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Abstract 
Like the human limbs which inspired them most robots 

are discrete mechanisms with rigid links connected by 
single degree of freedom joints. In contrast ‘continuum’ 
and ‘serpentine’ robot mechanisms move by bending 
through a series of continuous arcs producing motion 
which resembles that of biological tentacles or snakes. 
This paper provides a single reference to the expanding 
technology of continuum robot mechanisms. It defines the 
fundamental diference between discrete, serpentine and 
continuum robot devices; presents the ‘state ofthe art’ of 
continuum robots and outlines their areas of application; 
and introduces some control issues. Finally some 
conclusions regarding the continued development of these 
devices are made. 

1 Introduction 

Most robots are discrete mechanisms constructed from 
a series of rigid links. These are connected by discrete 
single degree of freedom joints, and controlled movement 
is only generated at these joints. The intermediate links 
may be considered infinitely stiff and essentially exist to 
ensure a known relationship between the centres of 
consecutive joints. The need for stiff links creates heavy 
robot mechanisms, large sections of which are passive 
supporting structures. Although this approach might be 
essential for many industrial applications where speed of 
operation and accuracy are paramount, there are many 
situations where different attributes may provide 
improved performance. 

Serpentine robots also utilise discrete joints but 
combine very short rigid links with a large density of 
joints. This creates highly mobile mechanisms which 
appear to produce smooth curves, similar to a snake. 

Continuum robots do not contain rigid links and 
identifiable rotational joints. Instead the structures bend 
continuously along their length via elastic deformation 
and produce motion through the generation of smooth 
curves, similar to the tentacles or tongues of the animal 
kingdom [I]. 

DISCRETE SERPENTINE CONTINUUM 

Fig. 1 Robot Motion 

It should be clear that there are fundamental 
differences in form between conventional discrete, 
serpentine, and continuum robots (fig. 1). This paper only 
considers continuum robots. 

2 Continuum Robots 

Several forms of continuum robot have been 
developed. These can be broadly classified as ‘intrinsic’, 
‘extrinsic’, or ‘hybrid’, according to the method and 
location of mechanical actuation. In an intrinsic device 
the actuators are located on and form part of the animated 
mechanism. Extrinsic devices use remote actuation and 
motion is transferred into the mechanism via a 
mechanical linkage. Hybrid devices use a combination of 
both intrinsic and extrinsic actuation. 

Each of these groups can be sub-divided into ‘planar’ 
or ‘spatial’ devices according to the type of motion 
produced. Planar devices only move in a single plane of 
bending, whilst spatial devices can bend in any direction 
perpendicular to their longitudinal axis. 

2.1 Intrinsic Planar 
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Classical robots
• Discrete mechanisms constructed from a series of rigid links
• Discrete single degree of freedom joints
• Motion control at the joints
• Intermediate links may be considered infinitely stiff

• Heavy robot mechanisms
• Large sections of passive support structures
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Fig. 1. Continuum robots have an infinite-DOF curvilinear elastic structure. In
contrast, conventional serial kinematic chains or hyper-redundant manipulators
are characterized by discrete links. (Images: top C©2015 Kuka Robotics Corp.;
bottom C©2015 Hansen Medical Inc.)

be constructed at smaller scales than those robots with discrete
links due to the simplicity of their structures (see Fig. 1).

The first continuum and hyper-redundant robot prototypes
were built in the late 1960s [13]–[16]. Development of snake-
inspired robot designs by Hirose’s research program [17] was
then followed by Chirikjian and Burdick’s theoretical advances
in hyper-redundant robots based on approximating them as elas-
tic continua [12], [18]–[20]. The number of researchers has
increased significantly since the late 1990s and early 2000s.
Several review papers have since been published, e.g., on con-
tinuum robots in general [13], [21], [22], snake-inspired hyper-
redundant robots [23]–[25], bioinspired soft robots [26], [27],
design and modeling of constant-curvature continuum robots
[15], concentric-tube continuum robots [28], and modeling con-
tinuum structures in robotics and structural biology [29]. This
collection of reviews provides an excellent set of resources for
many aspects of continuum robots and related topics, but no
existing surveys are specifically focused on medical continuum
robots.

B. Outline

This paper reviews continuum robot research and systems
currently being applied to medical interventions. The compact
flexible access and dexterity they afford is an important factor
enabling increasingly less invasive procedures. Section II gives
an overview of the robotics science that underlies all medical
continuum robot systems, organized by the broad themes of de-
sign, modeling, and control. We hope this will provide a useful

“road map” of resources for students and researchers who are
interested in making fundamental contributions to the growing
body of continuum robot knowledge. In Section III, we give an
overview of the continuum robot systems that are being applied
over the landscape of medical applications. This section illus-
trates how the medical application informs choices about design
and control strategies and to give clinicians and researchers a
broad picture of what continuum robots can potentially do in dif-
ferent areas of surgery. In Section IV, we elaborate on current
research challenges such as instrumentation, human–machine
interaction, and sensing.

II. CORE PRINCIPLES

In this section, we provide an overview of the core principles,
which underlie the current state of continuum robot knowledge
in the area of design, modeling, and control. Our discussion is
not intended to provide an exhaustive taxonomy in these areas,
but to serve as a guiding framework for robotics researchers en-
tering the field of medical continuum robots to better understand
the current state of the art.

A. Classification

We can simply and broadly define the term continuum robot
as follows:

Definition 1: A continuum robot is an actuatable structure
whose constitutive material forms curves with continuous tan-
gent vectors.

The set defined above is inclusive of definitions in prior pa-
pers and review articles (e.g., [13], [15], [22]), which have typ-
ically also included more specific descriptions such as “con-
tinuously bending,” “infinite-DOF,” “elastic structure,” and “do
not contain rigid links and identifiable rotational joints.” Hyper-
redundant serial robots with many, discrete, rigid links and joints
are not continuum robots because they can only approximately
conform to curves with continuous tangent vectors. The bound-
ary that separates continuum robots from other snake-like or
hyper-redundant manipulators is sometimes obscured by ma-
nipulator designs that use continuously bending elastic elements
along with conventional discrete joints in the same structure.
While these robots may not technically be classified as con-
tinuum robots according to the conventional definitions, they
could be referred to as pseudocontinuum robots or hybrid se-
rial/continuum robots, as they are closely related to continuum
robots and share many attributes with them.

Continuum robots can be categorized in terms of their struc-
tural design and actuation strategy as we outline in the following
sections. Fig. 2 illustrates the resulting broad categories of con-
tinuum robots and provides a reference point with examples for
the discussion below.

As shown in Fig. 2, medical robots with discrete-jointed
structures that closely resemble continuum robots include the
i-Snake developed by Yang et al., from the Hamlyn Center for
Robotic Surgery [31], [35]–[39] and the Flex System developed
by Choset et al., and commercialized by Medrobotics Corpora-
tion [40]. The variable neutral-line manipulator from Kim et al.
[41] and the arthroscopic tool of Dario et al. [42] are also in
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Continuum robots
• No rigid links and identifiable rotational joints
• Structures bend continuously along their length via elastic deformation
• Produce motion through smooth curves
• Infinite degrees of freedom: control issues
• Precision
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• Their narrow curvilinear shape makes them well suited to passing 
through body lumens, natural orifices, or small surgical incisions to 
perform minimally invasive procedures. Prog. Biomed. Eng. 2 (2020) 032003 T da Veiga et al

Figure 1. Applications of medical continuum robots to access hard-to-reach areas in a minimally invasive manner. These include
the cardiorespiratory system, the digestive system, head and neck, the urogenital system and the vascular system.

development of new and better techniques. This has recently been illustrated by the launch of several
continuum platforms such as Monarch™ (Auris Health, Inc. Redwood City, CA, USA) and Ion (Intuitive
Surgical, Inc. Sunnyvale, CA, USA).

Despite previous reviews on the topic of medical CRs [15–18], the abundance of attention and
development on the topic warrants an updated review. Therefore, in this article we provide an overview of
the current challenges that this class of robots face which currently inhibit the realisation of their full
potential. We begin the review by presenting the main application areas for medical continuum robots given
the current state of the art. We then provide an introduction to the field of CRs followed by an overview of
the current actuation methods. We then describe the challenges that these robots face according to their
fabrication, modelling, control and sensing; and conclude by providing a comparison between methods and
recommendation for future research.

2. Applications of medical continuum robots

2.1. Brain interventions
Open brain surgery is still a common procedure, especially in emergency situations, however MIS has been
gaining popularity such as in electrode implantation and endovascular coiling for intracranial aneurysm
[19–21]. Since 2010, the robotic system ROSA® Brain (MEDTECH, Inc. Montpelier, France) has been used to
perform a variety of these procedures. Lower procedural times and higher accuracy and precision are among
its benefits, proving the effectiveness of robot-assisted brain interventions over conventional methods [22].

Most brain procedures (manual or robotic) still employ rigid, straight instruments, limiting the possible
paths between the entry point and the target [19]. The use of continuum robotic systems that are able to
conform to curvilinear paths will enhance brain MIS; delivering wider freedom to suitable procedures. To
this end, some flexible devices, such as magnetic needles [23], have been emerging but remain too stiff to
provide increased path freedom.

2
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Fig. 2. Continuum robot designs can be broadly categorized by their structure and method of actuation. (Images: tendon/cable C©2015 Hansen Medical Inc.;
multibackbone C©2015 Advanced Robotics and Mechanism Applications Laboratory, Vanderbilt University [30]; micromotors [31]; pneumatic [32]; shape memory:
C©2010 Haga et al., adapted from [33], originally published under CC BY-NC-SA 3.0 license; hydraulic [34].)

the pseudocontinuum discrete joint category. In the maxillary
sinus surgery system of Yoon et al. [43], which we discuss in
Section III, one of the manipulators uses both an elastic spring
backbone and a serial chain of discrete spherical joints. Recently,
elastic and discrete structures have been combined in series (in-
terleaved) by Conrad et al. [44], [45] to increase the dynamic
bandwidth of tendon-actuated elastomeric catheter robots and
in parallel by Xu et al. [46] to increase torsional stiffness in
multi-backbone continuum robots.

B. Structure

Most medical continuum robots are the so-called single back-
bone robots having one central elastic structure that supports the
passage of actuation/transmission elements and interventional
tools down the body of the manipulator (such as cable channels
or a central delivery bore, as in [47] and [48]). A variety of ma-
terials have been used to create backbones, such as springs, elas-
tic rods/tubes (often superelastic NiTi alloy), braided polymer
tubes (in the case of robotic catheters), and molded polymers.
Backbone geometries have also used creative slotting patterns to
create desired stiffness profiles (directional bending, torsional,
and axial) along the length. Some unique variable stiffness back-
bone designs have also been investigated recently that use layer
jamming [49],[49] grannular jamming [50], [51], and rolling-
contact joints for pseudocontinuum robots [41]. Tip-steerable
needles [52], [53] could be categorized as mobile continuum
robots that can travel along a path within tissue but cannot op-
erate as manipulators in free space.

The structure of a multibackbone continuum robot is typically
composed of multiple elastic elements (rods or tubes) running
in parallel and constrained with respect to each other in some
way. The designs of Simaan et al., have used a central primary
backbone and three secondary backbones per bending section
that are offset from the central backbone using spacer disks and
rigidly attached to the last disk of a bending section [54]. Along

these same lines, Xu et al., developed a multibackbone design
with many backbones and a “dual continuum” actuation mech-
anism that increases modularity [55]. Moses et al., have also
proposed a manipulator structure made of many interlocking
fiber “backbones” that run down the length of the manipulator
[56]. Recent work has also explored the possibility of using
a parallel multibackbone approach without intermediate con-
straints, allowing nonconstant-curvature backbone shapes and
increased DOFs per section [57], [58].

Concentric-tube robots are composed of multiple, precurved,
elastic tubes that are nested inside of each other [59], [60]. The
base of each tube can be axially translated and rotated to control
the shape of the robot structure. The tubes are typically made
from the shape memory alloy NiTi in its superelastic phase, such
that each tube can be set into a desired shape by heat treatment
before being assembled concentrically. These robots could also
be considered multibackbone, but the precurved backbone tubes
are arranged concentrically rather than offset by spacer disks,
and the ends are not fixed to each other, which allows the tubes to
freely translate and rotate independently. Thus far, concentric-
tube robots have been constructed with smaller diameters than
many other continuum robots. These robots have been the sub-
ject of much investigation over the last ten years [59]–[66]. A
recent review paper describes the history and current state of the
art of concentric-tube robots in particular [28].

1) Structural Design Principles: Two important principles
to be considered in continuum robot design are range of motion
(workspace) and stiffness. Workspace and stiffness must both
be large enough for the robot to reach the required locations
and exert the required tissue forces during the procedure for
which the robot is designed. Both of these attributes are primar-
ily a function of a manipulator’s structural design—in particu-
lar, its backbone cross-sectional geometry and the elastic strain
limits of its materials. During bending, strain is proportional
to distance from the neutral axis of the backbone cross sec-
tion, and thus, manipulators with smaller diameters and higher
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Fig. 3. Continuum robot modeling approaches can be organized in terms of the kinematics and mechanics frameworks they employ. Top left: Continuous curves
can be approximated by a series of rigid links connected by revolute or spherical joints, allowing conventional kinematic analysis in terms of D–H parameters
(figure adapted from [96]). Top middle: Constant-curvature arcs segments are frequently used to represent the shape of continuum robots. The segment-to-segment
transformations for this framework are reviewed in [15] (figure adapted from [59]). Top Right: Variable-curvature frameworks describe a continuously evolving
reference frame along the length of the robot. Bottom Left: A lumped-parameter mechanics and/or dynamics framework uses discrete springs, dampers, and masses
to approximate the response of a continuum robot to actuation and applied loads (figure adapted from [97]). Bottom Middle: Energy methods can be used to
determine the shape of continuum robots using either lumped or distributed parameter descriptions and any kinematic framework (energy landscape figure adapted
from [59]). Bottom right: Cosserat rod theory involves equilibrium relationships relating internal and external forces and moments along the length of a rod or
robot (figure adapted from [98]).

RT R = I, and det(R) = 1) can be used, as reviewed in [111],
such as Euler angles (which introduce artificial singularities),
quaternion representation with explicit projection onto the unit
quaternion manifold, Munthe–Kaas, Crouch–Grossman, and
commutator-free methods. However, if (1) is integrated using
standard explicit numerical integration methods such as the
widely used fourth- to fifth-order Runge–Kutta scheme, deterio-
ration of the SO(3) structure is related to the global approxima-
tion error [112]. This may constitute a problem for rigid-body
dynamics problems involving large angular velocities over long
time spans. However, due to the short integration arc lengths
and relatively low curvatures that most continuum robot designs
exhibit, the explicit integration approach can provide highly ac-
curate approximations for both R(s) and p(s) [64], [113].

2) Mechanics Frameworks: The mechanics frameworks de-
picted in the second row of Fig. 3 are not necessarily mutually
exclusive, and they each can be combined with various kine-
matic frameworks to arrive at a mechanics-based representation
of governing equations for robot shape.

Lumped-parameter mechanics models arise almost automati-
cally as an extension of discrete-link kinematic frameworks, but
lumped-parameter approaches can also be imposed on top of
constant-curvature kinematics frameworks [114], [115]. The ap-
proach involves attaching discrete mechanical elements such as
point masses, springs, and dampers, to the kinematic framework
in order to approximate the mechanical behavior of a continu-
ous elastic and/or viscous medium. The governing equations for
lumped-parameter models can be obtained by energy methods

or classical Newton–Euler equations describing how forces and
moments propagate from link to link.

Energy methods are a powerful class of tools that have been
used for a variety of purposes in continuum robot research. Elas-
tic energy minimization was used in efforts to control hyper-
redundant robots using a continuous modal framework [20]
(by applying the Euler–Lagrange equations to an elastic en-
ergy functional). Energy minimization was also used to derive
both constant- and variable-curvature models for concentric-
tube robots and to analyze their unstable torsional behavior [59],
[109]. For multibackbone robots, energy-based analysis (using
the principle of virtual work) under a constant-curvature frame-
work has led to intrinsic wrench sensing capabilities [99], [116].
Continuum manipulator dynamics have been approached by
the principle of virtual power in a lumped-parameter, constant-
curvature model [102], [117], and by a Lagrangian approach for
planar robots in [118] and [119] and spatial robots in [120] and
[121].

There are various classical elasticity theories for long slen-
der objects such as rods and strings that have been successfully
adapted to describe continuum robots. The widely used consti-
tutive law that internal moment is proportional to change in cur-
vature (i.e., M = EI∆κ) originates from classical Bernoulli–
Euler beam theory. The planar, large-deflection, Bernoulli–Euler
elastica theory and its analytical solution in terms of elliptic
functions have been used to describe the exact mechanics of
planar robot curves [122]. Recently, Cosserat rod theory and
its special case Kirchhoff rod theory, which neglects shear and
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• Increasing internal pressure generates strain variations and bending
• Compact, lightweight with no moving parts
• Anisotropic elasticity: to prevent radial expansion
• Passive elastic compliance to external forces

Fig. 2 Intrinsic Planar Actuator 

The simplest form of continuum actuators are fluid 
operated planar devices (fig. 2), which require a single 
pressure input to produce bending in a single plane. The 
physical construction of the actuator walls determines the 
motion produced. Typically one side of the elastic 
actuator has a different axial stiffhess to the remaining 
walls. Increasing internal pressure generates strain 
variations across the structure and bending occurs. 
Elasticity causes the device to straighten on decreasing 
pressure. Several variations exist and a typical application 
is for compliant fingers, increasing the versatility and 
error tolerance of grasping end-effectors, whilst 
minimising control requirements [2-51. The use of planar 
continuum mechanisms to transport simple objects within 
a plane has also been investigated [6-71. 

2.2 Intrinsic Spatial 

The basic construction for intrinsic, fluid operated, 
spatial continuum mechanisms combines both the 
actuator and the supporting structure into a single unit 
(fig. 3) [SI. This produces a simple, compact, lightweight 
mechanism which contains no moving parts and yet can 
generate motion with up to three degrees of freedom, 
allowing both the direction and magnitude of tip 
movement to be controlled. Operation relies on the elastic 
deformation of parallel actuator chambers placed at equal 
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Fig. 4 Actuator Motion 

intervals about a central longitudinal axis. Internal 
pressures are controlled to generate extension forces and 
the structure deforms according to constraints provided 
by the end forms (fig. 4). It is essential for operation that 
internal pressures generate axial extension rather than 
radial expansion and several approaches have been 
developed to ensure anisotropic elasticity. Devices with 
many degrees of freedom can be obtained by placing 
several independent actuators in series. 

These actuators exhibit passive elastic compliance to 
external forces in the directions normal to their 
longitudinal axis. External forces cause compliant motion 
of the actuator until the force balance within the structure 
is restored. The resulting increase in strain energy causes 
the actuator to return to its undisturbed configuration on 
removal of the external force. 

Suzumori et al. described the construction and 
operation of small low pressure silicon rubber actuators 
(flexible micro-actuator or FMA) ranging from 1 - 20 mm 
in diameter [9]. Three parallel chambers were moulded 
directly into a single cylindrical unit. Integral nylon 
reinforcing fibres around the circumference of the 
cylinder resisted radial expansion whilst allowing the 
actuator to stretch longitudinally. Single stage devices 
were used as the fingers of a four fingered gripper, whilst 
a 120 mm long 7 degree of freedom manipulator 
(including a 1 degree of freedom gripper) was produced 
using multiple stages. Subsequently FMAs have been 
used in the construction of mini 6 legged walking robots 
only 15 mm long [lo]. Also stereolithographic techniques 
have enabled arrays of parallel FMA actuators to be made 
in a single process. The objective is to manoeuvre objects 
across the surface of a large FMA array by the distributed 
actuation of the parallel actuators, in a similar manner to 
the villi of animal intestines [ 1 11. 

Davies described a much larger 744 mm long 
pneumatic device using three parallel thin walled 
polymeric bellows connected at each end by rigid plates 
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There are more than eight hundred patents that describe methods 
of enabling steering at the distal end of a catheter tip (21, 30). A 
small number of these that use magnetic (83, 84) and pull-wire sys-
tems (85) are commercially available but at diameters greater than 
1 mm. For clinical use, a microcatheter must be radio-opaque to be 
visible during a procedure and have a central lumen with a lubricious 
coating to permit the smooth passage of guidewires and implants. 
The ability to actively steer, navigate, position, and deploy sophisti-
cated implants such as coils, flow diverters, stents, or glue does not 
exist at these scales today.

Here, we present a soft polymer tip distally attached to a 1.6-m 
catheter with a contiguous lumen. Because balloon catheters—
representing a crude form of hydraulic soft robotics—are broadly 
accepted as safe and effective in endovascular intervention, a hy-
draulically actuated fully steerable microcatheter can reasonably be 
expected to be similarly safe and effective if the pressures used are 
similar or less. The tip in our device is hydraulically steered via four 
50-mm-diameter cylindrical, saline-filled channels, in part inspired 
by highly deformable microscale mechanisms observed in nature 
(86). These axially oriented channels are equally spaced around the 
catheter wall for hydraulic actuation. Pressurizing one or more of 
these channels produces an internal stress that creates an axial dif-
ferential strain and an associated deflection and thus “steers” the tip 
away from the pressurized channel(s) in a desired direction (87). 
Although there is also radial and azimuthal internal stress from the 
pressure, the structure is specifically designed to minimize radial 
expansion and promote axial deforma-
tion, unlike balloon catheters. This pre-
vents inward expansion to potentially 
constrict and clamp whatever may be in 
the internal lumen or outward expan-
sion to potentially occlude the vessel or 
damage the arterial endothelium.

The steerable tip was fabricated using 
a simple but effective laboratory-based 
technique to manufacture submillimeter- 
scale high-aspect ratio structures with 
hyperelastic materials (detailed in Ma-
terials and Methods). Both the inner 
lumen and outer surface of the catheter 
were coated with a hydrophilic coating 
to reduce friction between the micro-
catheter and the endothelial walls of the 
arteries and between the microcatheter 
and devices such as coils passed within 
the lumen. The tip was assembled with 
160-cm-long catheter-grade tubing con-
nected to a handheld controller to form a 
closed-system, stand-alone microcatheter 
with a steerable tip that can be used 
independent of external controllers, ro-
botic arms, or additional infrastructure.

We demonstrate the use of the active 
steering capability of this microcatheter 
device in navigating through tortuous 
cerebral vasculature and in deploying 
coils to treat cerebral aneurysms in a 
representative ex vivo model. The re-
sults and interventionist feedback from 

testing in the ex vivo model were used to iteratively improve the 
device design to eventually produce a device suitable for in vivo 
testing. A representative in vivo endovascular coiling procedure was 
conducted in live porcine. Contrary to conventional wisdom that 
tethered microactuation at the high length-to-diameter aspect ratios 
required in medical applications—10,000:1 in our case—would be 
impractical because of viscous losses, we demonstrate that well- 
designed structures with engineered hyperelastic materials can 
enable seamless real-time control of microscale soft-bodied robots 
via 1.5-m-long, 50-mm-diameter microfluidic channels.

RESULTS
A hydraulically actuated soft robotic steerable tip at 
dimensions compatible with cerebral arteries
As previously noted, a majority of cerebral aneurysms occur in vessels 
less than 1.5 mm in diameter (12). Cerebral arteries supplying blood 
to the brain begin above the neck, at the base of the internal carotid 
artery (ICA) through to the middle cerebral artery (MCA) bifurcation, 
and next branching to smaller and more tortuous cerebral vessels. 
The MCA has a diameter of about 2.6 mm (Fig. 2A) (88); blood 
vessel branches beyond the MCA gradually decrease in size to a 
diameter of 1 mm or less (89). To navigate smoothly within cerebral 
vessels, current gold-standard microcatheters have an outer diameter 
of 900 mm (3 Fr) and an inner diameter of 400 mm (1.2 Fr) to 
provide a lumen for guidewires, detachable coils, and sophisticated 

Fig. 2. Engineering a steerable catheter. (A) Illustration of the cerebral arterial structures and the average diameter 
of the MCA. [Image courtesy of Complete Anatomy, with thanks to @3D4Medical] (B) Design and working principle 
of the hydraulically driven tip: When a channel is inflated (indicated in red), the tip deflects in the opposite direction. 
(C) Fabrication of the catheter is a multistep molding process. (D) Plan and cross-section images of the as-fabricated 
steerable tip tubing with a length of 15 mm, an outer diameter of 900 mm, an inner diameter of 400 mm, and four 50-mm 
channels in the tube wall. The relatively rigid coating upon the softer interior material that forms the hydraulically 
driven tip is visible via scanning electron microscope cross-sectional images and is about 25 mm thick.
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endovascular devices such as stents and flow diverters. To provide 
clinical compatibility and immediate familiarity when used in exist-
ing procedures, the steerable tip microcatheter described here was 
designed to have an outer diameter of 900 mm, enclosing four 
50-mm-diameter channels for hydraulic actuation and a 400-mm- 
diameter central lumen. Upon inflating one of the 50-mm-diameter 
channels, an axial differential strain is induced in the structure about 
its midplane—the axis of symmetry along the length of the tip—
causing bending of the tip away from the inflated channel (Fig. 2B). 
The fabrication of the steerable tip is illustrated in Fig. 2; details are 
provided in Materials and Methods. A mesoscale molding process 
using thin wires cast with silicone rubber in polyurethane plastic 
molds (Fig. 2C) was used.

The steerable tip is engineered to limit radial expansion 
and promote bending
Unlike the use of saline injection into catheter tips to radially inflate 
balloons to pin a catheter and to deploy and expand a stent, avoiding 
radial expansion of the fluid-filled channels is important in our 
device. This was achieved by carefully designing the placement and 
size of the fluid channels and by cocasting concentric layers of a 
platinum-cure hyperelastic silicone rubber (Dragon Skin 10 SLOW, 
Smooth-On Inc., Macungie, PA USA; details are provided in 
Materials and Methods).

Choosing the radius and radial location of the 
hydraulic channels
Although the inner and outer diameters of the steerable microcatheter 
tip are inherently constrained by the diameter of the cerebral arteries 
(88) and designed to be commensurate with the dimensions of the 
existing gold standard microcatheters, producing a steerable tip 
without radial expansion required a design study focusing upon the 
radius (R) and radial position (RP) of the hydraulic channels as 
parameters. Using a computational model, the radii for hydraulic 
input were varied from 25 to 100 mm while maintaining a fixed radial 
position (325 mm from the center). The position of the hydraulic 
channel was varied from 260 to 390 mm from the center of the lumen 
while maintaining a fixed channel radius of 50 mm.

The number of channels also affects the device mechanics because 
a greater number of small channels could produce an improved 

ability to steer, but a key drawback in introducing more than 
three to four channels is the rapid increase in complexity of the 
tip-to-catheter and catheter-to-hand controller interfaces. Consequently, 
we limited our study to four channels and noted that three or fewer 
channels produce similar results, albeit with reduced functionality 
with two or fewer channels. Furthermore, the computational expense 
of accurately computing the nonlinear finite deformation of a non-
linearly (stiffening) elastic media in a structure with a length:width 
aspect ratio of 1:1000, together with practical fabrication limitations 
imposed by the small scale and intrinsic challenges in making such 
structures, limited our choices for the channel radius (R) and the 
radial position of the channel (RP) to three values each. Even so, it is 
apparent from Fig. 3 (B and C) (and Fig. 4) that the range of choices 
considered has a marked effect on the performance of the device.

Furthermore, Fig. 3 (B and C, solid lines) plots the tip’s curva-
ture versus input pressure using image capture and postprocessing. 
The pressure required to achieve a curvature of 400 1/m (180° total 
bend, forming a “C” shape) is 350 kPa, nearly half the pressure used 
in traditional balloon catheters (600 kPa) (90) for stent deployment. 
Positioning the radius away from the midpoint of the wall thickness 
results in inadequate curvature at higher input pressures (Fig. 3B). 
The 50-mm-diameter channels exhibit 10% strain to achieve a 180° 
bend. The selected material produces a strain at failure >350% (91) 
at pressures 4× that required to achieve 10% strain. In the inadvertent 
case of overpressurizing the hydraulic channel, the steerable tip loops 
on itself at pressures higher than 350 kPa and will rupture at a pres-
sure of 1200 kPa, thus providing a safety factor of ≈4.

Although a smaller channel radius of R = 25 mm, for example, 
helps to reduce radial expansion (Fig. 4A), the bending curvature is 
reduced for the same input pressure (Fig. 3A). A larger radius, 
R = 75 mm, produces greater curvatures at relatively lower input 
pressures (Fig. 3A), although radial expansion is also much greater 
(Fig. 3A). The large mismatch in the simulated results for the radial 
expansion indicates that, initially, the hydraulic channels rapidly 
expand and reach a maximum saturation point where the concentric 
layers prevent further expansion. As the hydraulic channels elongate, 
the radial expansion reduces to compensate. Although the experi-
mental results demonstrate a similar trend, it is more subtle than 
the simulated results. Whereas the concentric layers prevent ex-
cess radial expansion at the required curvatures, the elongation 

Fig. 3. Design parameters of the steerable tip and the consequent curvature as a function of input pressure. Nonlinear finite deformable structural mechanics 
analysis was used to compute the relationship between the tip curvature and input pressure for three values of (A) the channel radius (R) and the channels’ radial position 
(RP). (B and C) The curvature of the tip as a function of the input pressure produces substantially different computational results for the (B) radius R with the radial position 
RP at RP = 325 mm and (C) radial channel position RP for a channel radius R = 50 mm. The computed results are similar to [solid line in (B) and (C)] experimental results 
obtained with R = 50 mm and RP = 325 mm. The experimental results are averaged for four channels; blue lines indicate error bars (SD).
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• 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 stiffness is 
that of the tube. 

• In order to maintain control of a joint in flexion and extension using tendons, one 
must employ antagonistic groups of tendons

Dupont et al.: Continuum Robots for Medical Interventions

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.

848 PROCEEDINGS OF THE IEEE | Vol. 110, No. 7, July 2022
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• Common design variations include varying tube 
stiffness along the length, so as to localize 
bending in a specific region, e.g., at the tip

• Concatenating bendable sections, so as to 
produce more complicated curves, e.g., a two-
section tube capable of an “S” curve
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Fig. 2. Continuum manipulator diagram for a single section. (a) Cantilever
beam deflected by tendon. (b) Differential tendon segment (gray).

Common to most all tendon-driven systems whether biolog-
ical or not is the presence of redundant actuation. In order to
maintain control of a joint in flexion and extension using ten-
dons, one must employ antagonistic groups of tendons [11].
The Salisbury hand is an example that included four tendons
to control three joints of a finger [12]. The one redundant DOF
in each finger was used to tension all cables, thereby avoiding
slack tendons during articulation. Preventing slack is practically
important to maintain the integrity of the cable drive. Tendons
in compression tend to buckle or fall off their drive pulleys re-
sulting in actuator backlash. In a redundant system, the backlash
from a slack tendon may or may not be obvious at the end ef-
fector. However, it will have a definite effect on the moment and
compressive force delivered to the joint.

Although it is important to avoid tendon slack, excessive ten-
don loading is undesirable as well. Redundantly actuated paral-
lel manipulators, particularly, those driven by the tendons, have
been studied not only for preventing backlash (slack) but also
for minimizing tendon loading [13]–[16]. Minimizing tendon
load is important for medical application in which tendon size
and materials are constrained by the environment. Tendon load
can also have an effect on performance due to friction.

Combining tendon actuation and flexible beam dynamics,
Gravagne and Walker studied the Clemson tentacle manipulator
for tension-controlled vibration damping [9]. The two antago-
nistic tendons formed a cable loop, thereby isolating control to
the bending mode (assuming no slack). Li and Rahn also stud-
ied a 1-DOF system, but with only a single tendon [17]. They
carried out experiments and a mechanics analysis that included
the geometric nonlinearities of tendon actuation. Given appro-
priate cable standoff geometry, they were able to show constant
curvature deflection. This paper focused on a single-tendon-
standoff at the distal termination rather than multiple proximal
standoffs (or a continuous conduit in our case) which affects
the mechanical interactions. In addition, the beam was assumed
inextensible.

Jones and Walker developed a modular kinematic framework
for a multisection elephant trunk robot [18]. One module in their
framework was the tendon displacement to beam configuration
mapping for a single section. This mapping was achieved by ge-

ometric kinematics and was specific to the tendon arrangement
of their elephant trunk. The elephant trunk had three tendons
per section which they used to model and control axial dis-
placement. However, they did not include tendon deformation in
their model. Simaan et al., on the other hand, did model actuator
deformation mechanics for their snake-like surgical manipula-
tor [19]. They used an inverse kinematics model with push–pull
actuators to limit loading on the primary backbone. Therefore,
they did not model axial deformation of the primary backbone.
In addition, their combined kinematics and mechanics oper-
ated in the inverse direction only because actuator displacement
could not be used to recover its deformation and calculate ma-
nipulator configuration [20].

Our contribution is a new linear model for the forward and
inverse kinematics mapping between n tendon displacements
and beam configuration. The model is rooted in the mechanical
interactions of the compliant tendon–beam system as a whole.
This mechanics-based model is essential in achieving accurate
control and avoiding slack tendons for manipulators with com-
pliance in the axial mode and compliant tendons. This model is
the first, to the best of our knowledge, that can calculate manip-
ulator configuration explicitly from the measured displacements
of n redundant tendons (assuming no slack).

To develop our model, we must closely study the internal and
external effects of tendon actuation. We begin in Section II by
showing that the loads from tendon actuation lead to linear elas-
tic circular deflection and axial compression of the manipulator.
Combining these mechanics with the tendon stretch and path
provides the basis for our model that is presented in Section III.
Accompanying the model are the conditions under which a de-
sired configuration is feasible given the constraint that slack ten-
dons cannot support compression. In the case of redundant ten-
dons, we present a method for selecting an optimal solution from
the set of feasible tendon forces. These considerations on slack
and redundancy resolution are presented in Section IV as part of
a tendon position controller that validates the complete model.

II. SINGLE-TENDON MECHANICS

Constant curvature deflection is commonly presumed for
continuum manipulators in the absence of external con-
straints or disturbances [9], [18], [21]. For the discrete case,
Higashimori et al. [22] analyzed the internal loading condi-
tions (moments) from tendon actuation given a specified con-
figuration of a gripper. For the continuous case, we examine
the internal loading conditions to justify the constant curvature
assumption for tendon-driven continuum manipulators under-
going large deflection in free space. The result of these mechan-
ics also shows linear elastic deformation in bending and axial
compression.

To establish the framework for the mechanics-based model,
we start with a simple planar cantilevered beam undergoing
large deflection. This beam is representative of a single section
in a continuum manipulator. The beam is subject to multiple
external axial and transverse loads as a result of actuation by a
single tendon. We begin with the premise of constant curvature
beam deflection and solve for the subsequent internal loads.

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on May 05,2024 at 20:35:46 UTC from IEEE Xplore.  Restrictions apply. 

• Constant curvature deflection is commonly presumed for continuum manipulators 
in the absence of external constraints or disturbances

• Assumption:  the tension in the tendon is constant along its length or that it is a 
pure tension element. 

• Preventing slack is practically important to maintain the integrity of the cable drive. 
Tendons in compression tend to buckle or fall off their drive pulleys resulting in 
actuator backlash. 

• Minimizing tendon load is important for medical application in which tendon size 
and materials are constrained by the environment. Tendon load can also have an 
effect on performance due to friction.
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• Magellan steerable catheter system
• Catheter-shaping and manipulation is achieved by orthogonal pull-wires controlled 

by the remote catheter manipulator
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• A series of pre-shaped, concentric tube instruments that may be extended and 
rotated within one another to form various configurations.

• 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 210 IEEE TRANSACTIONS ON ROBOTICS, VOL. 26, NO. 2, APRIL 2010

Fig. 1. Concentric-tube robot comprising four telescoping sections that can
be rotated and translated with respect to each other.

navigation through the body along 3-D curves. Furthermore,
the lumen of the tubes can house additional tubes and wires for
control of articulated tip-mounted tools. An example is shown
in Fig. 1.

Thus, the technology holds the potential to enable many new
minimally invasive interventions. An important class of appli-
cations for such a device would be to enter a body lumen by
steering through tissue or through a body orifice. Once inside the
lumen, the proximal portion can remain relatively fixed while
the distal portion manipulates tools within the lumen to perform
minimally invasive surgery.

The kinematic modeling for real-time control of these robots
is a challenge in comparison to that of traditional robots whose
links are relatively rigid and whose joints are discrete. The for-
ward kinematics can be cast as a 3-D beam-bending problem
in which the kinematic input variables (tube rotations and dis-
placements at the proximal end) enter the problem as a subset
of the boundary conditions. The remaining boundary conditions
comprise point forces and torques applied to the distal ends of
the tubes. Contact along the robot’s length (e.g., with tissue)
generates additional distributed and point loads.

Thus, it can be anticipated that the most general kinematic
model can be expressed as a two-point boundary-value problem
that involves a differential equation with respect to arc length
along the common centerline of the tubes. Phenomena that may
be included in the model are bending, torsion, friction, shear,
axial elongation, and nonlinear constitutive behavior.

Since real-time control necessitates the balance of the accu-
racy of the model with efficiency of its computation, efforts to
date have modeled curved portions of the tubes as torsionally
rigid [10]–[15]. The torsionally rigid model, which was first de-
rived in [10], results in an algebraic expression for curvature of
the combined tubes that can be analytically integrated to yield
position and orientation of the robot’s tip. Models of this type
have been demonstrated to provide reasonable performance in
combination with real-time sensing of the tip frame (teleopera-
tion in [13] and image servoing in [15]).

Including torsional twist in the straight-transmission lengths
of the tubes has also been proposed in [11] and implemented
by the use of online root finding in [15]. Instabilities that arise
from the interaction of transmission-length torsion and curved-
length bending have been investigated using an energy approach
in [14].

While it was shown in [12] that closed-form inverse kinematic
solutions can be derived for simple concentric-tube robots, they

Fig. 2. Dominating-stiffness tube pair. (a) When retracted, tubes conform to
shape of stiff outer tube. (b) Portion of extended inner tube relaxes to its initial
curvature.

are difficult to obtain in general. Jacobian-based inverse kine-
matics that use the algebraic curvature model were first formu-
lated in [12] and experimentally implemented in [13]. Inclusion
of torsional twist in straight transmission lengths is reported
in [15].

The contribution of this paper is to provide a framework for
the design and kinematic modeling of concentric-tube robots
that enables accurate real-time position control. The paper is
arranged as follows. Section II presents design guidelines for
the production of clinically relevant robots and describes the
origins of concentric-tube technology. Section III derives a
new kinematic model that is more accurate than prior mod-
els since it includes torsion along the entire lengths of the
tubes and is also able to predict torsion-bending instabilities
for curved tubes [16]. Implementation of closed-loop position
control based on the kinematic model is described in Section IV
and its experimental evaluation appears in Section V. Conclu-
sions are given in Section VI.

II. DESIGN OF CONCENTRIC-TUBE ROBOTS

A. Overview

When curved tubes are inserted inside each other, their com-
mon axis conforms to a mutually resultant curvature. By relative
translations and rotations of the tubes, both the curvature as well
as the overall length of the robot can be varied. The first robots
of this type composed of two tubes were presented in [7]–[9].
Robots composed from three or more tubes were first proposed
in [10] and [11].

To understand the capabilities of the technology, it is useful to
consider the interaction of two concentrically combined tubes.
Limiting cases of their interaction correspond to when the ratio
of bending stiffnesses for the two tubes is 1) very large, such
that the shape of one tube dominates that of the other, and 2) the
ratio is approximately one, such that the tubes’ shapes interact
equally to determine the overall shape. Each of these cases is
described next.

1) Domination-Stiffness Tube Pair: Since the bending stiff-
ness of one tube is much larger than that of the other, the pair
of concentric tubes conforms to the curvature of the stiffer tube.
When the more flexible tube is translated such that it extends
beyond the end of the stiff tube, the extended portion relaxes to
its original curvature.

This is illustrated in Fig. 2 for the case of a stiff, straight outer
tube and a curved, inner flexible tube. As shown in Fig. 2(b),
once the flexible tube is extended, the pair has two independent
degrees of freedom (DOFs) associated with relative translation
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Fig. 5. Stress versus strain curve for NiTi showing characteristic elastic load-
ing and unloading plateaus.

at higher strain. While a complete discussion is beyond the scope
of this paper, the effect of this behavior on robot design can be
summarized by taking into account its effect on tube pairs.

Bending stiffness is given by EI in which E is elastic mod-
ulus, which corresponds to the slope of the stress–strain curve,
and I is the cross-sectional moment of inertia. For a pair of
tubes in which the maximum strain is less than the linear elas-
tic limit, the ratio of bending stiffness is given by the ratio of
cross-sectional moduli.

From (1), strain varies linearly with distance from the cen-
ter of the tube. As the change in tube curvature increases, the
cross section will transition from the linear elastic region to the
stress plateau starting with the outer fibers. In this transition, the
effective elastic modulus and, thus, bending stiffness decreases.

In a dominating-stiffness tube pair, the less stiff tube experi-
ences higher strains, and therefore, its cross section transitions
to the stress plateau first. This works in favor of the designer
since it means that the effective stiffness ratio is larger than what
is predicted from the ratio of cross-sectional inertias.

For balanced stiffness-tube pairs, the outer tube, which pos-
sesses a larger outer radius, will always start the transition to the
stress plateau first given the same change in curvature. This is
not an impediment to implementation of a balanced pair, how-
ever, and the effect can be incorporated in the kinematic model
as needed.

2) Torsion-Bending Instabilities: The second limitation on
tube curvature arises from the torsional twisting associated with
rotating curved tubes. This effect will be derived in Section III;
however, it is possible to provide a simple explanation here by
reference to Figs. 3 and 4. As the tubes are rotated from their
aligned configuration, the rotation angle at the distal end ini-
tially lags the rotation angle at the proximal end. If the lag is
large enough that tip rotation fails to catch up as the proximal
rotation angle approaches π [which corresponds to the config-
uration of Fig. 3(b)], the tubes will subsequently snap through
this configuration to one in which the distal rotation leads the
proximal value. The implications of instability for design are
discussed next.

Fig. 6. Example five-tube robot design composed of three telescoping sections
of variable, fixed, and variable curvature, respectively. Tube pairs comprising
variable-curvature sections are rotated individually but extended simultaneously.
Each section dominates the shape of those sections retracted inside it.

C. Robot Design

Based on the discussion of Section I, two desirable properties
of a minimally invasive robotic instrument are as follows.

1) the ability to manipulate distal links independent of prox-
imal links, i.e., to decouple the robot’s links;

2) the ability to navigate narrow curved passages and, if tissue
is penetrated, exert minimal lateral forces.

A design strategy that provides these properties is encapsu-
lated in the following four design rules and illustrated in Fig. 6.

1) Telescoping Dominant Stiffness: The stiffnesses of the
tubes are selected such that each telescoping section dominates
all those sections extending from it. This is equivalent to a
concatenation of dominating-stiffness tube pairs (recall Fig. 2).
The result is that each telescoping section corresponds to a link
whose shape and displacement are approximately kinematically
decoupled from all other sections.

2) Fixed and Variable Curvature Sections: Each telescoping
section behaves as a dominating (fixed curvature) or balanced
(variable curvature) tube pair. Thus, the shape of each telescop-
ing section is dominated by its outermost tubes and is of fixed
curvature (if the outer tube dominates all inner tubes) or is of
variable curvature (if the outer tube pair dominates all inner
tubes). Tube curvatures are selected as per the constraints de-
scribed in Section II-B.

3) Piecewise-Constant Initial Tube Curvatures: To avoid
producing lateral motion or forces during telescopic extension,
the order of extension must proceed from the proximal section
to the distal one. In addition, the curvature of each section must
be constant. By precurving each tube such that its curvature is
piecewise constant, the combined telescoping curvature is also
approximately piecewise constant. This is true even when tor-
sion is considered. Telescopically extended fixed-curvature sec-
tions assume the shape of their precurvature since they dominate
all inner tubes. In addition, as described at the end of Section I,
a, stable variable-curvature section composed of balanced tubes
remains planar and of almost-constant curvature.

4) Increasing Curvature From Base to Tip: While the shape
of the proximal sections may be tightly constrained by the de-
sired navigation path to the surgical site, it is often desirable
to employ larger curvatures for the distal section(s). In this
way, the proximal sections function as the links of a typical
robot arm produce most of the tip displacement. The tightly
curved distal sections function as the robot’s wrist to control
most of the tip orientation as well as small displacements. Fur-
thermore, since the distal sections’ tubes are comprised of the
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Fig. 9. Three-tube concentric-tube robot.

Fig. 10. Tubes comprising the robot. Tubes 1 and 2 form a variable-curvature
balanced pair that dominates tube 3. Ruler shows units in millimeters.

TABLE II
TUBE STOCK USED IN EXPERIMENTS

V. EXPERIMENTAL MODEL EVALUATION

A sequence of experiments was performed to compare the
predictions of the torsionally rigid and torsionally compliant
models. The experiments were performed in the context of the
robot depicted in Fig. 9 that is composed of the three tubes shown
in Fig. 10. The outer pair is of the balanced stiffness, variable-
curvature type (see Fig. 3). Its kinematic input variables consist
of tube rotation angles θ1 , θ2 , and a single translation variable
for the pair l1 = l2 . The innermost tube is dominated by the
outer pair (see Fig. 2) and its kinematic variables are θ3 , l3 . The
five kinematic inputs are used to control the robot’s tip position
and tangent direction.

The diameters of the three tube sizes used in all of the exper-
iments are given in Table II. To solve the forward kinematics,
(42) requires the relative stiffness of the tubes as well as the
ratio of bending to torsional stiffness for each tube. Given that
the tubes are of the same alloy and were processed similarly,
the relative stiffness of the tubes should be computable as the
ratio of moments of inertia. Stacking the tolerances for inner
and outer diameters of tube pairs, however, produces large vari-
ations in stiffness ratio. Instead, calibrated stiffness ratios were
computed from (8) by measuring the individual tube precurva-
tures and the pairwise combined curvature for αi(s) = π using
a camera-measurement system (Vision Appliance, Dalsa, Inc.).
Note that this equation is valid for torsionally compliant tubes
in this configuration if they satisfy (38). The ratio of bending to
torsional stiffness is given by (22) and was computed using a
value of ν = 0.3.

Fig. 11. Dimensions of tube pairs.

TABLE III
BALANCED-PAIR TUBE PARAMETERS

Fig. 12. Tube pair showing graduated disk, twist pointer, and tangent pointer.

For these tube dimensions, tip deflection due to gravity
(<0.3 mm) was within the measurement error of the camera sys-
tem (±0.5 mm), and therefore, its effects were neglected in the
experiments.

For clarity, the modeling error associated with the outer pair
of tubes is considered separately in the first section below. The
following section characterizes the error associated with the
kinematic variables of the third tube {θ3 , l3}. Finally, total error
for the three tubes is reported for a range of configurations in
the robot’s workspace.

A. Rotation of Balanced Tube Pairs

To validate the behavior predicted in Fig. 8, tests were per-
formed on three tube pairs (labeled A, B, and C) of identical
cross sections (Tubes 1 and 2 stock) and length but of different
precurvatures, as shown in Fig. 11 and described in Table III.
Each tube is glued into a collar as shown and mounted in the
motor-drive system, as shown in Fig. 12 and described in [13].
Motor-positioning accuracy is better than 0.1◦. Equation (34)
must be adjusted to relate α2(0) measured at the proximal end
of the curved portion of the tubes to the relative angle measured
by the motor encoders at the tube collars α2m . This is given by

α2m = α2(0) − α̇2(0)(18 mm)k1z /(k1z + k2z ). (50)
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Mobile continuum robots: tip-steerable needles
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• When a needle with an asymmetric tip is inserted into a firm medium, such as a 
tissue, the shape of the tip and its interaction with the medium creates an 
imbalance in the lateral force. 

• If the medium does not deform significantly, the resultant steering force causes 
the needle tip to follow a circular arc and, if the needle is flexible relative to the 
medium, the rest of the needle shaft will follow the same path. 

blocked by anatomical structures. For example, the ribs
often obstruct percutaneous access to ablate portions of
the liver. An alternate path exists through the lung cavity,
but this incurs significant risk of collapsing part of the
lung. Without a safe percutaneous route, access must be
provided by opening the patient’s abdominal cavity, which
causes significant trauma, thereby increasing the risk of
infection and lengthening the recovery time. Needle steer-
ing can be used to avoid these anatomical obstacles, greatly
expanding the volume of human tissues that can be safely
reached by percutaneous means. This can, in turn, lead to
better patient outcomes because needle entry wounds are
small—thus greatly accelerating the recovery.

Because needle insertion involves complex mechanical
interactions between the needle and tissue, it is difficult for
clinicians to use manual manipulation to steer needles. Model-
ing, planning, and control of needles using robotics-based
algorithms and devices are keys to the success of many pro-
posed needle-steering applications. Robot-assisted needle
steering is exciting not only due to its potential impact on
medicine but also as a source of new research questions in the
field of robotics. Steerable needles share features common to
other robots and systems allowing the application of existing

techniques to a new domain. Steerable needles also introduce
new technical challenges due to tissue deformation, the nature
of uncertainty during insertion, and complex mechanical
interactions. Addressing these challenges is leading to new
tools that can be applied to a wide range of robotics problems.
This article describes the design, implementation, and experi-
mental evaluation of a system that steers needles based on the
tip asymmetry. Our experiments evaluate how variations in
the independent controllers and path planner affect the overall
performance of the system. We also describe avenues for
future research by highlighting open research challenges and a
method for performing a brachytherapy procedure.

Background
Recently, several methods of controlling a needle inside tis-
sue have emerged, including tip-based steering, base manip-
ulation, and tissue manipulation. Each method has benefits
and drawbacks, primarily related to the relationship between
steerability and the distance of the needle tip inside the tis-
sue. However, as illustrated in Figure 2, all of these methods
may be combined to enable high steerability at multiple
insertion depths while minimizing the tissue damage.

Tip-Steerable Needles
When a needle with an asymmetric tip is inserted into a firm
medium, such as a tissue, the shape of the tip and its interac-
tion with the medium creates an imbalance in the lateral
force. If the medium does not deform significantly, the
resultant steering force causes the needle tip to follow a cir-
cular arc and, if the needle is flexible relative to the medium,
the rest of the needle shaft will follow the same path. Web-
ster et al. [3] developed and validated a kinematic nonholo-
nomic model of this type of highly flexible needle steered in
the artificial tissue by using the asymmetry of a bevel tip.
The model can be thought of as the trajectory of a planar
bicycle (or Dubin’s car) with locked steering angle. Different
needle–tissue pairs essentially result in a change in the mod-
el’s key parameter, the steering angle, which can be used to
control the needle-tip position [4].

The direction of motion of the needle tip is controlled by
rotating the shaft (spinning it around the needle’s long axis) at
the base. Since the needle shaft is held in place by the tissue,

Unreachable by a
straight needle.

The needle is rotated 180°.

The needle tip follows a
circular arc depending on
the angle of the needle tip.
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Figure 1. (a) The steering mechanism of asymmetric-tip needles
[3] is due to forces between the tissue and needle tip that deflect
the needle during insertion. Subsequent rotation of the needle
shaft (from outside the patient) reorients the tip so that further
insertion deflects the tip in a new direction. The combination of
these two control inputs, along with a flexible needle shaft,
allows the needle to be steered inside the tissue. (b) A steerable
needle can reach subsurface targets not accessible using
conventional needles, and multiple targets can be reached
without fully retracting the needle. Anatomical obstacles could
include bones, vessels, nerves, and other structures that a needle
might damage or not be able to penetrate.
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Figure 2. Several different methods of needle steering have
been proposed in the literature: asymmetric-tip-based steering,
base manipulation, and tissue manipulation.
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Nonholonomic modelling of needle steering
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• The model can be thought of as the trajectory of a planar bicycle with 
locked steering angle. 

• retracting the needle a certain distance, re-orienting the bevel tip, and 
then pushing it forward again to achieve motion in a direction that would 
have been instantaneously impossible. 
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Fig. 1. Configuration of a bevel tip needle during steering
showing the front and back “wheels” at frames B and C of
a superimposed bicycle-like nonholonomic model. In this
particular configuration, the x-axes for all three frames are
pointing into the page.

model (a single wheel located directly at the needle tip) by
appropriate simplifications that remove !2 while retaining κ .
The purpose of this study is to determine if the 3D gener-

alizations of the standard nonholonomic bicycle and unicycle
models quantitatively capture the needle steering kinemat-
ics. To do so, we fit the model parameters experimentally as
described in Section 3.We then statistically compare the bicy-
cle and unicycle models to determine if the additional bicycle
model parameter significantly improves themodel fit.We sus-
pect that the model parameters depend on many factors such
as tissue stiffness, needle stiffness, and bevel angle, but we
leave verification of these hypotheses for future investigation,
and reserve further speculation for Section 5.

2.1. Planar Needle Kinematics

If the material properties of the needle are appropriately se-
lected with respect to the properties of the tissue through
which it travels, the needle shaft follows the trajectory of the
tip almost exactly. This was demonstrated inWebster, Memi-
sevic, andOkamura (2005). using videoof the needle insertion
and comparing tip position in each frame to the final shaft tra-
jectory (Figure 2). Thus, for an accurate representation of the
entire needle shape, it suffices to describe the motion of the
tip.
In the plane, the standard nonholonomic model for a sin-

gle wheel or “unicycle” (Murray, Li, and Sastry 1994, Ex-
ample 7.4) has a single no-slip constraint. As shown in Fig-
ure 3, when written in body frame coordinates this constraint
is vy = 0. In the standard unicycle model, the angular velocity
ω is variable and serves as a control input to the system. How-
ever, the needle bevel tip angle is fixed. To model this, we can
modify the standard unicyclemodel slightly by fixing the ratio
of linear velocity to angular velocity. This constraint can be
written (again in body frame coordinates) as vz = rω = 1

κ
ω,

and causes the unicycle to trace out a circular path with radius
r and curvature κ .
Similarly, the standard nonholonomic car or “bicycle

model” (Murray, Li, and Sastry 1994, Example 7.5) can be
modified slightly by fixing the angle of the front wheel. The
two wheel constraints cause the bicycle to rotate as a rigid
body about the point where the perpendicular axes intersect.
If the needle tip was attached to the back wheel, this modified
bicycle model would predict paths identical to the modified
unicycle model for κ = tan φ

!1
. However, if we allow the needle

attachment position to be at a distance !2 from the rear wheel,
we add a parameter to the model.
If the needle path is simply a single circular arc, this new

parameter does not add descriptive power. However, for any
trajectory more complex than a single circle, its predicted
shape will differ from the single parameter unicycle model.
The utility of this will be illustrated in Section 3, where the
model is fit to experimental data.
In the plane, a more complex trajectory with inflection

points can be constructed by alternately pushing the needle
into tissue for a finite distance and then axially rotating it 180◦.
For the planar unicycle model, each axial rotation has the
effect of changing the sign of the angular velocity constraint
(changing the sign on κ). For the planar bicycle model, each
axial rotation corresponds to instantaneously turning the front
wheel from +φ to −φ or vice versa.
While both models generate circular arcs when moving

forward, the arcs traced out by the unicycle must be tangent
to one another, whereas the arcs traced out by the bicycle
need not be. Figure 4 simulates this effect on the trajectory
predicted by each model given parameters of κ = 0.05 and !2
= 2. In this simulation, the input profile was: (1) insert for 1
second at 10 cm/s, (2) rotate 180◦, (3) insert for 2 seconds at
10 cm/s, (4) rotate 180◦, and (5) insert for 1 second at 10 cm/s.
It is interesting to note that the bevel steering approach

does not preclude linear paths for the needle. The needle may
be inserted along an approximately straight path by continu-
ally rotating it at the base as it is inserted (effectively using
a “drilling” motion). When this is done, our models predict
a helical needle trajectory with extremely small radius that
approximates a line. This effect is observed clinically, and
spinning the needle is a recommended surgical technique to
reduce the bending that results from the bevel tip (seeWallner,
Blasko, and Dattoli 2001, page 8.16).
Generalizing the planar unicycle and bicyclemodels to full

rigid transformations (SE(3)) is the subject of the next section.

2.2. Notation and Definitions

Ultimately,we seek to use the two control inputs, insertion and
rotation, to drive a needle to a desired position and orientation
in six degrees of freedom (DOF). Since generalized coordi-
nates (such as (x, y, z, roll, pitch, yaw)), have singularities,
we resort to a coordinate-free representation of the kinemat-
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Fig. 2. Tip positions during needle insertion shown overlaid on an image of the final needle path. Tip positions were extracted
automatically from a sequence of insertion images.
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Fig. 3. (Left) The modified planar bicycle model rotates as a rigid body about a center of rotation defined by the intersection of
the twowheel axes. (Right) Themodified planar unicyclemodel rolls with an angular velocity proportional to its linear velocity.

ics. Fortunately the kinematic needle equations are quite sim-
ple in the coordinate-free representation, but the convenience
and generality comes at the added expense of the formalism
and notation presented in this section. This section is included
for the purpose of establishing notation. We follow the con-
ventions in Murray, Li, and Sastry (1994).
Consider the three reference frames depicted in Figure 1:

a stationary world frame, A, and two “body” frames, B and
C, attached to the needle tip. Using the homogeneous matrix
representation, let

gab =
[
Rab pab

0T 1

]
∈ SE(3) where

Rab ∈ SO(3), pab ∈ R3 (1)

denote the rigid transformation between A and B. Likewise,
let gbc = (Rbc, pbc) ∈ SE(3) denote the transformation be-
tween B and C.
The isomorphism R3 " so(3) is defined by

:̂




ω1

ω2

ω3



 #→




0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0



 ∈ so(3),

∨ :




0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0



 #→




ω1

ω2

ω3



 , (2)

where so(3) is the Lie algebra of SO(3). It will be convenient
to “overload” the definitions of ̂ and ∨ for se(3), the Lie



Autonomous medical needle steering
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• Through living tissue around obstacles
• Laser-patterned highly flexible needle
• Accounts for obstacles (CT scan), uncertainties (EM tracking), respiratory 

motion (planning)
• Lung biopsy

diameter of the airways, this restricted the range for angling the
bronchoscope’s distal tip. By exiting the airway at a more proximal
site, our system provided more actuation and better orientation po-
sitioning for the bronchoscope navigation. We also noticed that the
physician-guided needle insertions were on average of greater
length than existing clinical practice, likely reflecting the high risk
tolerance of the physician in a nonclinical setting. Because manual
needle insertion is not explicitly planned with respect to obstacles in
the environment in current clinical practice, most clinical diagnos-
tic bronchoscopy tools are limited to 20 to 30 mm of insertion (34,
35). Our system was able to access more peripheral targets via au-
tonomous needle steering by explicitly computing an obstacle-free
trajectory in the parenchyma and following it under closed-loop
robotic control. These results demonstrate our system’s ability to
reach peripheral intraparenchymal targets in the lung, which are
challenging for existing bronchoscopic techniques, with high
accuracy.

DISCUSSION
In this work, we demonstrated autonomous intraparenchymal
needle steering to targets in the highly challenging and uncertain
environment of in vivo lungs. We achieved this using a broncho-
scopically deployed robotic steerable needle that achieved high cur-
vature through laser patterning and that was deployed via an aiming
device. We accounted for tissue and respiratory motion using reg-
istration algorithms and defining safe insertion time windows
during the breathing cycle during which the needle can safely
advance. We accounted for anatomical obstacles via motion plan-
ning and accounted for uncertainty in tissue/needle interaction
and intraoperative physician choices with replanning and control.
The system’s user interface displayed real-time tracking in a seg-
mented view of the anatomy and supported autonomous steerable
needle deployment. No prior autonomous medical robot had com-
pleted a task in an obstacle-cluttered parenchyma of an organ where
visual supervision was not possible and an implicit roadmap of the
anatomy, such as the lumen of a blood vessel, did not exist (6, 36–
40). Prior work on needle steering in vivo focused on measuring

needle/tissue interaction properties or teleoperation without auto-
matic consideration of patient-specific obstacles (8, 19, 41). We
demonstrated the clinical feasibility of our semiautonomous
system through in vivo porcine experiments and through a compar-
ative study where our system outperformed a modern clinical ap-
proach in safely and accurately accessing hard-to-reach peripheral
intraprenchymal targets. The results of the comparative study also
highlight the benefits of automation for lung nodule biopsy, en-
abling our system to leverage steerable needles to safely traverse
the lung parenchyma. Automating medical procedures and sub-
tasks has the potential to standardize patient care independently
of the natural variation in interphysician and intraphysician perfor-
mance while also refocusing the time of expert physicians to higher
level tasks.

The results of our experiments indicate that steerable needles
could enable physicians to access targets in the lung for diagnosis
or treatment that are beyond the safe reach of existing tools. By in-
tegrating our robotic system with a conventional bronchoscope, we
limited the additional training required to operate our system,
which will facilitate its availability to patients without access to
highly subspecialized physicians or tertiary care centers. The decou-
pling of the robotic steerable needle system from the bronchoscope
allows our system to potentially be used with any bronchoscope, in-
cluding robotic bronchoscopy systems, with a sufficient
working channel.

The system and results presented in this work highlight the clin-
ical potential of steerable needles, enabling physicians to safely
access regions in living soft tissue while avoiding obstacles. Given
our success in the highly challenging environment of the lung, we
envision that the third stage of our system, the autonomous steer-
able needle robot, could be useful in other clinical applications
where steerable needles have been proposed, including drug deliv-
ery, brachytherapy, ablation, and biopsy in the brain, prostate, and
liver (3, 5, 42, 43).

The density of obstacles in the lungs makes this application tech-
nically challenging and highlights the importance of a system
similar to the one we present that integrates motion planning, steer-
able needles, and automation to account for obstacles. For example,

Fig. 6. Capabilities of the !exible steerable needle. (A) The ex vivo experimental setup. (B) Segmentation of the steerable needle after deployment in ex vivo lungs. (C)
The 3D rendering of the steerable needle corresponding to the segmentations.
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MagFlow: Flow-driven navigation with magnetic steering
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Pancaldi+, Nat Comm, 2020

Compressive stresses Tensile stresses 

Design tip: Bending stiffness of beams scales cubically with the thickness



Magnetic steering
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u = 20 cm/s
B = 0 – 30 mT

Electromagnetic control system Vessel phantom

1 mm



Navigation inside branched and structured channels
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250 μm probe head
300 μm channel Extreme stenosis

Tight channels



Ultraminiaturized tendon-driven devices
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• Laminated films: microfabrication



Ultraminiaturized tendon-driven devices
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• Micromanipulation system

Fig. 3. Robotic micromanipulation system. Several mechanisms are nested into a single system that ensures proper coordination of robot release with
steering operation. Accurate and rapid tuning of tension over the tendons is essential for avoiding maneuvers that would result in tissue damage or deviations
from the planned trajectory. a. Experimental platform. b. Schematic illustration of the insertion and steering mechanism showing advancement of the device
and bending counterclockwise by increasing tension on the right tendon.

Controller System
Fref

�
vreel

Force sensor

Fout

�

vbb

Fig. 4. Closed-loop control of the tension on the tendons. Fref is
the reference tension to be applied to the tendons, vreel is the velocity
offset calculated by the PID controller, vbb is the insertion velocity of the
backbone, Fout is the tension applied on the tendons.

two force sensors (KM26z, ME-Meßsysteme) for tendon
tension measurements. The feeder consists of two counter-
rotating barrels, essentially serving as a conveyor belt. A
single motor actuates the barrels through a gear transmission
system. Considering the ribbon shape of the device, this
mechanism is particularly suited to ensure precise linear
motion and avoid mechanical instabilities. The tendons are
routed around pulleys, which are connected to force sensors
that continuously measure the tension force on the tendons.

In the control architecture of our system, the backbone’s
advancement velocity is governed by an open-loop control
system, which accepts the desired insertion velocity as its
input. To be able to control the insertion depth, the advance-
ment is timed. In contrast, the tendons are managed through
a closed-loop control system (Fig. 4) designed to maintain
a specified tension. This system employs a proportional-
integral-derivative (PID) controller that outputs a velocity
offset based on the discrepancy between the actual and
desired tension levels. This offset is then subtracted from the
backbone’s advancement velocity to adjust the input velocity
to the motors controlling the tendons, thereby regulating the
tension within the tendons effectively.

III. RESULTS

A. Characterization of robot navigation

We performed navigation experiments in a 0.6% agarose
gel, a phantom that is typically used to mimic the mechanical
properties of the brain. The gel is covered with deionized
(DI) water to avoid drying. Two drops of ink are added to
this layer of DI water to enhance the visualization of the
paths followed by the robots.
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