magnetic catheter
control [39], [44].

6) Soft Robot Designs: Some of the earliest examples
of soft continuum robots date to [16] [see Fig. 1(k)].
Application of soft designs to medical devices can be traced
to Ikuta’s work on steerable catheters [17] [see Fig. 1(l)].
In the last decade, there has been an explosion of interest
in soft medical robots. While many of the designs are vari-
ations on [16], recent work has focused on manufacturing
techniques, modeling, and control [45]. To date, little work
has been done developing soft continuum robots for spe-
cific clinical applications, and there are no soft continuum
robots used clinically.

As described above, the major contribution of the robot-
ics research community has been to develop the tools
needed to convert continuum devices already employed
clinically, either formally or informally, to robotic systems.
The remainder of this article summarizes these contri-
butions. Section II discusses robot design and describes
how continuum robot design types can be mapped to
clinical applications. Section III describes the modeling
principles that have been developed for these systems.
Section IV covers the control and planning strategies
that have been developed for continuum medical robots.
Finally, Section V examines open challenges and future
applications.

II. D E S I G N I N G M E D I C A L R O B O T S
U S I N G C O N T I N U U M A R C H I T E C T U R E S
In medical procedures, continuum robots are used to min-
imize the trauma created in reaching the site of inter-
vention. This may involve reducing the diameter of the
surgical corridor passing through healthy tissue, or it may
involve passing through body lumens entered percuta-
neously or through a natural orifice. One measure for
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Fig. 2. Continuum robot implementations based on slenderness

ratio. (a) Steerable system: entire portion of continuum robot

inserted inside body is steerable. Used for slenderness ratios of less

than about 50. Example: Medrobotics, Inc. Flex robot with steerable

sheath [30]. (b) Straight-steerable system: robot is comprised of a

straight stiff proximal section with a steerable distal section for

slenderness ratios of about 100. Example: Titan Medical, Inc. Enos

single-port robot with straight-steerable arms [14]. (c) Continuum

robot is comprised of a passive flexible proximal section and a

steerable distal section for slenderness ratios of 100 to over 1500

(flexible-steerable). Example: AurisTM Heath, Inc. Monarch R� robotic

endoscope [28]. c� Auris Health, Inc. Reproduced with permission.

assessing the invasiveness of a robot is to compute the
ratio of its inserted length divided by its diameter with
larger ratios equating to less invasiveness. Let us define this
quantity as the slenderness ratio, s, which is similar, but
not equal to the quantity defined in analyzing the buckling
of columns.

As this ratio increases, the flexural tip compliance in
a cantilevered configuration grows cubically, and a robot
constructed with any of the architectures described here
becomes unable to support its own weight. This limitation
has led to the three implementations of the medical con-
tinuum robot shown in Fig. 2. The first type of Fig. 2(a)
(steerable) provides active shape control along its entire
inserted length. While this design is the most versatile, it is
limited to slenderness ratios less than about 50.

To achieve larger slenderness ratios, it is possible to
mount the steerable continuum robot at the distal end of
a straight and relatively stiff shaft, as shown in Fig. 2(b)
(straight-steerable). This design maintains a slenderness
ratio of less than 50 for the steerable portion, while the
ratio for the entire inserted length can be on the order
of 100. With this concept, however, the robot reaches the
interventional site by following a straight path.

To enable intraluminal procedures deep inside the body,
the steerable continuum robot can be mounted at the
tip of a passive flexible tube, as shown in Fig. 2(c)
(flexible-steerable). With this approach, slenderness ratios
of 1500 are standard. While the proximal flexible portion

conforms to the shape of the surrounding tissue, this
interaction is stiff enough to enable the steerable tip to be
positioned and oriented inside the lumen.

For all three implementations, the degrees of freedom
consist of base insertion/retraction and rotation combined
with the degrees of freedom of the steerable portion.

A. Clinical Application Versus Slenderness Ratio

To show how these three designs map into various clini-
cal procedures, Fig. 3 plots the length versus the diameter
of standard classes of medical devices and robots.

1) High Slenderness Ratios (Flexible-Steerable Sys-
tems): Flexible-steerable designs correspond to steerable
catheters, ureterscopes, bronchoscopes, gastroscopes, and
bronchoscopes. These devices predate medical robots and
were developed as manual endoluminal instruments to
provide an alternative to some of the most invasive surg-
eries. Making these devices robotic does not necessarily
add new degrees of freedom nor reduce invasiveness but
can facilitate control, integration of planning, and sensing
while also providing improved ergonomics.

Steerable endovascular catheters are used for navigating
vascular bifurcations, repairing heart valves, and treating
cardiac arrhythmias. With typical lengths of up to 1.25 m
and diameters ranging from 1 to 5 mm, these devices have
slenderness ratios of 200–1250 [46], [47].

Similarly, ureterscopes are used to navigate into the kid-
neys to break up kidney stones. With lengths of 65–70 cm
and diameters of 2.5–3.1 mm, they have a slenderness
ratio of 210–280 with a typical steerable tip length of
7 cm [48], [49].

The use of bronchoscopes to perform tumor biopsies in
the peripheral lung regions has received interest from the
commercial robotics community. Both Intuitive Surgical’s
Ion System [50] and Auris Health’s Monarch platform
(Johnson & Johnson) [51] are recently introduced robotic
bronchoscopes. While manual systems with comparable
diameters and lengths are available (e.g., 3-mm diameter,

Fig. 3. Length versus diameter of standard classes of medical

devices and continuum robots.
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60-cm length, slenderness ratio 200 [52]), the robotic
systems offer a number of advantages. They provide more
degrees of freedom in their steerable tips enabling more
reliable navigation to all segments of the lungs. Clini-
cian control of motion through input devices similar to
game controllers is easier and enables the endoscope
tip to be parked “hands free” in the desired loca-
tion. Integrated tracking sensors and navigation soft-
ware make reaching the desired target easier and more
repeatable.

Note that there are also high slenderness ratio medical
devices that can be viewed as flexible–flexible, meaning
that they are entirely passive along their length. For exam-
ple, most vascular navigation is performed using wires
and catheters that are flexible along their entire length
but may be curved at the tip. Steering is accomplished
using only base insertion, retraction, and rotation. The
Corindus, Inc. (Siemens) catheter system implements a
robotic version of this approach [53]. Similarly, steer-
ing a long needle along a curved path through tis-
sue is often accomplished using a passive needle [54],
[55]. These flexible devices may be viewed as con-
tinuum robots even though their flexure is produced
entirely through reaction forces with the surrounding
tissue.

Additional high slenderness ratio devices include
gastroscopes for use in the esophagus, stomach, and duo-
denum and colonoscopes for the inspection, biopsy, and
resection of lesions in the colon. While both devices have
lengths exceeding 1 m, gastroscopes have smaller diam-
eters (typically 5 mm) yielding a slenderness ratio of
about 200. Colonoscopes are larger in diameter (13-mm
diameter) and possess slenderness ratios (100) compara-
ble to the straight-steerable systems, as described in the
following [56].

2) Medium Slenderness Ratios (Straight-Steerable Sys-
tems): Straight-steerable continuum robot designs are
often used to replace manual laparoscopic and endoscopic
tools that consist of a straight shaft but lack steerability
at the tip. These robots typically add degrees of freedom
through tip steerability. For example, a key feature of the
straight-shafted instruments of Intuitive Surgical’s da Vinci
robot is the tip-mounted wrist. While the standard 8-mm-
diameter instruments use a wrist comprised of discrete
rotary joints, the 5-mm-diameter instruments employ a
tendon-actuated snake-like design [see Fig. 1(c)]. With an
inserted length of about 50 cm, these instruments have a
slenderness ratio of 100 [12].

For cosmetic reasons, it can be preferable in laparoscopic
surgery to insert all of the instruments through a single
larger incision or port, which is often placed through the
umbilicus. These “single-port” systems are comprised of a
straight sheath with multiple working channels through
which straight-steerable robotic instruments are inserted
[see Fig. 2(b)]. These systems can be used for abdom-
inal, gynecological, and urological surgeries and employ

straight-steerable arms with a slenderness ratio of about
100 [57]–[64].

Multiarmed endoscopic surgery robots are comparable
in design and slenderness ratio to single-port systems and
can be tailored to surgery in many different parts of the
body. Applications include endoscopic neurosurgery and
Natural Orifice Transluminal Endoscopic Surgery (NOTES)
procedures that are located relatively near the body orifice,
e.g., throat surgery, transurethral bladder, and prostate
surgery [31], [65].

3) Low Slenderness Ratios (Steerable Systems): With slen-
derness ratios of less than about 50, it is possible to make
the entire inserted robot length steerable. This approach
can be applied, for example, to the straight sheath of a
single-port or endoscopic surgery system. This architec-
ture provides greater orientation control of the tip during
single-port procedures while also enabling NOTES proce-
dures deeper inside body orifices. Examples include the
steerable sheaths of the MedRobotics, Inc. Flex system
[see Fig. 2(a)] [30] and Samsung’s NOTES robot [see
Fig. 1(d)] [13]. Since the tip-mounted arms need to flex
along their proximal length as the sheath is steered, the
arms typically employ flexible-steerable designs. Due to
limitations of steerable sheath length, these arms have
comparable slenderness ratios to those used with straight
sheaths.

Cochlear implants use electrode arrays that must be
inserted inside the curving lumen of the cochlea. These
arrays are about 25-mm long and 0.5-mm diameter yield-
ing a slenderness ratio of 50 [66], [67]. While they are
traditionally inserted manually, abrasion with the walls can
damage the surrounding nerve cells, and so the devel-
opment of robotically steerable arrays is an active topic
of research. Despite their relatively low slenderness ratio,
adding steerability is challenging due to constraints on the
cross section. Consequently, robotic attempts to date have
been implemented as flexible-steerable systems [68]–[71].

B. Mapping Robot Designs to Clinical Applications

While most of the six design types defined in Section I
can be force fit to any clinical application, it is best to
select a design type well suited to the application’s slen-
derness ratio. As a starting point, the prior experience can
guide this selection. Table 1 lists example commercial and
research robots grouped by design. The six designs and
examples are ordered by increasing slenderness ratio. Sec-
tions II-B1–II-B6 below detail the suitability of each design
for applications requiring steerable, straight-steerable, and
flexible-steerable robot implementations with the pre-
ferred implementations listed in the headings.

1) Soft Robot Designs (Flexible-Steerable): The field of
soft robotics is undergoing rapid development, and it is
not clear at this time what its limitations will be and what
advantages it will provide over other designs. While soft
robot implementations to date have been low-slenderness-
ratio steerable systems, the earliest work demonstrated
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Table 1 Comparison of Continuum Robot Design Properties. The Type Column Refers to the Cases Illustrated in Fig. 2. The Medrobotics, Inc. Flex

System Is Not Circular, so Cross Section Width and Height Are Given for Diameter. For Robots With Two Telescoping Segments, Two Diameters

(Proximal and Distal) Are Given. The Slenderness Ratio Is Computed Using Diameter of Proximal Segment

that they can be fabricated as catheters with diameters
on the order of several millimeters [16], [17], which is
appropriate for flexible-steerable devices. The widespread
use of balloon catheters, which provide radial expan-
sion, a degree of freedom unachievable by other designs,
suggests that soft robots may offer advantages at high
slenderness ratios.

2) Tendon-Actuated Discrete-Jointed Designs (Steerable
and Straight-Steerable): Serial connections of discrete
joints have been employed to create steerable sheaths for
endoscopic and NOTES robots. These include MedRobotics
steerable endoscopic sheath [29], [91] and the steerable
sheath of Samsung’s NOTES robot [13]. This architecture
has also been used in Intuitive Surgical’s 5-mm straight-
steerable laparoscopic instruments. This architecture can
be used to achieve high flexural stiffness for diameters of
about 5 mm or larger.

3) Multibackbone Designs (Straight-Steerable): These
designs represent an alternative approach to increasing
robot bending stiffness from what can be achieved with
tendon actuation while maintaining a continuum design.
Here, the push–pull backbones contribute to the overall
flexural stiffness of the robot. Furthermore, the ability
to concentrically place tubular backbones allows serial
stacking of continuum segments without a significant
increase in the lost cross-sectional area for delivering
actuation. While this architecture has been used in both
straight-steerable and flexible-steerable designs, limited
mass-manufacturing processes for these robots increase
their cost relative to tendon-actuated robots and so make
them best suited to straight-steerable implementations that
require enhanced stiffness.

4) Concentric Tube Designs (Straight-Steerable): This
architecture represents an alternative approach to

providing high bending stiffnesses at robot diameters of
about 1–3 mm. A shortcoming of this architecture is that it
exhibits instabilities due to an interplay between torsional
and flexural deformation. Since avoiding these instabilities
places limits on the steerable length, these robots are
most often implemented as straight-steerable designs with
straight sections of high torsional stiffness [81], [82].
While tendon-actuated designs are capable of smaller
radii of curvature and larger steering angles, concentric
tube designs provide higher flexural stiffness. This
quality makes them well suited for use as the bimanual
tip-mounted arms of endoscopic single-port robots [80].

5) Tendon-Actuated Designs (Flexible-Steerable): This
technique is the most common steering method. The
most significant advantages of tendon actuation are the
small radii of curvature and large bending angles that
it can achieve. While it can be used for all slenderness
ratios, its use is most prevalent in robotic versions of
high-slenderness-ratio manual instruments. For example,
Hansen Medical’s electrophysiology catheter was tendon
actuated [92], [93]. The intellectual property used in
these catheters has been more recently applied to Auris
Health’s Monarch endoscopic robot (J&J) [28], [83]. Intu-
itive Surgical has introduced a similar platform, the Ion,
for bronchoscopic biopsy [83], [94], [95].

6) Magnetically Actuated Designs (Flexible-Steerable):
Magnetic actuation offers the advantage of applying
torques and forces directly to the robot (usually the tip)
rather than relying on transmission through the body
of the robot, which is subject to friction and hysteresis.
These torques and forces are relatively small, however,
since they are proportional to the amount of ferromagnetic
material incorporated in the robot. For applications, such
as flexible-steerable electrophysiology catheters, for which
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small catheter tip forces are desirable, magnetic actuation
is well-suited [37]–[39]. In a colonoscopy, where the tor-
tuous curves and elasticity of the colon make insertion and
steering difficult, magnetic pulling of the tip is also being
investigated [87].

C. Design Procedure

Medical continuum robot designs are driven by
application requirements and assessed by various mea-
sures of performance. These include size and struc-
ture constraints (diameter and length, continuity, and
inner lumens), kinematic properties (workspace, curva-
ture, degrees of freedom, and dexterity), and strength
properties (output stiffness, load capacity, and elastic sta-
bility). In addition, it is often important to consider meth-
ods of accessing the surgical site and actuating the robot
through a potentially long and tortuous insertion path-
way (actuation transmission efficiency, follow-the-leader
insertion, and endoscopic deployment). All these inform
the choice of continuum architecture and further design
choices within the architecture.

1) Structure and Force: The first step in the design
process is to determine the type of robot structure based
on the clinical application, i.e., whether steerable, straight-
steerable, or flexible-steerable is needed, as illustrated
in Fig. 2. The clinical application will also constrain the
maximum robot diameter and the required length, leading
to a certain slenderness ratio, as illustrated in Fig. 3.
Table 1 provides the diameter and length for several
examples of each system type. Next, the designer should
determine the therapeutic tools that the robot must deliver,
their sizes, and the approximate range of force that the
robot needs to be capable of to guide the tools and perform
any clinical tasks. To do this, the medical literature can
be consulted, or the forces can be measured experimen-
tally by instrumenting existing tools in collaboration with
clinicians [96].

While the force capacity of conventional rigid-link
robots is determined by the arrangement of links and
the torque capacity of the motors, continuum robot force
capacity is primarily influenced and limited by the defor-
mation of the material. That is, while the continuum robot
is able to increase the force on an object by actuation,
this will entail some structural deformation, and there is
a practical limit to the force due to, e.g., strain limits,
actuation limits, buckling, or deflections exceeding the
anatomical bounds. A useful performance metric in this
regard is output stiffness, which is the force/displacement
relationship felt at the tip of the manipulator when the
actuators are held in fixed positions. Force capacity gen-
erally increases with output stiffness, but it also depends
on the range of motion the robot can achieve through
actuation in the direction of the desired force since a force
causing deflection must be compensated by actuation.
Concentric tube robots have the largest output stiffness
for their diameter because they are composed of solid

metal tubes. However, their actuatable range of motion is
often lower due to curvature limitations. Multibackbone
and tendon-driven robots have lower stiffness but a higher
actuatable range of motion. In the design phase, force
capacity for a chosen architecture can be predicted using
kinetostatic modeling, as discussed in Section III.

2) Kinematic Design: The required kinematic design
should be determined by the anatomical constraints and
task motion requirements. This involves first determining
the workspace of positions that the robot is required to
reach and the dexterity required to perform the tasks.
These requirements are then mapped onto kinematic
requirements for the robot’s basic structure to determine
the broad kinematic aspects of the design. A helpful
abstraction is to visualize the robot as a set of “bending
segments” concatenated in series, which are each some-
what independently controllable. The workspace associ-
ated with this geometry is then generally trumpet-like,
emerging from a single point at the base, with the outer
boundary largely determined by the minimum radius of
curvature that the segments can achieve. Dexterity refers
to the range of end-effector orientations that are possible
at a given reachable point. High dexterity is necessary for
a continuum robot to perform certain surgical tasks, such
as grasping tissue from the desired angle and suturing.
The kinematic design challenge is to use workspace and
dexterity requirements to synthesize how many actuatable
sections the robot will have, what motion each section will
be capable of (bending in one or two directions, telescop-
ing, and twisting), and a minimum radius of curvature for
the segments.

The radius of curvature of a continuum robot segment
is usually limited by material strain. For a solid tube
or backbone rod component of a continuum robot, the
minimum radius of curvature is

ρmin =
Do

2�max
(1)

where Do is the outer diameter and �max is the design strain
limit. Superelastic NiTi is the most common structural
material for medical continuum robots. Its strain plateau
occurs around 3% (although it can withstand cyclic loading
up to 5% with minimal cycle-dependent degradation of its
properties).

Based on the results of these analyses, a specific contin-
uum architecture can be selected using Table 1, and a final
design can be optimized for the application. In general,
kinematics, structure, and force capacity are all coupled,
and the designer may need to iteratively evaluate them all
several times before converging to a particular architecture
and design.

There may often be several potential kinematic designs
that are sufficient to meet the task requirements but
contain tradeoffs in terms of size, stiffness, and kine-
matic properties. At this stage, many researchers have
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Fig. 4. Continuum robot kinematics models differ from conventional rigid-link models in which they must capture bending along the entire

length, rather than at discrete joints only. (a) Rigid link robot with kinematics computed using coordinate frames attached to each robot link.

The end-effector coordinate frame is related to base coordinate frame by transformation, Te(q). (b) Simplified continuum robot models use

the geometric assumption that robot shape consists of piecewise-constant curvature circular arcs. (c) More general continuum robot models

account for variable curvature deformations, material mechanics, and external loads. The shape is the solution to a set of differential

equations.

employed model-based design optimization. For example,
algorithmic design of concentric-tube robots has sought
to minimize robot length and curvature while ensuring
stability [5], enhance triangulation for dual-arm coopera-
tion [97], or achieve follow-the-leader deployment [98].
Many design optimization efforts have leveraged tech-
niques from the field of computational motion planning.
The design of actuation wire paths within a steerable soft
robot body was solved by simultaneous path-planning and
mechanics simulation [69].

Given a design obtained by the process and consider-
ations above, a robot can be fabricated using standard
medical device manufacturing techniques (e.g., microma-
chining, pulsed laser machining, various methods for heat
treatment of nickel–titanium tubes, braided catheter con-
struction methods, and polymer molding methods). The
next step is to develop modeling and control algorithms,
as described in Sections III and IV.

III. C O N T I N U U M R O B O T M O D E L I N G
Mathematical models of continuum robot behavior have
been a critical part of the design, planning, control, and
sensing in many surgical applications. The first and most
basic models were purely kinematic (dealing only with
robot shape and quasi-static motion), but models addition-
ally dealing with material behavior (mechanics models),
external forces (kinetostatic models), and inertial effects
(dynamic models) have now been incorporated into design
and control due to their ability to predict useful aspects
of performance, such as output stiffness. These modeling
efforts are often analogous to established model formu-
lations for conventional rigid-link robot models but with
some important differences due to their continuous and
flexible structure.

A. Rigid-Link Robot Kinematics

As shown in Fig. 4 (left), conventional kinematics mod-
els for rigid-link robots use a homogeneous transformation

matrix to represent the position and orientation (collec-
tively called the “pose”) of each link in space. Thus, the
matrix

Ti =

�
Ri pi

0 0 0 1

�
∈ SE(3)

represents the pose of link i with respect to some global
coordinate system, where Ri ∈ SO(3) is the rotation
matrix, and p ∈ R

3 is the position vector of a reference
point on the link. Ti can be thought of as a Cartesian
coordinate system attached to link i and moving with it,
as depicted by the black arrows in Fig. 4. Now, i−1Ti(qi) ∈
SE(3) represents the transformation from link i−1 to link i,
as

Ti = Ti−1
i−1Ti(qi) (2)

and is a known function of the joint actuation variable
qi and other geometric constants (often written using the
Denavit–Hartenberg convention [99], but see [100] for a
discussion of methods based on screw-theory). The for-
ward kinematics model for the manipulator then computes
the end-effector pose Te as a function of the joint variables
q = [q1 q2 q3, . . . , qn]� by recursively applying (2) from
the beginning to the end of the serial chain.

B. Continuum Robot Kinematics

In contrast to rigid-link robots where all deformation is
lumped into discrete joints, continuum robots change their
shape continuously along the length. This is analogous
to a rigid-link robot with an infinite number of joints
and infinitesimally small links. In order to represent this
smooth shape change with a finite set of parameters, early
continuum robotics researchers established a kinematic
representation consisting of multiple circular arc segments
connected in series, as shown in Fig. 4 (middle). This
idea is usually referred to as a piecewise-constant curvature
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Fig. 5. Kinematic mappings used for control and modeling.

model because the curvature in each segment does not
vary over its length. In a piecewise-constant curvature
model, the forward kinematics can be written recursively
using a constant-curvature transformation i−1Tcc,i(ψi)
that expresses the pose of a segment with respect to the
previous segment

Ti = Ti−1
i−1Tcc,i(ψi) (3)

where ψi is a vector of configuration variables that
define the geometry of the constant curvature segment.
As reviewed in [101], most constant-curvature models
have used so-called “arc parameters” (curvature κ, angle of
the bending plane φ, and arc length �) as the configuration
variables, but other possible choices include azimuth and
elevation angles [31], or Cartesian curvature components,
κx and κy, which have the advantage of avoiding a
parametric singularity when the segment is straight [33],
[102]–[105]. Written in terms of Cartesian curvature com-
ponents, the constant-curvature transformation matrix can
be succinctly expressed as the exponential of the 4 ×
4 twist matrix ξ̂ multiplied by the length � as follows:

Tcc = eξ̂� where ξ̂ =

�����
0 0 uy 0

0 0 −ux 0

−uy ux 0 1

0 0 0 0

����� (4)

which has a closed-form solution, as shown in [33]
and [103]–[106]. While the sequence of constant curva-
ture transformations yields the pose at the end of every
segment, the continuum of poses between segment ends
can be easily calculated by applying (4) at interpolated arc
lengths between 0 and �. The constant curvature frame-
work can also be generalized to include constant torsion,
shear, and extension [106].

The configuration ψi of each link is a function of
some subset of the robot actuation variables, which could
include, e.g., translations of tendons or secondary back-
bones, rotations and translations of precurved tubes,
or fluid pressures or volumes. Fig. 5 depicts this idea in the

abstract. Regardless of the continuum robot design, there
are mappings that relate the following three spaces.

1) Joint Space (Q ⊆ IRnq ): The set of all possible actuator
values within the design constraints of the robot.

2) Configuration Space: The set of all possible attainable
shapes (C ⊆ IRnc ).

3) Task Space [T ⊆ SE(3)]: The set of reachable
end-effector poses (positions and orientations)

where nq is the number of actuation variables and nc is the
number of configuration parameters. These three spaces
are parameterized by their corresponding joint space vec-
tor of actuator positions q = [q1 q2, . . . , ]

� ∈ Q, the
configuration vector ψ = [ψ�

1 ψ�
2 , . . . , ]� ∈ C, and the

end-effector pose Te ∈ T.
For motion planning and control in a constant-curvature

framework, the inverse kinematics problem must be
solved. That is, for a given pose in the task space, what
actuator values q are necessary? This problem has been
approached by solving two subproblems related to the
intermediate configuration space, as shown in Fig. 5. The
first problem is known as the task-to-configuration inverse
kinematics (TCIK: Te → ψ̆) that finds a configuration ψ̆
for a desired end-effector pose Te ∈ SE(3). The second
problem is the configuration-to-joint space inverse kinemat-
ics (CJIK: ψ̆ → q̆) that finds the necessary actuation
variables q̆ for a given configuration ψ̆. The TCIK problem
can have many solutions for the desired end-effector pose
since the segments are chained serially. In contrast, the
CJIK usually has a single solution for most continuum
robots. The inverse kinematics of a three-segment contin-
uum robot was solved in closed-form in [107]. The inverse
kinematics for a general n-segment continuum robot was
solved numerically in [108] using the robot Jacobian and
integrating the configuration space rates to converge to the
desired end-effector pose.

A more general modeling approach for continuum robot
kinematics is to represent the kinematic transformations
in a differential form that allows variable curvature and
shape change along the length. As depicted in Fig. 4
(right), instead of a finite series of matrix multiplications
of the segment-to-segment transformations, one can write
a differential equation describing how the transformation
matrix continuously evolves with respect to s, the reference
length along the robot

dT
ds

= T	ξ where 	ξ =

�����
0 −uz uy vx
uz 0 −ux vy
−uy ux 0 vz

0 0 0 0

����� (5)

where the components of 	ξ describe bending curvature
(ux and uy), torsion (uz), shear (vx and vy), and elon-
gation (vz). If these quantities are general functions of s,
the pose T can be numerically integrated as an initial
value problem from the base of the continuum robot to
the tip. Because of its generality, this type of variable
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Fig. 6. Continuum robot models are built around three main components. (a) Kinematics relate curvature to the position and orientation

along with the robot. (b) Constitutive material laws relate stress to strain, linking internal forces to kinematics. (c) Equilibrium equations

balance the internal and external loads on the robot. Continuum robot modeling efforts can be categorized based on the choices made in

each of these parts.

curvature framework (e.g., [109] and some other refer-
ences) is often used in models for external loading and
to describe concentric tube robots whose design is not
easily described by a constant-curvature framework due
to mechanical complexities that cause variable rates of
torsion and bending.

C. Continuum Mechanics and Equilibrium

While the configuration of a traditional rigid-link robot
is a function of only the joint variables, continuum robots
present a modeling challenge because the configuration
can also depend on external loading and material prop-
erties. To address this challenge, classical models of slen-
der elastic objects, such as Cosserat rod theory, have
emerged as powerful tools for predicting robot deforma-
tion in response to internal actuation and external loads.
As illustrated in Fig. 6(c), the equilibrium equations of a
Cosserat rod relate the internal force n ∈ R

3 and internal
moment m ∈ R

3 carried by the rod in response to external
distributed forces f ∈ R

3 and moments l ∈ R
3 along it as

dn
ds

+ u × n + f = 0

dm
ds

+ u × m + v × n + l = 0 (6)

where all quantities are expressed in the body-frame T(s)

axes. As shown in Fig. 6(b), the material strain at a point
in the rod cross section is related to the kinematic variables
in ξ from (5). Thus, the material properties and the geom-
etry of its cross section determine how the internal loads
produce the robot shape. While nonlinear material models
may be used, many continuum robot modeling efforts have
adopted the conventional linear stress–strain relationship,
which leads to a linear constitutive law�

n
m

�
= K

�
v − v∗

u − u∗

�
(7)

where K = diag(AG, AG,AE, EIx, EIy, GIz), A is the
cross section area, E is Young’s modulus, G is the shear

modulus, and Ix, Iy, and Iz are the second area moments
of the cross section. The variables v∗ and u∗ are vec-
tors corresponding to the stress-free shape of the rod
through (5). The complete description of a single rod
can be obtained by solving the system of differential
equations (5)–(7) subject to suitable boundary condi-
tions. While a complex continuum robot is often not
well-described by a single rod model, rod-like structures
are often used as components of continuum robots (e.g.,
concentric precurved tubes, primary backbones, secondary
backbones, catheter tubes, and guidewires). As such,
Cosserat rod equations have been instrumental in the
derivation of several fundamental models for continuum
robots (e.g., [3], [111], and [112]), describing their gen-
eral large-deflection response to external loads and actua-
tion forces.

D. Architecture-Specific Modeling

The different continuum robot architectures discussed
in Section I each entail various modeling requirements
and challenges. As such, while continuum robot models
are generally based on the common frameworks described
above, architecture-specific mathematical models have
mostly been developed in an ad hoc way to meet the needs
of their unique features and requirements.

1) Tendon-Actuated Models: Tendon-actuated continuum
robots rely on the transmission of forces to a central
backbone or substrate structure by means of cables (ten-
dons) in order to change the shape. Early models were
purely geometric [111] and based on constant-curvature,
as reviewed in [101]. Constant curvature beam mechanics
models for tendon-actuated robotic catheters, including
tendon stretch and segment coupling, were developed
in [26] and [27], and an analytical model for controlling
tendon tension was developed by Dalvand et al. [112].
Tendon-actuated robots offer some flexibility in design
since the tendon routing paths can be chosen as curves
in space. These general paths and external loads were
modeled in [112] and [116] with a 3-D Cosserat rod
approach. A confounding issue in tendon-robot modeling
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is loss of tension loss due to static friction. This was mod-
eled using the Dahl friction in [114], and Liu and Alam-
beigi [115] analyze how frictional losses are coupled with
external loading. Various numerical modeling approaches
for tendon-actuated robots are reviewed in [116].

2) Discrete-Link Models: Discrete-link tendon-actuated
robots are modeled in the conventional rigid-link kinemat-
ics paradigm, but these structures are typically underactu-
ated (fewer actuators than kinematic degrees of freedom),
requiring some additional criteria to resolve the redun-
dancy and determine the shape. Often, the redundancy is
resolved by considering the elasticity of the structure and
performing energy minimization subject to the actuation
constraints. For the surgical snake robot design known
as the highly articulated robotic probe (HARP) developed
by Choset’s group, redundancy is resolved by accounting
for actuation history since the robot is designed for a
specific gait cycle that deploys it in a follow the leader
fashion [117].

3) Multibackbone Models: Multibackbone robots use
multiple beams (often tubular) in push–pull actuation to
achieve their equilibrium shapes. They have a parallel kine-
matic architecture since the end disk of a multibackbone
robot, as shown in Fig. 1, is supported by a central (pri-
mary) backbone and a collection of actuated (secondary)
backbones. Early models of multibackbone robots assumed
piecewise-constant curvature (e.g., [31]) and experimen-
tal investigations showed that these assumptions hold well
for robots ranging from 1.6- to 10-mm ODs with lengths of
segments ranging from 20 to 140 mm [118], [119].

Under a constant-curvature framework, the static equi-
librium of multibackbone robots can be formulated by
conservation of power argument, as in [120]. Valida-
tion against experimental data and more accurate models
in [121] showed high accuracy, and a close-to-circular
bending shape can be ensured by careful design of the
spacing between the spacer disks. Modeling multibackbone
robots is still an active area of research due to the tradeoffs
of generality (relaxing assumptions around torsion, fric-
tion, out-of-plane bending, and routing path as in [122])
and increasing computational speed as in [123].

4) Concentric Tube Models: A unique challenge of con-
centric tube robots is the presence of significant torsional
deformation in the tubes during normal robot operation
in free space, which affects accuracy in modeling, design,
planning, and control. Early models of concentric tube
robot mechanics were quickly generalized to include the
effect of torsion [3], [4], [124], [125] by using energy
methods and the Cosserat rod theory. The interaction of
bending and torsion along the robot produces a resultant
shape that does not fit the piecewise constant curvature
paradigm. As a result, the shape of the robot is no longer
a closed-form expression and instead must be obtained
by a numerical integration along the length. Furthermore,
models describing how external loading affects concentric

tube robot shape employed Cosserat rod theory to describe
each tube in the robot [35], [36], and tube dynamics were
similarly modeled in [126].

As discussed above, certain concentric tube designs
can exhibit a “snapping” elastic instability when two
curved concentric tubes are rotated, in which the robot
rapidly transitions to a new equilibrium state [124]–[126].
Methods for determining the stability of a given model
solution have been developed using calculus of varia-
tions [127] and the optimal control theory [128] to pre-
dict general stability under external loads. These stability
models have been useful for developing planners and con-
trollers that can avoid physical instabilities [129]–[135]
and reduce the possible instability by optimizing the robot
design [127], [136]–[140].

The existence of intertube clearance and friction is also
a practical issue that can affect modeling accuracy. Relax-
ing these assumptions has so far been challenging to do
without drastically increasing the complexity of the model
frameworks. However, some progress has been made by
lumped friction models [141] and computationally effi-
cient contact models [142], [143].

5) Magnetically Actuated Models: Magnetically actuated
catheters and continuum robots can be simply modeled
as a single rod acted on by external forces. However,
additional complexity arises in the model for the mag-
netic field that generates forces and torques on magne-
tized portions of the catheter [144]. Early modeling work
for position control was done by Tunay [40], [41] at
Stereotaxis Inc. and later expanded in [42] based on a
quaternion representation of Cosserat rods. Liu et al. [11]
developed a model for MRI steered robotic catheter in a
constant-curvature framework. Edelman et al. [44] devel-
oped a Cosserat rod framework and calculated the nec-
essary Jacobians for catheters with permanent magnetic
components subject to spatially varying magnetic fields.
Kratchman et al. [145] used a Kirchhoff rod model for
control, steering the catheter using an external permanent
magnet manipulated by a robot. Peyron et al. [146] have
used continuation methods to analyze solution bifurcations
in the solution landscape.

6) Soft Robot Models: Significant early work on mechan-
ics models of soft robots was done by Trivedi et al. [147]
using the Cosserat rod theory to describe the OctArm,
a large-scale soft robot actuated by pneumatic McKibben
muscles. The main modeling challenge unique to such
fluid-driven soft robots has been understanding the cou-
pled relationship between actuation pressures/volumes
and robot deformation. While models based on the rod
theory [106] or even constant curvature [148] can be
adequate for slender robot designs, some soft robot designs
exhibit modes of deformation not captured by these con-
ventional methods, such as cross section deformation asso-
ciated with inflation (modeled in [42]) and the unfolding
of convoluted bellows-type structures [149], which is usu-
ally tackled by full nonlinear finite element analysis in 3-D.
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This gains accuracy but increases the computational cost
versus a simpler model, usually making the model unsuit-
able for real-time control and planning. However, recent
efforts toward real-time FEM via order reduction [150]
and coupling detailed models to simpler ones [151] have
somewhat bridged this gap.

E. Differential Kinematics and Statics

Any of the kinematic and static models discussed above
can be linearized at a given robot configuration to provide
the relationship between small changes in the actuator
displacements q ∈ R

nq , actuator forces τ ∈ R
nq , end-

effector pose Te ∈ SE(3), and end-effector wrench we ∈
R

6 (force and moment). For any continuum robot, the
linearized relationships between these quantities can be
written in the following form [152]:

ξ ≡



T−1
e Ṫe

�∨
= Jq̇ + Cẇe

τ̇ = Kq̇ + Wẇe (8)

where ˙ denotes a derivative with respect to time, ∨ maps
se(3) to R

6 [153], J is the body-frame manipulator Jaco-
bian, C is the compliance matrix, and matrices K (input
stiffness) and W (reflectivity) describe how the actuator
forces are affected by changes in q and we. Note that a
rigid-link robot is considerably simpler because C = 0,
K = 0, and W = J�.

In a general variable-curvature robot model expressed
as a set of differential equations (e.g., models built on
the Cosserat rod theory), these matrices can either be
approximated by finite differences on the numerical model
solution [154] or by integrating the derivative of the
original model differential equations with respect to the
variables involved [152], [155].

Equation (8) implicitly accounts for the elastic energy of
the robot. For a general bending shape, this would require
the full solution of the mechanics equations. If, however,
a continuum robot is designed to bend in known shapes
(e.g., circular bending subject to small loads), then one
may express the elastic energy E of the robot as a function
of its configuration. In this case, one can write a power
balance stating that the net power input from actuation
and external loading is equal to the rate of change of elastic
energy stored in the device

q̇�τ + ξ�we = Ė (9)

where E is the total elastic energy stored in the robot’s
deformation (gravitational energy is negligible for small
surgical robots). For models in the piecewise-constant cur-
vature framework (or some other configuration-space basis
parameterized by the vectorψ), the differential kinematics
can be written as

ξ = Jξψψ̇. (10)

For a desired end-effector twist ξ, the configuration
speeds1 ψ̇ can be found using the pseudoinverse of Jξψ .
The corresponding augmented vector of joint speeds may
be expressed as

Jqψψ̇ = q̇. (11)

The conservation statement in energy then requires that
the following relation hold [120]:

JT
qψi
τ i + JT

ξψi
we = ∇E

ψi

(12)

where τ i is the joint-level force vector for segment i, we

is the vector of wrench (force followed by moment) acting
at the end-effector, and ∇E

ψi

is the gradient of the potential

energy of the continuum segment.
In the above equations, in forming Jqψi and Jξψi , one

must consider any kinematic coupling between subsequent
segments and the transformation of wrench (force and
moment) from the end-effector to the frame of the end
disk of each segment (e.g., as in [108]).

IV. C O N T R O L , S E N S I N G , A N D
P L A N N I N G
Robots are typically controlled by specifying either the
desired instantaneous position or velocity of the end-
effector. Alternately, to achieve high-speed or precise
motions, a trajectory or motion (position versus time)
can be specified. While position and velocity control can
be achieved using kinematic models and low-cost voltage
amplifiers, trajectory control requires a dynamic model of
the robot and the use of current amplifiers to achieve the
necessary motor torques for trajectory control.

While the kinematic and dynamic model parameters of
rigid robots can be easily measured, this is not the case
with continuum robots. Furthermore, continuum models
also include constitutive and elastic parameters, which
are equally difficult to estimate. In addition, while rigid
robots typically operate so that only their end-effector
is in contact with the environment, continuum med-
ical robots often experience contact along the entire
length inserted into the body. The associated deflections
must be included in the models but are almost never
measured.

Since medical robots are small and are required for
safety to move slowly, continuum medical robots are often
controlled using position control as opposed to motion
control. This means that only kinematic and static models
are required, thereby avoiding the use of the robot dynam-
ics. While this approach does reduce controller complexity,
several key challenges specific to continuum robot control
arise as described in the following.

1We use τ , υ, and q to designate augmented vectors concatenating
the respective entities τi, υi, and qi for all segments i = 1, . . . , NS ,
where NS is the number of segments.
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Fig. 7. Two-segment multibackbone continuum robot with

concentric backbones. The figure depicts the actuation

compensation with one backbone under tension and another under

compression for the first segment and the opposite for the second

segment. Empty dashed-line rounded squares designate the nominal

joint-level positions qi, and the solid-filled ones show the corrected

joint positions �qi with actuation compensation, εi. ka depicts the

axial stiffness of the backbones.

A. Motion and Force Transmission Losses

Continuum robots suffer from motion and force trans-
mission losses. Motion transmission losses arise from
extensions/twisting of the actuation transmission lines due
to the large forces/torques needed to bend the continuum
segments. In multibackbone and tendon-actuated designs,
force transmission losses stem from the frictional build-up
along the backbone/tendon routing path, which has been
shown to resemble the phenomenon of friction build-up in
a band brake, i.e., they grow exponentially with the contact
angle along the path of the tendon/backbone. In concentric
tube robots, motion transmission losses arise from torquing
thin-walled tubes in order to overcome distal friction and
antagonistic bending moments among the tube pairs.

Regardless of the type of continuum robot used, motion
transmission losses can place significant design constraints
on the length of transmission lines, their material choice,
and the maximal number of continuum segments that can
be stacked. These losses corrupt the nominal kinematics
model of a continuum robot and cause it to appear unre-
sponsive to the user’s commands during telemanipulation.

To illustrate the effect of extension, let us consider a
two-segment planar multibackbone robot, as shown in
Fig. 7. The robot has the backbones of the distal segment
passing through the tubular backbones of the proximal
segment. Assuming that the central backbone and the sec-
ondary backbones are separated by radial distance r, the
nominal actuation stroke qs associated with bending the
proximal segment ±90◦ is the difference in the arc length
between the backbone closest to the center of curvature
and the primary backbone

qs = ±πρ

2
∓ π(ρ − r)

2
= ±πr

2
≈ ±1.5708 r. (13)

For r = 1.5 mm, the required stroke would be ±2.35 mm.
If the backbone actuation lines exhibit motion losses due
to backlash and backbone/wire extension of 0.5 mm, this

corresponds to a bending angle error of ±19.15◦. Experi-
mental validation in [156] on a ∅4.2-mm multibackbone
robot using superelastic NiTi backbones (see Fig. 8) for
transmission lines ≈900-mm long showed bending errors
as high as 53◦ for a commanded bend angle of 90◦.

Since the backbones of the distal segment in Fig. 7 pass
through the proximal segment, an error in the actuation of
the proximal segment also contributes to an error in the
kinematic model of the distal segment. Therefore, using
a nominal kinematics model is guaranteed to produce
poor open-loop motion tracking. Therefore, actuation com-
pensation is a critical step for enabling precise kinematic
models for these robots.

Fig. 8 shows a sample application scenario where coordi-
nated joint-level control with motion compensation is crit-
ical for passing circular needles in confined spaces without
the need for a distal wrist. By accurately coordinating the
joint-level motions, it is possible to use continuum robots
to transmit rotation about their backbone. This mode of
operation has also been implemented in the da Vinci SP
surgical system. The description below explains how such
coordinated joint-level motion control and motion com-
pensation can be achieved. Although the example below
refers to a multibackbone robot, the challenge of actu-
ation compensation is the same for all continuum robot
architectures.

Referring back to Fig. 7, and assuming that each actu-
ation transmission line has a uniform axial stiffness ka,
one may use the vector of predicted backbone forces τ
required to bend the continuum segments at the desired
configuration ψ using the statics model of (12). Alterna-
tively, one may directly sense this force by installing load
cells in the actuation unit. Given these predicted/sensed
forces, one may predict a vector of deflections ε = Ka

−1τ ,
where Ka has the elements ka along its main diagonal.
To compensate for the joint-level control reference signal,
one then may apply the predicted deflections in a feedfor-
ward fashion such that �q = q + ε.

The abovementioned method naïvely applies compen-
sation based on the stiffness model of the robot but

Fig. 8. Rotation transmission along the backbone of a

multibackbone robot requires accurate joint-level motion

coordination. (a) Rotation about the backbone [79]. (b) Dual-arm

suturing where the left arm uses rotation about the backbone, and

the right arm is used to for needle hand-off.
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Fig. 9. Position control with an HLC for end-effector motion

tracking ①, a feedforward actuation compensator ②, and an LLC for

joint-level position control ③.

ignores the effects of friction and material parameter
uncertainty. It can significantly improve robot performance
but cannot deal with mechanical play (backlash) or with
the fact that the statics model in (12) is corrupted with
unknown frictional losses. To overcome this challenge,
one may wiggle the robot while measuring its motion
and comparing it to the commanded signal and then cast
the problem as an estimation problem to estimate the
backlash parameters and the effect of the axial stiffness
parameters (e.g., [156]). Finally, since frictional losses
depend on the external load and the geometry of the
routing of transmission lines, much more elaborate meth-
ods are needed to generalize the actuation compensa-
tion approach (e.g., see [157]). One approach requires
collecting motion data, estimating hysteresis parameters,
and creating several joint-force maps that correspond with
the configuration and the configuration speed. Such maps
may be encoded in a variety of ways, including support-
vector regression. The other approach involves the use
of adaptive estimation of the system internal parameters
based on elaborate statics and kinematics models. With the
successful implementation of actuation compensation, one
may achieve motion tracking with very small errors (less
than 0.2◦ per continuum segment).

B. Position Control Using Actuation
Compensation or Mixed Source Feedback

Fig. 9 shows the outline of a typical position control
loop for continuum robots with actuation compensation.
The user’s command (e.g., from a telemanipulation device)
specifies the desired end-effector frame Tedes , which is then
used as an input into a high-level controller (HLC) ①.
The HLC ensures end-effector motion tracking via either
a path planner/smooth pose interpolation or a resolved
rate motion algorithm that calculates at any time the
end-effector twist ξ that eliminates the end-effector posi-
tion and orientation error. Redundancy resolution is then
used to solve for the configuration rates for all segments
ψ̇. The configuration vector of the robot is computed as a
time integral of the configuration rates, thereby producing,

at any given instant, the reference configuration of all
segments ψ. Assuming that the low-level controller (LLC)
③ will use joint-level control to track this reference config-
uration, one uses ψ as an input to the direct kinematics
to calculate the end-effector frame Tecur and to provide
pose feedback to the task space HLC loop. In making
this assumption, we have stipulated that the joint-level
controller must run at a significantly higher rate than that
of the loop updating the desired pose in order to ensure
accurate tracking of the desired configuration.

In Fig. 9, the configuration rates ψ̇ are converted to
nominal kinematics joint-level speeds q̇ and integrated to
provide the desired joint positions q. The pose feedbacks
along with the external force and moment we are used
as an input to the actuation compensation feedforward
compensator ②, thereby producing the corrected joint-
reference �q. An LLC is used at a higher control rate to close
the joint-level error. Usually, this controller has the form of
a proportional–derivative–integral (PID) controller.

Since the control framework of Fig. 9 makes use of
the statics and stiffness models, and assumes knowledge
of the external load, it is not possible to achieve very
accurate motion tracking without accurate tuning of stiff-
ness and statics model parameters. One way to overcome
this limitation is shown in Fig. 10, where both joint-level
and configuration space feedback are used. In addition
to the normal joint-level position feedback, this control
method requires sensing the configuration variables ψcur

for each segment using magnetic or optical tracking or
using integrated fiber-Bragg grating strain sensors within
each segment. Instead of using (11) to compute the joint
rates, one may use a mixed (configuration and joint space)
feedback in the form

q̇ = C Jqψ ψ̇ + Kψeψ (14)

where C is a diagonal gain matrix containing the
model-based compensation factors that can be precali-
brated for each segment in an unloaded configuration to
achieve minimal error between the commanded ψi and the

Fig. 10. Position control with mixed configuration and joint space

feedback, as presented in [158]. Position control with an HLC for

end-effector motion tracking ①, a proportional gain configuration

space rectifier ②, and an LLC ③ for joint-level position control.
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actual ψi [156]. The first term CJqψ ψ̇, therefore, desig-
nates the configuration-to-joint space kinematics corrected
by a model-based compensator C. The second term Kψeψ
is a proportional feedback with a diagonal positive definite
gain matrix Kψ. The configuration space error is defined as
eψ = ψdes − ψcur.

This mixed feedback approach has been shown by
Bajo et al. [158] to significantly reduce pose tracking
errors and help overcome moment coupling effects
between adjacent segments. This approach has also been
recently adapted in [166] and [167] for a continuum robot
actuated by distal-tip waterjet forces.

In addition to the model-based approaches, Yip and
Camarillo [169] presented a sensor-based approach using
tracking of the catheter tip to numerically estimate the
kinematic Jacobian of the catheter. The method allows
for the robustness of control to model uncertainty due to
deflections but at the cost of limiting the high-level control
frequency to less than the frequency of the tool-tip tracking
data. Vrooijink et al. [161] have also adapted the model
predictive control approach to solve a constrained optimal
control problem of steering a catheter using tool-tip feed-
back via ultrasound imaging.

C. Controlling Contact Forces

Fig. 11 depicts a hybrid direct force/position control
framework for continuum robots. This control frame-
work is an adaptation of hybrid force/motion control for
rigid-link robots, as presented in [162] and subsequently
amended in [163] to account for accurate control task
decomposition.

Control task decomposition splits the control task into
one task for controlling motion/position in a subspace of
allowable twists (motions) and another task for controlling
contact forces in an orthogonal subspace of constraint
wrenches (forces/moments). The hybrid position/force
control task is, therefore, to follow a reference end-effector
frame Teref while applying a reference wrench (force and
moment) wref on the environment.

A position controller ① computes a desired twist ξdes

that closes the error in end-effector frame, which, in turn,
is projected into the subspace of allowable twists using a
projection matrix Ωm and then converted into a config-
uration space speed ψ̇m using the instantaneous inverse
kinematics (using J+

xψ).
Similarly, a force controller ② is used to generate an

end-effector desired wrench wdes that closes the error
between the current wrench measurement/estimate wcur

and the reference wrench wref. This desired wrench is
then projected into the space of constraint wrenches using
a projection matrix Ωf . The resulting wrench is then
converted into a generalized configuration space force via
JT
ξψ and then turned into a configuration space generalized

speed ψ̇f .
The commanded configuration speed ψ̇ is then inte-

grated to update the desired configuration ψ, which,

in turn, is converted into a reference joint-space command
qref while taking into account the actuation compensation
ε. Finally, the reference command is used as an input to a
low-level joint position controller ③, and the direct kine-
matics is used to report back the end-effector frame Tecur .

In the above control framework for direct hybrid
force/position control, the control task decomposition
requires knowledge of the geometry of contact/constraint
in the robot frame. Unlike rigid link robots, the geom-
etry of contact between a continuum robot and the
environment is affected by the uncertainty of the direct
kinematics and mechanical deflections of the robot. There-
fore, Mahvash et al. [164] used an indirect force control
approach to achieve stiffness interaction control using
a concentric tube robot. With an indirect force control
approach, the main task remains in position control and
the assumption is that one regulates the position to affect
a desired deflection/reaction force at the tip of the robot.
To achieve this, one needs an approximate stiffness model
that can be obtained through a mechanics modeling of the
robot and a tip tracking solution (e.g., magnetic tracker
coil at the tip of the robot).

Other solutions for force control include the use of dedi-
cated sensors at the robot tip for estimation of tip forces
from intrinsic measurements of either robot deflection
using FBG sensors or using joint-level load cell measure-
ments. Kesner and Howe [165] used a dedicated minia-
ture load sensor at the tip of a catheter to control one
component of interaction force. Bajo and Simaan [166]
presented an approach for hybrid force motion control of
multibackbone robots using the estimated force at the tip
of the robot via a model inversion of the statics model
of (12) following the approach of [108]. To achieve force
regulation, an estimated configuration space compliance
model was used to convert the desired force rectifying sig-
nal into a configuration space speed. An improvement over
this approach was recently presented in [167] where it was
shown that joint-level friction cancellation using support
vector regression and use of hybrid admittance/position
control allowed useful force regulation while sliding on a
surface (force magnitude error of ≈0.2 N).

In addition to force control, compliant motion control
is of particular relevance to surgical robots. For example,
a continuum robot can conform itself to the unknown
geometry of an anatomical passageway by invoking an
active compliance control mode. This control mode spec-
ifies the configuration speeds ψ̇ for each segment based
on measurement of joint-level torques τ i for each segment
and based on an inversion of (12) with the condition
that the external force at the tip should be minimized
(therefore, assumed zero). Successful implementation of
this control mode requires accurate cancellation of the
internal friction effects of the robot (e.g., using support
vector regression as in [168]). Examples of applications
of this approach include allowing continuum robots to
slide down a nasopharyngeal tube to gain access into
the airway [78]. Also, the modelless approach of Yip and
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Fig. 11. Hybrid motion/force control for continuum robots.

A motion controller ① and a force controller ② act in decoupled

spaces yielding configuration space speeds that are integrated to

produce joint-level reference input to an LLC ③ after implementing

actuation compensation.

Camarillo [169] can also enable force control and active
compliance for catheters.

D. Sensing

While it has received limited attention, the application
of sensing to continuum robots is very important. Unlike
rigid robots, the sensing of continuum robot deformation
is crucial for accurate control. Furthermore, providing the
clinician with a graphical visualization of the robot shape
inside the body can facilitate navigation and improve
patient safety. Similarly, the sensing of tip forces and
moments is also important both for control and task safety.
The small cross section of continuum designs makes the
design and integration of shape and tip sensors challeng-
ing, however, as described in the following.

1) Shape Sensing: Sensing of curvature and continuum
segment shapes has mostly focused on the use of inte-
grated fiber Bragg grating (FBG) sensors within sensory
bundles. When a continuum segment bends, an FBG sensor
located inside that segment experiences a linear strain,
which is detected as a phase shift of the excitation sig-
nal. This strain can be interpreted as a measurement of
local curvature. By combining such measurements from
an array of sensors located along with the robot, the
curvature can be integrated to solve for the deflected
shape. Lunwei et al. [170] demonstrated the potential of
this method for shape reconstruction of colonoscopes.
Rosenthius et al. [171] integrated an FBG array into a
tendon-actuated continuum robot and used curvature
feedback for control. Subsequently, many works have
looked at ways of detecting the shape of continuum robots
using FBG sensors.

One particular challenge with FBG sensors is their lim-
ited strain tolerance. To overcome this, Liu et al. [172]
presented a design that allows offsetting an optic fiber
from the neutral bending axis of a sensor bundle comprised
of two radially and tightly packed nickel–titanium wires
and an optic fiber with the FBG pattern. Xu et al. [173]

explored the use of a helically wrapped FBG along the cir-
cumference of a large concentric tube robot. Irrespective of
the FBG sensor used, this method of sensing is sensitive to
temperature changes and requires the use of an additional
FBG sensor for temperature strain-effect compensation.

The optimization of sensor placement for shape recon-
struction of a compliant beam has been addressed in [174]
to avoid Runge’s phenomenon. Also, Kim et al. [175] con-
sidered the use of modal basis reconstruction with prin-
cipal component analysis to limit the degree of the basis
functions. They used global optimization with a simulation
of the robot mechanics to discover the optimal placement
of the FBG sensors. Shapiro’s results in [174] suggest that
one should avoid equidistant sensor placement, and a few
sensors are sufficient. Kim’s results also suggest that high
accuracy may be achieved using a small number of sensors,
which also was confirmed in [176] from the perspective of
calibration of the bending shape of continuum robots.

2) Contact Detection: Sensing of constrained contact for
continuum robots was shown to be possible using mon-
itoring of the joint-level forces or using the deviation of
the end-effector motion from the nominal unconstrained
kinematics. The motion kinematics can be characterized
using joint-level information and configuration space feed-
back by measuring ψi using magnetic tracking coils. While
the joint-level force-sensing method is accurate for slow
motions, the kinematic method is not due to sensory noise.
Therefore, combined use of both of these methods can
provide accurate contact detection. These two methods
were demonstrated in [177], and the localization of con-
tacts was shown to be within 2–3 mm using magnetic
tracking information and a constrained motion kinematics
model [178]. Recently, the use of the kinematics-based
method has been demonstrated for pneumatically actuated
soft robots [179].

3) Force Sensing: Joint-level information can be used
to estimate the load on a catheter or continuum robot.
In [118], it was shown that inversion of the statics model
of (12) can result in accurate force and moment sensing
at the tip of a multibackbone robot, and a demonstration
of stiffness mapping via mechanical probing of a prostate
model was made possible using this intrinsic sensing
method. This method has been recently extended in [167]
to demonstrate improvement in force regulation based on
joint-level sensing using support vector machine regres-
sion and hysteresis modeling to account for the impact
of friction and motion losses in multibackbone robots.
These results showed that joint-based tip wrench sensing
(intrinsic force and moment sensing) can be accurate
enough to be clinically meaningful for tasks of regulating
the tightening of knots or regulating ablation force, even
in systems that suffer from large levels of friction force
transmission losses.

The inherent compliance of continuum robots also
raises the possibility of estimating applied forces based on
observations of the deflected robot shape. The use of a
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kinetostatic model to infer forces based on displacement
data was explored for force control of concentric tube
robots [164], [180], tendon-actuated robots [181], [182],
wire-actuated catheters [183]–[186], parallel continuum
robots [152], and other surgical instruments, including
loads along the entire instrument length [182], [187].
Finally, deflection-based force estimation models have
been approached from a learning perspective [188].

E. Planning

Motion planning generally deals with the problem of
coordinating the internal degrees of freedom of a robot
to produce purposeful motion in the desired task space.
For medical continuum robots, a purposeful motion carries
out some part of a medical task while avoiding damage
to surrounding tissue. One challenge of motion planning
for any hyperredundant robot is that planning occurs in
the configuration space, which grows in dimension with
the number of degrees of freedom of the system. Much
of the research in planning for continuum robots relate
to reducing the dimension of configuration space [189].
This reduction is often achieved by only planning for the
tip or distal end of the robot and then forcing the rest of
the robot to “follow-the-leader” as the distal portion of the
robot moves through the space.

The second challenge of continuum robot motion plan-
ning is avoiding or minimizing damage to the surrounding
tissues through which the robot is moving [189]. Finally,
uncertainty with respect to both the robot and its environ-
ment, as with many planners, is also a strong consideration
when developing planners for continuum robots.

Prior work in motion planning for continuum robots can
be categorized based on the type of robot. For example,
the HARP snake robot [190] simply aims the tip of the
robot, and as it advances forward, the body is forced to
follow a curve generated by the tip. This process works
well for the HARP because it is a relatively stiff mechanism
and it mainly operated in void spaces, not piercing through
tissue.

Many motion planning methods for concentric tube
robots assume that the planner is given the desired tip
path, and the planner performs a series of inverse kinemat-
ics operations to direct the robot along the curve [191].
Naturally, the challenge here is computing the inverse
kinematics for a high degree of freedom systems. Some
early work actually used a simple kinematic model (and
intentionally ignored robot/tissue mechanics), in the first
place, to determine the path [192], [193]. The rationale
for ignoring tissue dynamics and yet using a simplified
kinematic model was to enable rapid planning and yet
be a good “enough” path that respected the robot/tissue
mechanics.

Sample-based planning approaches have been widely
used because of their ability to quickly find paths in
high-dimensional configuration spaces. The two clas-
sic sample-based approaches are probabilistic roadmaps

(PRMs) [194] and rapidly exploring random trees
(RRTs) [195]. In both approaches, samples are generated
by sampling the robot’s configuration space—the set of
robot configurations (e.g., set of joint values)—and check-
ing if the configuration lies in the free space, i.e., checking
to see if the configuration does not intersect an obsta-
cle. The PRM method forms a graph, sometimes called
a roadmap, where a node corresponds to a configuration
in the free space and an edge connects two nodes if
there is a (simple) collision-free path between two nodes.
If “enough” nodes are sampled and connected to each
other, then a planner uses a PRM to determine a path in the
free space by searching for a path between two nodes: one
corresponding to the start configuration and the other the
goal configuration, in the PRM. The idea here is that these
nodes are close to the actual start and goal configurations,
thereby finding a path by moving to the PRM, then along
the PRM, and then finally to the goal.

The RRT method is similar but is typically a one-time
search where the robot forms a tree where the start node
is the actual start configuration and iteratively grows the
tree until a leaf node is found, which is near the goal
configuration. The planner then searches the tree from
the root to such a leaf to find a path. The challenge lies
in creating the tree. Starting with the start configuration,
a configuration is sampled at random from the free space,
and if it lies in the free configuration space, the planner
searches for a node on the tree that is closest to the
sampled configuration. Note that, for the first iteration
of this approach, the start node is the tree. The planner
then “grows” the tree by determining a sample that is
near the closest node on the tree but lies in the direction
toward the sampled configuration. An edge is then created
between this new node and the closest node, and the
process repeats until the tree forms a node near the goal
configuration.

For concentric tubes, the rapidly exploring roadmap
[196], [197] combined PRMs [194] and RRTs [195]. Later
works in [205] and [206] used a rapidly exploring ran-
dom graph to plan the motion interactively with the sur-
geon. Other methods for motion planning for continuum
robots include advances to the PRM [200] and RRT [201]
approaches. Recent advances with the RRT include a risk-
based optimization [202], RRT* with consideration to
avoid unstable configurations [129] and smoothing [203],
RRTs with shape constraint [204], and multiple indepen-
dent RRTs (MIRRTs) [205].

In addition to sample-based planning, other meth-
ods were developed for motion planning for con-
centric tube robots. These include backward average
neural dynamic planning [206] and a particle swarm
optimization [207].

V. O P E N C H A L L E N G E S A N D
F U T U R E A P P L I C AT I O N S
Almost all clinically available medical robots are rigid-link
designs comparable to Fig. 4(a). The maturity and
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simplicity of rigid-link robot technology have facilitated
their commercialization for medical applications. In con-
trast, the inherent flexibility and remote actuation of con-
tinuum robots present substantially greater challenges that
have only been seriously studied in the last 15 years.
As illustrated in Fig. 3, however, there are many existing
medical devices that employ manual versions of continuum
robot architectures. This indicates that, once the techno-
logical challenges have been fully addressed, the potential
adoption and growth of continuum robots in medicine
greatly exceeds that of rigid robots. Application areas
include endoluminal, endovascular, natural orifice surgery,
and deep field minimally invasive surgery.

The number of clinical-tested continuum robots (Stereo-
taxis, Intuitive Surgical, Auris Health (J&J), and Titan
Medical) continues to grow suggesting that a tipping point
in the commercialization of continuum medical robots is
in the not-too-distant future. The technological challenges
that must be overcome to reach this point can be summa-
rized as follows.

A. Design and Modeling

Research to date has largely been performed in an ad hoc
fashion. Because many of these robot designs are relatively
new, researchers have tended to specialize in one contin-
uum architecture. This has resulted in architecture-specific
design and modeling techniques that are hard to general-
ize. This approach has also made it difficult to compare the
capabilities of architectures to determine which might be
best for a specific medical application. Only recently have
researchers started to turn their attention to developing
unifying design and modeling techniques that span all fam-
ilies of continuum robot morphologies. Continued work on
this topic will be very important for the technology to reach
the maturity level required for easy commercialization and
will be critical in training the Ph.D.’s who are needed by
companies at the early stages of commercialization.

B. Sensing and Control

In contrast to rigid-link robots, model-based control is
extremely challenging in continuum robots. There is a high
level of uncertainty in the material properties associated
with robot flexure and in the modeling of transmission
friction, hysteresis, and dead band. As a result, these robots
are typically teleoperated, and the user must actively com-
pensate for controller error using image feedback.

While significant progress has been made, higher fidelity
methods of sensing and estimation will be needed to
achieve a commercially viable level of accuracy and robust-
ness with respect to position and force control. Developing
methods for calibration and online identification of model
parameters with minimal sensing requirements is the first
step toward improved model-based control, and more
work in this area is needed for continuum and soft robots.
Additional progress can be made by refining model-based
estimation techniques for force and shape.

Model-based approaches have their limits, however, and
the integration of sensors into the robot body or into
a sensing skin that can estimate robot shape, contact
locations, and contact forces on the surrounding tissue
should be a focus area of future research. Although the
flexure and small cross section of continuum designs make
sensor integration challenging, this is a solvable challenge
that should be addressed by the research community. Once
these sensing and estimation methods are mature, the
control capabilities of continuum robots will rival that of
rigid-link robots with substantially less invasiveness.

C. Clinical Translation

In clinical translation, the fact that many existing med-
ical devices use manually actuated continuum architec-
tures is a double-edged sword. On the one hand, a robotic
version of an existing instrument can be more readily
adopted by the medical community because it is not likely
to require a substantial amount of retraining for practicing
clinicians. On the other hand, the existence of a similar
manual procedure, which has often been refined over
decades of clinical use, creates a daunting performance
benchmark in terms of procedure times, cost, and patient
outcomes. Such a benchmark can be challenging to meet
or exceed using the first generation of a new robot.

While the robotic instrument will almost always provide
smoother and more dexterous motion than the manual
version, this is unlikely to add sufficient value to justify
its use. An alternative approach that has proven successful
both in manufacturing and medicine is to view the robot as
one part of a system. Such a system can integrate preop-
erative and intraoperative imaging, algorithms for proce-
dural planning, data visualization, and assistive guidance.
While some of these individual technologies are relatively
mature, research challenges can arise during integration.
Furthermore, such integration creates a platform for the
research and development of autonomous capabilities.
Continuum robotic systems of this type hold the poten-
tial to improve patient outcomes, reduce medical errors,
and so justify their cost. Close collaboration between the
robotics and clinical communities will be needed to reach
this goal.

VI. C O N C L U S I O N
Compared to open surgery, minimally invasive surgery
can reduce patient discomfort, hasten recovery, and lower
costs. While existing manual tools can enable minimally
invasive access, they do not provide the level of tip dex-
terity and maneuverability achieved during open surgery
and require substantial training. The robotics community
has responded to this need by creating surgical robots with
the goal of enabling the surgeon to retain the dexterity of
open procedures but in the context of a minimally invasive
system.

Most initial medical robots were based on rigid-link
discrete-jointed industrial designs and so have been limited
to line-of-site access to the incision, thereby restricting
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reach into the anatomy. To overcome this constraint, the
medical robotics community took inspiration from manu-
ally steerable medical instruments and created robotic ver-
sions of these devices. In contrast to industrial robots, these
continuum robots use flexure to modulate their shape and
tip position and thereby can follow tortuous paths into the
anatomy.

While industrial robots are technologically mature, con-
tinuum robot technology continues to evolve. Mechanism

design, modeling, control, planning, and estimation
all present unique challenges when applied to con-
tinuum robots. In this article, we have summarized
the state-of-the-art of continuum robot architectures
and their underlying technologies in the context of
specific clinical applications. We have also identified
the open research challenges and translation strate-
gies to be addressed to achieve their widespread
clinical use. �
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