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Abstract— Continuum robots, known for their compliance in
unstructured environments, face limitations due to the lack of
rotational degrees of freedom (DOFs) about the backbone. This
prevents them from compensating undesired torsional
deformation and performing 6-DOF control of the end-effector,
thereby restricting their mobility. This paper presents a
continuum robot with integrated dual rotational DOFs. One is
integrated at the arm base to compensate for torsional
deformation caused by external loads, while the other one,
located at the arm tip, enables full 6-DOF control of the
end-effector. To control the robot, a screw-theory-based
kinematic model and a kinematic control framework are
proposed to enable real-time, simultaneous control of the
end-effector’s position and orientation. Experimental results
show that the arm base rotational joint can fully compensate for
undesired torsional deformation caused by a 1000 g payload.
Thanks to the arm tip’s DOF and the proposed kinematic
control framework, the robot’s end-effector can maintain a
constant orientation while achieving open-loop path-tracking
errors of only 3.3% of the arm’s length (930 mm), and
successfully executing valve-closing tasks with coordinated
6-DOF motion, demonstrating the robot’s potential for
industrial maintenance, human-robot interaction, and
confined-space manipulation.

I. INTRODUCTION

Continuum robots, inspired by the flexible appendages of
biological organisms such as elephant trunks and octopus
tentacles [1], [2], represent a paradigm shift from traditional
rigid-link robots. Unlike their rigid counterparts that rely on
discrete joints and links, continuum robots achieve motion
through continuous elastic deformation of their body
structures, exhibiting theoretically infinite passive degrees of
freedom (DOFs) [3], [4]. This unique morphology grants them
exceptional compliance and adaptability, making them ideal
candidates for applications in unstructured environments.
Recent advancements have demonstrated their potential in
minimally invasive surgery (MIS) through confined
anatomical pathways [5], [6], manipulation in constrained
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environments [7], [8], and safe physical human-robot
(environment) interaction [9], [10].

Despite these advantages, a significant gap remains in their
mobility, which is defined as the ability of a mechanical
system to achieve independent, controlled motion through its
configuration (joint) DOFs [11]. This gap is particularly
evident in the challenge of achieving full 6-DOF end-effector
control and active torsional compensation under external loads.
Most existing systems, whether cable-driven [12], [13],
pneumatic-actuated [14], [15], or based on smart materials
[16], [17], primarily provided bending and extension DOFs in
configuration space through multi-segment arrangements.
While these DOFs allow for flexible spatial motion, they
inherently lack active rotational control around the continuum
arm’s backbone. This deficiency in rotational DOFs leads to
two primary mobility challenges.

First, undesired torsional deformation caused by external
loads or gravitational effects introduces pose error. And it is
difficult to compensate the pose error through active control of
bending and extending motion. To mitigate the impact of this
torsional deformation, current approaches primarily focus on
enhancing torsional stiffness without compromising bending
and extension capabilities. For instance, Dong proposed a
continuum robot consisting of serially connected Twin-Pivot
compliant joints [18], which exhibits greater torsional stiffness
compared to traditional single-backbone structures. Similarly,
Santoso enhanced torsional stiffness using an origami
mechanism [19]. While these methods improve torsional
stiffness, excessive twisting loads still induce torsional
deformation that is hard to be compensated by active control,
limiting the performance of continuum robots in
high-precision and high-load tasks.

Second, for continuum robots with only bending and
extension DOFs, the end-effector typically exhibits 3
translational DOFs (X/Y/Z) and 2 rotational DOFs
(pitch/yaw), resulting in a total of 5 DOFs in task space.
Notably, advanced control schemes for platforms such as
pneumatic-driven [20] and tensegrity-based robots [21] have
demonstrated effective pose control for tasks like reaching and
pointing. The capabilities of these systems are inherently
shaped by their mechanical structure, which relies on bending
and extension, and as a result, the axial roll motion is severely
restricted [10]. Therefore, while these robots demonstrate
effective pose control, our work extends these capabilities. By
incorporating full 6-DOF control, our design offers greater
mobility in orienting the end-effector. This is particularly
crucial for complex manipulations that demand significant
axial rotation, such as valve closure and screw assembly,



thereby broadening the application scope for continuum
robots in intricate operational scenarios.

Some studies have incorporated rotational DOFs into
continuum robots. For instance, hyper-redundant robots (a
type of generalized continuum robot) [22], [23], which were
constructed by serially connecting discrete rigid rotational
joints, typically use cables to control universal joints,
achieving motion akin to continuous bending. These robots
generally disregard the effects of torsional deformation while
offering a higher load-bearing capacity. However, the rigid
joints in such structures result in insufficient compliance and
typically lack active rotational DOFs around the arm’s axial
direction, thereby limiting mobility. To preserve compliance
while introducing rotational DOFs, a rigid-flexible coupling
structure [24] combines motor-driven rotational joints with
continuum modules in series, but introduces additional
structural mass.

In this work, we present a continuum robot with integrated
dual DOFs to enhance mobility. The first rotational DOF,
located at the arm base, primarily enables active compensation
for pose error due to torsional deformation. The second
rotational DOF, implemented by a cable-driven rotational
joint, positioned at the arm tip, allows simultaneous control of
all 6 DOFs of the end-effector in most configurations. This
integration ensures the arm’s compliance while avoiding
excessive weight burden. Experimental results demonstrate
that this design offers significant advantages, particularly in
tasks requiring rotational motion about the axis, such as valve
operation.
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The rest of the paper is structured as follows: Section Il
describes the prototype design. Section Il presents the
kinematic modeling and control framework. In Section IV, a
series of experiments were conducted to demonstrate the
effectiveness of our design. The conclusions are presented in
Section V.

Il. RoBOTIC DESIGN

The proposed continuum robot features 2 rotational DOFs
and 5 bending DOFs, resulting in a total of 7 DOFs in the
configuration space. As shown in Fig. 1(a), the robot’s arm
base incorporates a hollow rotational joint to accommodate
driving cables, sheaths, and communication wires. Rotation is
achieved through a servo motor driving a synchronous belt.
This joint is connected in series with three independently
bending continuum modules, and a cable-driven rotational
joint is integrated at the arm tip.

As depicted in Fig. 1(b), Module 1 is a semi-continuum
structure, where four offset backbones, made of superelastic
NiTi alloy rods, pass through several constraint disks, forming
a single-plane spinal structure. This design permits bending
exclusively along the normal direction of the spinal plane
while providing high bending stiffness in other directions,
thereby limiting it to a single bending DOF. To enhance
torsional stiffness, a metal bellow (KF16) is integrated at the
module’s center, with constraint disks rigidly connected to it
via a locking mechanism.
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Fig. 1. Prototype Design. (a) Overall structure of the prototype. (b) Structure of Module 1. (c) Structures of Modules 2 and 3. (d) Rotational joint at the arm tip.

To reduce weight, Modules 2 and 3 do not use metal
bellows to enhance torsional stiffness. Instead, they adopt a
fully-continuum structure with a dual-layer backbone, as
shown in Fig. 1(c). Each of these modules has 2 bending
DOFs, allowing them to bend in any direction in space. The
central backbone consists of super-elastic NiTi alloy rods that
primarily provide bending stiffness. The second-layer

backbone is composed of several thin-walled hollow metallic
cylinders with rhombic grooves, making it compressible and
bendable, and these cylinders are rigidly attached to the
constraint disks via screws. While this second-layer backbone
has lower bending stiffness, it offers superior torsional
resistance compared to the central backbone.



A total of 6 actuation units are integrated into the robot
case, leaving the entire arm structure free of electronic
actuators (motors). 5 of these are used to drive the continuum
modules for bending motion, as illustrated in Fig. 1(b). The
last actuation unit drives the rotating flange at the arm tip, as
shown in Fig. 1(d). Each actuation unit consists of a motor
(PDA-14, Produced by Daran Company) driving a spool,
which is connected to a pair of driving cables to generate
torque. When the spool rotates, one end of the driving cable
shortens while the other releases. The cable is covered by a
sheath to simplify routing from the spool to the modules and
rotating flange.

I1l. CONTROL

In this Section, the robot’s kinematic model will be
established first, followed by kinematic control frame based
on this model.

A. Kinematic Modeling

As shown in Fig. 2(a), for a continuum module i that can
bend in any direction in space, its configuration can be
described using 3 parameters: [@; f; S;], where g;
represents the direction angle of the bending plane, pi
represents the bending angle, and S; is the length of the module
i. In our design, the module length S; is fixed, so the module i
has only two adjustable parameters, resulting in 2 DOFs in the
configuration space: q. ; = [¢; Bil-

(b)

Fig.2. Kinematic model schematic. (a) Kinematic transformation of a single
continuum module. (b) Kinematic transformation of the proposed robot.

To establish the transformation relationship from the base
coordinate system Oi.; to the tip coordinate system O; for
module i, the constant curvature assumption [25] is applied.
Based on this assumption, the module i can be modeled as a

rigid joint-link mechanism with 3 rotational joint pairs and 2
prismatic joint pairs. The geometric relationships between
these 5 joint pairs and the configuration parameters of the
module i are as follows:
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The screw coordinates of these 5 joint pairs with respect to the
base coordinate system Oi.; can be expressed as:
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The kinematic transformation of module i can then be
expressed as an Product of Exponentials (PoE) formula [26],
i.e.,

Tsiec (¢)| ,ﬂl) — eﬁﬁleguzpuzeglsg-aefmmeﬁsﬂs'rsiec (¢)| — O’ﬂ| — O) (3)

For the robot we have designed, which includes 2
rotational joints and 3 continuum modules, a total of 7 DOFs
exist in its configuration space, as shown in Fig. 2(b):
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Here, wp and we denote the angles of the rotational joints at
the base and the tip of the arm, respectively. £ and ¢
represent the bending angle and direction angle of module i
(i=1,2,3), respectively. Since module 1 has only a single
bending DOF, it lacks a direction angle. The screw
coordinates of both rotational joints with respect to the base
coordinate system Oy, are:

&1=&,=[0 0100 0 (5)
Thus, the PoE formula for these two rotational joints are:
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The PoE formula for each continuum module is given in
Equation (3). Since Module 1 lacks a direction angle, its POE
simplifies to:

Tsiction (ﬁl) = eglz e e§13913 e§14 F,MTsiction (ﬁl = 0) (7)

Based on the transformation relationships of these joints and
modules, the robot’s forward kinematics can be expressed as:

Trobot = Tr:(l)t (an )Ts:::‘c (ﬂl )Tssc ((pZ 1 182 )Ts::c (¢3 ’ 183 )Trit (we ) M (8)

Here, M € SE(3) denotes the pose matrix of the end-effector
when the robot is in its initial configuration, where all



configuration parameters are zero and the arm is in a straight
state.

B. Kinematic Control Framework

In robotic applications, the position and orientation of the
robot’s end-effector typically need to be controlled
simultaneously to perform various tasks. The forward
kinematic model Troet, derived in Equation (8), can also be
represented as the end-effector’s pose matrix, i.e.,

R, R
Te = Trobot = |: 0 l :| (9)

Here, the rotation matrix Re € SO(3) defines the orientation of
the end-effector with respect to the base coordinate system Oy
, while the three-dimensional vector P specifies its position
relative to Oy .

As shown in Fig. 3, to control the position and orientation
of the robot’s end-effector, translation or rotation commands
can be generated. The target pose matrix of the end-effector,
Trarget , 1S then obtained:

_ TrohotTranS(Xstep ' ystep’ Zstep) (10)
et Trobot ROt(X /Y /Z ' Hstep)

Here, Trans(Xstep, Ystep, Zstep) denotes the translation command
(operator), representing the translation matrix along the XYZ
directions, where Xsep, Ystep, Zsep are the corresponding
translation steps. Rot(X/Y/Z, Osxp) denotes the rotation
command (operator), representing the rotation matrix around
the X, Y, or Z axis, with 6sp as the rotation step. By
right-multiplying these transformation commands (operators),
the end-effector’s pose matrix Tronot IS Updated to obtain the
target pose matrixX Trarget -
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Fig. 3. Schematic of the robotic kinematic control framework.

After obtaining the target pose matriX Trarget, the inverse
kinematics solver computes the corresponding target
configuration Qc rarger. In this paper, the inverse kinematics
solver is a numerical solver based on the Newton-Raphson
iterative metho [27]. Once (c targer IS determined, the
continuum robot is controlled to reach this target
configuration gc_target. Simultaneously, the forward kinematic

model updates the end-effector’s pose matrix Tropot, preparing
for the next motion command.

IVV. EXPERIMENT AND DEMONSTRATION

This section first tests how the proposed continuum robot
compensates for undesired torsional deformation using the
rotational DOF at the arm base. It then evaluates motion
accuracy through a path-tracking experiment, utilizing both
the rotational DOF at the arm tip and the kinematic control
framework, followed by a demonstration of valve closure to
showcase the overall mobility of the proposed robot.

A. Torsional Deformation Compensation Experiment

This experiment aims to demonstrate that the proposed
continuum robot can compensate undesired torsional
deformation through the rotational joint at its arm base. As
shown in Fig. 4(a), the robot is placed horizontally, and the 3
continuum modules are bent 30°each in the same direction,
forming a semi-C-shaped configuration with an overall bend
of 90< A 1000 g payload is placed at the arm tip, introducing a
torsional torque at the arm base. Although the designed
continuum arm has been structurally enhanced to improve
torsional stiffness (by introducing metal bellows and a
dual-layer backbone structure, as described in Section 2),
significant torsional deformation still occurs under this
payload. However, by rotating the base’s rotational joint by
31.5<in the opposite direction of the load-induced torque, the
arm tip can be returned to its position prior to the load-induced
deformation. This demonstrates that the undesired torsional
deformation can be fully compensated, as shown in Fig. 4(b).
This experiment demonstrates that the integrated rotational
DOF at the base enables the continuum robot to actively
compensate for undesired torsional deformation, thereby
improving its mobility in configuration space.

Payload
1000 g

Payload
1000 g

Fig. 4. Torsional deformation compensation experiment. (a) Before
compensation. (b) Compensation via the base rotational joint.

B. Path Tracking Experiment

To test the robot’s mobility and its motion accuracy in task
space, we conducted a path tracking experiment based on the



kinematic control framework proposed in Section III-B. As
shown in Fig. 5, we used the proposed kinematic control
framework to have the robot track two paths: a rectangular
path measuring 300200 mm and a circular path with a
diameter of 300 mm. Optical markers were attached to the arm
tip, and a NOKOV motion capture system (Mars1.3H, 3D
positioning accuracy #0.2 mm) was used to record the actual
path.

The experimental results show that the maximum error for
the rectangular path tracking was 30 mm, while the maximum
error for the circular path tracking was 20 mm. The error arises
from the kinematic modeling based on constant curvature,
which inherently introduces modeling inaccuracies.
Additionally, the measurements were taken under open-loop
control. Notably, the maximum error (30 mm) represents only
3.3% of the arm length (930 mm). Based on our previous
research [28], incorporating closed-loop correction methods
such as visual servoing, the robot’s final positioning accuracy
can reach 1 mm under this initial open-loop positioning
accuracy.

Fig. 5. Path-tracking experiment. (a) Rectangular path, (b) Circular path.

Overall, the tracking performance for the circular path was
better than for the rectangular path, likely due to the sharp
direction changes at the corners of the rectangular path, which
made it more difficult to track. Notably, during the entire path
tracking experiment, we maintained a constant orientation for
the robot’s end effector. This indicates that we can control all
6 DOFs of the robot’s end effector for Cartesian motion in task
space. This capability is enabled by the integration of a
rotational DOF at the robot’s arm tip. The complete
experimental procedure is available in Supplementary Video
Material’s part 1. The results demonstrate that the designed
continuum robot is capable of performing complex operations
with its end effector.

C. Valve Closing Demonstration

As discussed earlier, the integration of rotational DOFs in
continuum robots enhances their mobility. In particular, the
rotational DOF at the end-effector is highly suited for tasks
requiring rotational motion, such as valve closing. As shown
in Fig. 6, a two-finger gripper is integrated at the arm tip as
end-effector, which is used to close a valve and stop gas
leakage. Steps 1 to 4 in Fig. 6 illustrate the complete valve
closing process. From Step 1 to Step 2, the robot moves from
its initial configuration to a pre-determined one that aligns
with the valve. From Step 2 to Step 3, the proposed kinematic
control framework is used to guide the robot to move along the
axis of the end-effector to grip the valve.

Finally, in Step 4, a rotational command is applied to rotate
the end-effector, closing the valve and halting the gas leakage.
A demonstration video is available in Supplementary Video
Material’s part 2. This demonstration highlights the proposed
continuum robot’s exceptional mobility and its capability to
perform complex tasks.
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Fig. 6. Valve Closing Demonstration

V. CONCLUSION

This paper proposed a continuum robot design that
integrates two rotational DOFs, enhancing the mobility of the
continuum robot. The design addressed the challenges of
undesired torsional deformation and limited end-effector
DOFs in conventional continuum robots.

In our robot, two rotational DOFs were integrated into the
continuum robot: one at the arm base for torsional
compensation and another at the arm tip for 6-DOF control of
the end-effector  (position and  orientation). A
screw-theory-based kinematic model and kinematic control
framework enable accurate path tracking, demonstrated by
path-following experiments with errors below 3.3% of the
arm length. The valve-closing demonstration highlights the
robot’s mobility in performing complex tasks that require
synchronized translation and rotation of the end-effector.

Future work will focus on enhancing the robot’s interaction
capability by introducing interactive force control, enabling
better application in unstructured environments. This
research advances continuum robotics and broadens their
practical applications in real-world scenarios.
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