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Abstract. Continuum robots have attracted increasing attention from robotic
community due to their intrinsic compliance and high dexterity. However, the
compliant body structures and multiple degrees of freedom (DOFs) make it
difficult for operators to intuitively regulate the configuration of continuum
robots. Therefore, this paper presents a rod-driven continuum robot with tele-
operation device achieving master-slave control. The master articulated
manipulator has the same number of joints as the slave continuum robot. The
slave continuum robot is equipped with two continuum joints with elastic
backbones. Each joint possesses two DOFs and is driven by three elastic rods.
The configuration parameters of the master manipulator are acquired by
embedded sensors and return to a host computer. After kinematics calculating,
the control command is sent to the slave continuum robot, to reproduce the
configuration of the master manipulator. Experimental results show that the
robotic system can achieve good master-slave following performance.
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1 Introduction

Continuum robot is a new generation of bionic robot inspired by biological continuum
structures such as, elephant trunks, lizard tongues and octopus tentacles [1]. Continuum
robots possess flexible structures and hyper-redundant DOFs making them suitable for
manipulation in narrow, complex and unconstructed environments.

Walker et al. have developed a large number of pneumatic continuum robots
inspired by elephant trunks [2—4], which can achieve the motion of shortening and
bending. Camarillo et al. designed a rod-driven continuum robot equipped with 6
DOFs, which has great application prospect in endoscopic therapy [5]. Simaan pre-
sented multi-module continuum robot using hyper-elastic NiTi alloy for the use of
minimally invasive surgery [6, 7]. Similar design was used by Xu et al. to develop a
single cavity mirror robot for minimally invasive surgery [8]. Kang et al. presented a
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continuum robot driven by pneumatic artificial muscles and utilized Kalman filter to
estimate the Jacobian of the robot for path tracking [9, 10].

To complete a certain task, a continuum robot needs to be controlled by operators.
However, it might be risky or even impossible for operators exposed directly in
unconstructed and complex environments. Therefore, it is quite necessary to implement
a teleoperation device into continuum robotic system. Master-slave interactive control
have been used in rigid robotic systems for years [11]. Shin et al. developed a master-
slave robotic system for needle indentation and insertion with force feedback. The
master robot has 6-DOF and the slave robot was designed as a 1-DOF robot. The
interaction force between the slave robot and tissue sample was measured from the
force sensor and delivered to the control system through a USB-based DAQ board [12].
Franco et al. presented master-slave control system for teleoperated needle insertion
under guidance by Magnetic Resonance Imaging (MRI) [13]. Hou et al. designed a
master-slave system consisting of a hydraulic Stewart mechanism, which can be used
for grinding complex curved surfaces while keeping the operator away from the
harmful dust produced [14]. The above works provide inspirations for implementation
of teleoperation control in continuum robots.

In this paper, a two-joint rod-driven continuum robot is proposed for highly
compliant manipulation. In addition, an articulated teleoperation manipulator is
designed to map its configuration to the continuum robotic arm. The kinematics of the
continuum robotic arm is obtained based on the assumption of constant curvature in
each module. The rest of this paper is organized as follows: Sect. 2 describes the
mechanical design of the slave continuum robot and the master manipulator. Section 3
introduces the kinematic model for the presented robot. The experiment results are
demonstrated in Sect. 4, and the conclusions are given in Sect. 5.

2 Prototype Design

The prototype of the master-slave robotic system is shown in Fig. 1, which is mainly
composed of a master manipulator and a slave continuum robot. The slave continuum
robot includes a gripper, a driving box and a two-joint continuum arm. Each joint,
driven by three rods, has two DOFs, so that the whole arm has four DOFs.

2.1 The Continuum Arm

As shown in Fig. 2, each joint of the continuum arm is constructed by a backbone,
three driving rods evenly distributed in a circle and eleven constraint disks. The
backbone and rods are made of super elastic NiTi alloy to ensure the compliance and
reliability of the arm. All the constraint disks are equally spaced on the backbone, and
the rods are only fixed to the end disk of the corresponding joint but go through other
disks allowing for relative sliding. The length of the backbone remains constant. By
pushing or pulling the driving rods, the continuum joint will bend with different
configuration, according to the displacements of the rod.
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Fig. 2. Structure of the continuum arm.
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2.2 The Driving Box

Regarding to the actuations of the continuum arm, six rods are arranged for two
continuum joints. Therefore, six transmission units are equipped in the driving box.
One end of the rod is anchored to the end disk, while another is attached to a corre-
sponding transmission unit. The linear movement of a rod is achieved by the screw-rod
sliding mechanism. Each transmission unit is composed of a group of screw, slider and
rail, as shown in Fig. 3.

Driving modules: ¥

Tendon Rail Slider Screw rod

Coupling DC motor

(a) (b)

Fig. 3. Driving box: (a) the transmission unit; (b) overview of the driving box.

2.3 The Master Manipulator

The design of the master-slave system adopts isomorphic absolute position control
method. The master manipulator can be divided into three parts, including the base, the
distal link and the proximal link. The proximal link corresponds to the first joint of the
slave continuum arm while the distal link corresponds to the second joint of the slave
continuum arm. Each link, connected by U-pairs has two DOFs of rotation relating to
its own base coordinate system. Four sensors are installed in two U-pairs to measure
the pitch and yaw angles, and the output analog signal is transformed to the digital
signal in a Microprogrammed Control Unit (MCU) embedded in the base. The data is
then sent to the PC through USB communication.

There are various control strategies according to different types of exchange infor-
mation in master-slave control system. In this paper, we use the configuration-fitting
control strategy for the master-slave system. As shown in Fig. 4 and Table 1, the yaw
angle, &, and the pitch angle, 0, of the master manipulator is equal to the rotation angle, J ,
and the bending angle, 0, of the corresponding joint of the slave continuum robot. So the
configuration of slave continuum robot can controlled by operating the master
manipulator.

Solidworks is used in the design of the master manipulator for modeling and
optimization. As shown in Fig. 4, in order to ensure that the configuration of master
manipulator keep stable without external force, two damping couplings are assembled
in two U-pairs. The selection of damper is determined according to the maximum
torque of gravity under different configuration of the master manipulator. At the same
time, in order to ensure that the master manipulator will not roll over, the location of the
center is calculated so that it is always within the support range of the base.
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Fig. 4. The configuration-fitting control

Table 1. The configuration-fitting control

Configuration of the master manipulator | Configuration of the slave continuum robot

The pitch angle of the proximal link ) | The bending angle of the first joint 0

/

The pitch angle of the distal link 0, The bending angle of the second joint 0,
The yaw angle of the proximal link J; | The rotation angle of the first joint &

The yaw angle of the distal link d, The rotation angle of the second joint &

2.4 Control System

As shown in Fig. 5, the hardware of the control system consists of a PC, the master
manipulator and various control objects. The control objects are directly connected to
CAN bus include DC six brushed motors, step motor driver of the end effector and data
acquisition card with multiple analog input and output. The data acquisition card is
used to collect the driving force signal of the tension pressure sensor. The master
manipulator communicates with PC through USB, and four angle sensors transmit the
configuration parameters of the master manipulator to PC through MCU.

In the process of motion control of the master-slave robotic system, when users
operate the master manipulator, the angle sensors send the configuration parameters, J;
and 0;, to the PC through the MCU. The PC receives several groups of configuration
data using Microsoft Foundation Classes (MFC) message at a regular interval and
stores them in memory temporarily. When system judges that the configuration
parameters stop being updated, the system will stop storing the configuration
parameters.
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Fig. 5. Schematic diagram of the control system

The control system will activate the motion control of the slave continuum robot
after obtaining the first groups of configuration parameters. Then the initial length of
each driving rod is obtained to calculate the initial configuration of the slave continuum
arm. The trajectory of desired motion is produced based on the difference value between
the initial configuration and the first set of configuration parameters stored in the
memory. The trajectory of the configuration mapping from the master manipulator to the
slave continuum robot is established on the kinematic mappings and Jacobian matrix,
which will be introduced in the following sections. After the first set of desired con-
figurations is achieved, the program automatically takes the second set of configurations
as the desired configurations, and then calculate the next trajectory. The processes are
repeated until all configuration parameters obtained from the master manipulator are
executed. When the operation is completed, the system will release the memory, and at
the same time resets the initial configuration state of the continuum arm.

3 Kinematic Modeling

In this section, kinematics for the rod-driven slave continuum robot is introduced based
on the constant curvature assumption.

3.1 Coordinates and Parameters Definition

The kinematic parameters of the continuum robot are defined, as illustrated in Fig. 6.

The global coordinate system Oy (xo, Yo, Zo) is established on the base of the whole
arm. Two local coordinate systems O; (x;, y;, z;) (i = 1, 2) is established on the end disk
of each joint. Based on the assumption that each joint i is curved with constant cur-
vature, the kinematic model can be divided into three spaces: the actuation space L, the
configuration space ¥ and the workspace @ [5, 15]. The actuation space is defined as
L= [l11,li2, 13,101, 12, 132,]T, which describes the length of the driving rods. [;;
denotes the total length of the j” driving rod of the i’ joint (i = 1, 2; j = 1, 2, 3), as
shown in Fig. 6. The configuration space is defined as ¥ = [01,51,02,52}T, which
describes the deformation of the continuum arm. 6; describes the bending angle of the
™ joint in the bending plane i, where the arc lies. J; describes the rotation angle of joint
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Bending plane

Fig. 6. Geometric description of continuum joint 1

i, that is the angle between the bending plane of joint i and the x;.; axis of the {i—1}.
The workspace is defined as Q = [x y z]”, which represents the position of the end
point.

The length of the backbone of each joint is L; (i = 1, 2). « = 120° indicates the
angle between the three driving rods evenly distributed for each joint. f = 60° is the
angle between the driving rods of joint 2 and joint 1. R = 15 mm represents the radius
of the circumference of the evenly distributed driving rods.

3.2 Kinematic Mapping

The mapping relationship between the actuation space and the configuration space is
derived on the basis of the geometric relationship between the driving rod and the
backbone:

liFEi:[Lg — RO cos(dg + (j — Do+ (i = 1)f)] (1)

g=1

Based on the geometric relationship of the coordinate system, the transformation
matrix {7'T'(i = 1,2) of the coordinate system from {i — 1} to {i} can be obtained as
(2). Where, y = B - 6, + &,
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In Eq. (3), 9T represents the transformation matrix from frame {0} to frame {2}, where
P is the multivariate function vector of 6; §; 0, 8,, which reflects the absolute coor-
dinates of the end point. P = [P, P, P,]" reflects the mapping relationship between the
configuration space ¥ and the workspace Q.

3.3 Jacobian Matrix

In real task, the slave continuum robot is required not only to reach the position of the
target, but also to provide certain speed for certain mission requirement. In addition, to
achieve a smooth and safe motion, the moving speed of the slave continuum robot’s
configuration is necessary to be well controlled. The Jacobian reveals the relationship
between the velocities in workspace, configuration space and actuation space.

Two velocity Jacobian matrixes Jy;, and Jy, are defined to describe the velocity
mappings from the configuration space to the actuation space and the velocity map-
pings from the configuration space to the workspace.

The velocity mapping from the configuration space to the actuation space is
expressed as Eq. (4):

L=Jy ¥ (4)

By solving the derivative of L to ¥ in Eq. (1), the Jacobian matrix from the config-
uration space to the actuation space can be derived as:

Jyr = {%ﬁ (%L, (%Lz 3—52} (5)

0,

y 1 Jl 0 51
L= p— ; 6
Tor [le Jz} 0> (6)

02

The velocity mapping from the configuration space to the workspace is shown in
Eq. (7):

Q=1Jyg ¥ (7)
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According to Eq. (3), the partial derivative of P to each element of ¥ make up the
Jacobian matrix from configuration space to the workspace as Eq. (8):

_|op oP 9P OP
J'I‘Q—[ae, 95, 00, 052] (8)

Consulting the linear equation theory (Boullion and Odell 2010), The inverse kine-
matics can be written as Eq. (9) [16]:

where J ,*,Q is the generalized inverse matrix of Jyg, (I —Jwo J ;Q)w is the projection
of w on the null space of J .},Q, which is an additional item caused by the redundant
degree of freedom of the continuum arm, making the continuum arm can reach a same

point in several poses. If w = 0, a minimal norm solution of ¥ can be obtained [16].

By using Egs. (4) and (9), the velocity mapping relationship between the work-
space and the actuation space is derived as Eq. (10), considering the minimal norm
solution of the configuration velocity.

L=Jyljy 0 (10)

4 Control Experiment

In this section, experiments are carried out to validate the performance of the master-
slave system. The master manipulator produces a large amount of configurations for the
slave continuum robot to follow, as shown in Fig. 7.

Fig. 7. Record of experimental process
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The bending angle of each joint is tested following a cosine curve from m/2 to n/6
and the rotation angle of each joint is tested following sine curve from —x to m, as
shown in Fig. 8. We can read the length of all the six driving rods in real time. Then
making use of the mapping relationship between the actuation space and the config-
uration space, the actual configurations angle of each joint can be derived. By com-
paring the configuration angles of master manipulator and the slave continuum robot,
we can evaluate the precision of the teleoperation.

We can tell from the experiment results that there is some tiny deviation. The
maximum error of master-slave following is less than 1°, so we can ignore the influ-
ence of the error in practical task. Therefore, the master-slave teleoperation device of
the continuum robot can precisely and intuitively control the configuration of the
continuum robot.
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Fig. 8. Experiment result of configuration angle

5 Conclusion

In this paper, a teleoperated rod-driven continuum prototype is presented, containing a
master manipulator and a slave continuum robot. The slave continuum robot is com-
posed of a gripper, a driving box and a continuum arm. The continuum arm is con-
structed with an elastic backbone and three elastic driving rods, which provide the
continuum arm with high flexibility. To achieve a good kinematic control of the
continuum robot, the kinematic model is obtained based on the mapping relationships
of actuation space, configuration space and workspace.
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The master articulated manipulator having the same DOFs with the slave contin-
uum arm is well designed. The slave continuum robot is controlled to reproduce the
configuration of the master manipulator. The teleoperation device is helpful to enhance
the intuitive feelings of remote operating. The experiments indicate the robot have a
good master-slave tracking performance.

Acknowledgments. This work was supported by the National Natural Science Foundation of
China (Grant No. 51875393, No. 51605329, No. 51535008), and the Tianjin Municipal Science
and Technology Department Program (Grant No. 17JCQNJC03600).

References

1. Robinson, G., Davies, J.B.C.: Continuum robots - a state of the art. In: IEEE International
Conference on Robotics and Automation, Detroit, Michigan, vol. 4, pp. 2849-2854 (1999)

2. McMahan, W., Jones, B.A., Walker, I.D.: Design and implementation of a multi-section
continuum robot: air-octor. In: [EEE/RSJ International Conference on Intelligent Robots and
Systems, Clemson, USA, pp. 2578-2585 (2005)

3. Jones, B.A., Walker, 1.D.: Kinematics for multisection continuum robots. IEEE Trans.
Robot. 22, 43-55 (2006)

4. Walker, L.D., Hannan, M.W.: A novel ‘elephant’s trunk’ robot. In: IEEE/ASME
International Conference on Advanced Intelligent Mechatronics, Atlanta, USA, pp. 410—
415 (1999)

5. Camarillo, D.B., Milne, C.F., Carlson, C.R., et al.: Mechanics modeling of tendon-driven
continuum manipulators. IEEE Trans. Robot. 24(6), 1262-1273 (2008)

6. Simaan, N.: Snake-like units using flexible backbones and actuation redundancy for
enhanced miniaturization. In: IEEE International Conference on Robotics and Automation,
Barcelona, Spain, pp. 3023-3028 (2005)

7. Xu, K., Simaan, N.: Actuation compensation for flexible surgical snake-like robots with
redundant remote actuation. In: IEEE International Conference on Robotics and Automation
(ICRA), Orlando, Florida, pp. 4148-4154 (2006)

8. Simaan, N., Xu, K., Wei, W, et al.: Design and integration of a telerobotic system for
minimally invasive surgery of the throat. Int. J. Robot. Res. 28, 1134-1153 (2009)

9. Kang, R., Branson, D.T., Zheng, T., et al.: Design, modeling and control of a pneumatically
actuated manipulator inspired by biological continuum structures. Bioinspir. Biomim. 8(3),
036008 (2013)

10. Li, M., Branson, D.T., Dai, J., Kang, R.: Model-free control for continuum robots based on
an adaptive Kalman filter. IEEE/ASME Trans. Mechatron. 23, 286-297 (2018)

11. Shao, Y., Jiang, Z.: Overview of master-slave teleoperation robot technology. Technol.
Outlook 5, 150 (2017)

12. Shin, J., Zhong, Y., Gu, C.: Master-slave robotic system for needle indentation and insertion.
Comput. Assist. Surg. 22, 100-105 (2017)

13. Franco, E., Ristic, M.: Adaptive control of a master-slave system for teleoperated needle
insertion under MRI-guidance. In: Control & Automation. IEEE (2015)

14. Hou, J., Zhao, D.: Investigation of bilateral control for hydraulic stewart master-slave
system. Inst. Mech. Eng. Part C: J. Mech. Eng. Sci. 229(15), 2706-2718 (2015)

15. Xu, K., Simaan, N., et al.: An investigation of the intrinsic force sensing capabilities of
continuum robots. IEEE Trans. Robot. 24, 576-587 (2008)

16. Li, M., Kang, R., Geng, S., Guglielmino, E.: Design and control of a tendon-driven
continuum robot. Trans. Inst. Meas. Control 40, 3263-3272 (2017)



	Design of a Teleoperated Rod-Driven Continuum Robot
	Abstract
	1 Introduction
	2 Prototype Design
	2.1 The Continuum Arm
	2.2 The Driving Box
	2.3 The Master Manipulator
	2.4 Control System

	3 Kinematic Modeling
	3.1 Coordinates and Parameters Definition
	3.2 Kinematic Mapping
	3.3 Jacobian Matrix

	4 Control Experiment
	5 Conclusion
	Acknowledgments
	References




