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Abstract: Hyper-redundant continuum manipulators present dexterous kinematic skills in
complicated tasks and demonstrate promising potential in underground exploration, intra-cavity
inspection, surgery, etc. However, the hyper-redundancy, which endows much dexterity and
flexibility, brings a huge challenge to the kinematics solution and control of the continuum
manipulators. Due to the pseudoinverse calculation of high-order Jacobian matrix or iteration,
many inverse kinematic solution approaches of continuum manipulators are very time-consuming,
which extremely limit their applicability in real-time control. Additionally, it is often difficult for
the manipulators to perform the tasks well in complex scenarios due to lack of human intervention.
Therefore, in this paper, a simplified kinematics model of a typical hyper-redundant manipulator
is proposed based on its unique geometry relationships, where the mapping relationships between
the actuators’ rotation and the end-effector’s position are derived through the analysis of its
driving subsystem and motion subsystem, in particular the joint modules. To perform the tasks
of manipulators with the help of operators, a teleoperation control scheme with modified wave
transmission structure is designed to achieve the guaranteed stability and improved transparency,
and the leader’s trajectory and generated force feedback are the transmitted signals in the
communication channel. Specifically, a virtual force feedback generation algorithm is developed
in the teleoperation control scheme via the processing tracking errors, which can improve the
operators’ assistance and perception during the teleoperation process. The practical experiments with
comparative wave variable structures in two different sets are implemented to verify the effectiveness
of proposed kinematics model and control scheme.

Keywords: cable-driven; hyper-redundant; continuum manipulator; kinematics modeling;
teleoperation control; wave variable

1. Introduction

Traditional robots with a fixed degree of freedom (DOF) have been primarily devised for repetitive
industrial production tasks in known and structured environments with little human participation [1].
With the increasing demand for complicated exploration or operation tasks in complex scenarios,
hyper-redundant continuum manipulators, which exhibit more dexterity and flexibility during
motion [2,3], have attracted much attention of researchers. Among them, inspired by the concept
of biomimetic muscles and tendons, such as the snake or octopus, cable-driven hyper-redundant
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continuum manipulators (CHCM) or similar designs generally consist of multiple serially connected
joint modules driven by cables, rigid linkages or elastic materials [4,5]. Due to the redundant DOFs,
CHCM can reach desired positions with different postures; thus, flexible motion, good obstacle
avoidance capability, and security can be achieved for surgery, ocean exploration, underground or
intra-cavity inspection etc. [6].

Various mechanical designs of continuum manipulators with different actuator and connection
structures have been developed [7], where the complexity of kinematics and the control method caused
by complicated and per-redundant relationships between cables, joints and end-effector positions are
the key problem to be solved [8,9].

The first snake-like continuum robot was designed about 50 years ag. Since then, research about
continuum robots has been emerging in large numbers [10]. Choset et al. [11,12] proposed a serious of
different modular continuum robots and corresponding control methods to achieve reliable movement
in complicated terrains. In particular, the Unified Snake robot was designed with up to 16 joints and
presented a variety of motion patterns and excellent obstacle avoidance ability [13,14]. A continuum
robot consisting of several same joints was developed by Mamba and the attached force/torque sensors
provide the information of how the robot touches surrounding environments [15]. Buckingham, et al.
of OC Robotics [5] developed a commercialized CHCM suitable for assembly tasks within wing boxes
and replacing manual procedures, where a complex kinematics model was established to deal with the
strong nonlinearity. Zhao Zhang [16] proposed a cable-driven snake-like robot consisting of 2-DOF
joint modules with a flexible backbone, then an instantaneous kinematic model and numerical inverse
kinematics (IK) algorithm were derived, which is solved via Newton–Raphson method. Another
commonly used method for IK questions is solving the pseudoinverse of the Jacobian matrix, based on
which a multi-section continuum robot was designed and its kinematics model with optimized motion
trail among cable displacements and joint rotations was derived [17–19]. To cope with the challenge
of solving IK for hyper-redundant robots, a modified computing method was proposed to solve IK
of (2n + 1) DOF continuum manipulator, where the analytical approach was adopted to improve the
efficiency of solvers on each joint and the IK question was handled as an optimization problem [20].
For achieving the best result of multi-solution IK problems for hyper-redundant robots, a computing
algorithm based on the cyclic coordinate descent was presented, which could handle many redundant
DOFs in three spatial dimensions [21]. M.S. Espinoza et al. [22] compared an exhaustive method
and several optimization algorithms considering computing time-cost and tolerable position error,
where the limitations of each method were explained.

Based on mechanical designs and kinematics or dynamic modeling, upper-level control strategies
through optimization or model-free approaches have become another important research mission,
such as the attitude control, obstacle avoidance and adaptive tracking [21,23]. To perform complex
tasks in remote scenarios with dexterous kinematic skills, the teleoperation technique is introduced as
the control strategy for manipulators, where the operator moves the leader robot and generates the
desired trajectory signals and transmits to the follower through commination channel [24–26]. Barrio
et al. proposed a control strategy for teleoperating the designed hyper-redundant robot in a hazardous
environment with mixed reality and immersive technology, thus the operator could command the
robot and observe a reconstructed environment via a head-mounted display in a remote location [27].
Ren et al. designed a real-time control leader-salve teleoperation for a snake robot and the kinematics
problem was handled via the Monte Carlo method and optimization algorithm [28]. In the research
of Berthet-Rayne [29], a teleoperation system for redundant snake-like surgery robots comprised of
26 joint variables was developed, and 6 different control methods were compared including Jacobian,
iterative and linear programming methods. Though some teleoperation systems of CHCM have
been proposed in the research mentioned above, the communication time delay between leader and
follower robot, which may cause instability and poorer performance [30,31], and the force feedback
has not been taken into consideration generally. Therefore, to deal with these hostile factors, the wave
variable method was developed to guarantee the stability of the teleoperation system, which could



Appl. Sci. 2020, 10, 8031 3 of 19

be guaranteed theoretically based on the passivity and scattering-based theories [32]. In the earlier
research about wave variable methods, the system stability can be ensured [33,34], but the transparency
including trajectory tracking and force feedback performance is distorted because of the bias term
in transmitted wave variable signals [30]. Afterwards, modified wave variable-based teleoperation
structures have been proposed to improve the system transparency with guaranteed stability [35].
Bate et al. presented a new wave transformation method to reduce the bias term caused by wave
reflections, thus the velocity tracking and force feedback performance was improved in unknown
working environments [36]. Ye et al. proposed corresponding methods to satisfy different requirements
of performance, for example an augmented forward wave was generated via the perceived force and
follower control force to improve the trajectory tracking performance; a method helping reduce
the bias term was partially adopted to enhance the fidelity of haptic feedback [37,38]. However,
the simultaneously good position-tracking and force feedback performance of teleoperation system is
still challenging, especially for CHCM.

In this paper, a design of CHCM for complicated tasks, which adopts a structure of separating
driving subsystem and motion subsystem, is introduced and it has redundant DOFs due to the
abundant numbers of joint modules. According to the system geometry structure of CHCM,
the simplified forward and inverse kinematics model for real-time control is established based on some
assumptions of the CHCM’s motion characteristics, which avoids time-cost pseudoinverse computation
of the Jacobian matrix. To achieve operator assistance and perception, a modified teleoperation control
scheme is introduced for the upper-level control of CHCM with guaranteed stability and improved
transparency, where a 2-DOF Cartesian working space mapping method and a virtual force feedback
generation algorithm are presented. The performance of the proposed system is theoretically proved
via scattering theory and experimentally indicated through a series of comparative experiments.

The remaining part of this paper is organized as follows: the general structure and kinematics
model of CHCM is introduced in Section 2. In Section 3, a modified wave variable-based teleoperation
scheme with virtual force feedback generation is proposed, and the stability and transparency are
analyzed. In Section 4, a series of comparative experiments is carried out and the results show the
efficiency of derived kinematics model and proposed control scheme. Finally, the main work of this
paper is concluded in Section 5.

2. Configuration and Kinematics Modeling

2.1. General Structure of CHCM

The proposed CHCM adopts a structure of separating the driving subsystem and motion
subsystem, as shown in Figure 1. The manipulator, namely the motion subsystem, contains multiple
cable-driven joint modules serially connected with adjacent ones by a universal joint. Each joint
module comprises a tubular structure and two fixed endplates used to link the tubular structure with
universal joints, as shown in Figure 2b. The three driving cables of each joint are equally spaced at 120◦

and attached to the rear endplate, through holes in the circumferential directions pierced in tubular
structures and endplates. With the cables, the rear endplate of every joint module is connected to
the driving subsystem, in which the driving cables are controlled by the actuators. The rotation of
actuators is converted to the horizontal linear motion of connecting plates via reducers, leading screws,
sliders etc., which are fixed to screw nut seats and the cables are attached to, as shown in Figure 2a.
To measure length changes of these driving cables, the linear magnetic encoders are adopted, ignoring
the deformation of the cables. As a result, the joint module will present 2-DOF rotational motions with
the contraction of the driving cables, namely the rotation of the actuators.
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Driving subsystem Motion subsystem

Figure 1. The general structure of CHCM, consisting of the driving subsystem and the motion
subsystem.
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Figure 2. The details of driving or motion subsystems.

2.2. Forward and Inverse Kinematics Based on Geometrical Relationships

According to the structure of CHCM, the 3-DOF position of end-effector is determined by the
deflection of every 2-DOF joint module, which can be described by two parameters: rotation about
X-axis by angle ϕ and rotation about Z-axis by angle θ. The world coordinate system {Wo} is defined,
with its origin at the center of the base plate and y axis perpendicular to the base plate and pointing to
the end-effector, as shown in Figure 3.
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Figure 3. The world coordinate system and joint angles definition.
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The purpose of forward kinematics analysis is to determine every joint angle and then compute the
end-effector position when the lengths of three driving cables are given. Correspondingly, the inverse
kinematics model is supposed to calculate the expected joint angles and cable lengths with given
end-effector positions.

2.2.1. Kinematics between Cable Lengths and Joint Angles

To establish the kinematics model between cable lengths and joint angles, a geometric model
is presented as shown in Figure 4, noting that adjacent universal joints are orthogonal rather than
in the same direction, although the same model is adopted, which does not impact the outcome.
To be simplified, a coordinate system is created. Frame {Pi} and {Ri} are attached to the proximal
endplate and rear endplate of ith tubular structure with their origins located at the centers of those
plates, respectively.

When joint angles Φi = [ϕi, θi] (i = 1, 2, · · · , N) are given, the three driving cables of ith joint
will present unique and definite lengths Li,j(j = 1, 2, 3), where N represents the number of all joints.
Similarly, some essential symbols, their properties, and corresponding values of CHCM are presented
in Table 1.

𝜑i
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𝑋

𝑃𝑖

𝑅𝑖−1

𝛼𝑖,𝑗
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𝜑i

Cable length 

The center of 

universal joint

𝑙𝑖,𝑗
Attachment

point

Figure 4. A geometric model of universal joint.

Table 1. The properties and values of some symbols.

Symbol Property Value

N Number of all joints 5
M Number of through holes at endplates 18
R Radius of tubular structure 33.8 mm
D Distance from tubular structure to the center of universal joint 12 mm
H Length of tubular structure 106 mm
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According to the principle of the coordinate system transformation, the pose transformation
matrix of joint frame {Pi} with respect to adjoining one {Ri−1} connected by one universal joint could
be expressed as:

Ti
i−1 = Trans(0, D, 0)Rot(Z, θi)Rot(X, ϕi)Trans(0, D, 0) (1)

where Trans(0, D, 0) represents the translation function, which can be written as:

Trans(0, D, 0)=


1 0 0 0
0 1 0 D
0 0 1 0
0 0 0 1

 (2)

and Rot(Z, θi), Rot(X, ϕi) represent the rotation function about X-axis by angle ϕi and rotation about
Z-axis by angle θi, respectively, which can be written as:

Rot(Z, θi) =


cos θi − sin θi 0 0
sin θi cos θi 0 0

0 0 1 0
0 0 0 1

 , Rot(X, ϕi) =


1 0 0 0
0 cos ϕi − sin ϕi 0
0 sin ϕi cos ϕi 0
0 0 0 1

 (3)

As shown in Figure 3, αi,j is a counterclockwise angle, which represents the deflection angle of
the attachment point of jth cable on the ith tubular structure and X-axis of {Pi}, which can be derived
as (4). Such that the attachment position pi,j and the cable length between pi,j and pi−1,j can be derived
as (5) and (6).

αi,j = i · 360◦

M
+ (j− 1) · 120◦ (4)

pi,j = [R · cos α, 0, R · sin α]T (5)

li,j =
∥∥∥Ti

i−1 · pi,j − pi,j

∥∥∥ (6)

Ignoring the deformation of cables and considering that the cables in every tubular structure get
lengths of H, the total lengths of cables can be derived as:

Lk,j=
k

∑
i
(li,j + H) (7)

When cable lengths Li,j(j = 1, 2, 3) are given, each joint angle will be unique and definite,
which can be solved from Equation (8).

li,j =
∥∥∥Ti

i−1 · pi,j − pi−1,j

∥∥∥ = f (θi, ϕi, αi,j) (8)

2.2.2. Kinematics between Joint Angles and End-Effector Position

Based on the coordinate system in the last section, the forward kinematics model from joint angles
to end-effector position could be easily derived, similarly via coordinate transformation. The transform
matrix from the world coordinate system {W0} to the end-effector frame {RN} could be derived as:

TN
W =

N

∏
i=1

(Ti
i−1 · Trans(0, H, 0)) (9)

where Ti
i−1 is defined by Equation (1) and the definition of Trans(0, H, 0) is similar to Equation (2).

Due to the high redundancy of CHCM, the analytic solution of inverse kinematics does not
exist and the numerical methods usually spend tremendous amounts of computational time based
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on the pseudoinverse of the Jacobian matrix. To improve the real-time performance of inverse
kinematics computing, an efficient solution method based on geometric relationship of CHCM and
some assumptions of its motion feature is introduced in this section.

In confined working scenarios, the motion of the manipulator is restricted by both environment
and mechanical structure, which means the joint modules are supposed to move less within a maximum
limited angle. Thus, to simplify, some assumptions of the manipulator’s motion are proposed.

1. The position of the end-effector is mainly in an optional plane PTY perpendicular to the Y-axis.
2. The last tubular structure is parallel to the Y-axis.
3. The movement of the end-effector in the Y-axis direction is achieved by selecting different

optional planes.

To simplify the analysis, the joints are represented by dots and the tubular structures are
represented by lines with a length of L = H + 2 · D, as shown in Figure 4. Suppose that the
proximal end point of ith line is at Ai(xi, yi, zi)(i = 1, 2, · · · , N), and the position of end-effector
is AN+1(xN+1, yN+1, zN+1), whose relationship could be derived as Equation (10).

xn+1 = xn

yn+1 = yn + L
zn+1 = zn

(10)

To calculate the desired position of each joint, a reference pose of CHCM is created where ϕ1 =

χ, θ1 = 0 and ϕi = 0, θi = 0(i = 2, · · · , N− 3), thus, the equation of PTY is y = (N− 1) · L · cos(χ) + L.
The subscripts r and d denote reference pose and desired pose, respectively. When the proximal end
point of Nth line AN,d(xN,d, yN,d, zN,d) is determined by Equation (11), the movement of last N − k + 1
joint modules could achieve the desired position of the end-effector.{∥∥AN,d − Ak+1,r

∥∥ ≥ (N − k− 1) · L∥∥AN,d − Ak,r
∥∥ ≤ (N − k) · L (11)

As shown in Figure 5, the points Ai,d(i = k + 1, N) in this state are located on a straight line;
specifically, the angles ϕi,d, θi,d(i = k + 2, N − 1) stay zero. Then, according to the system geometry
structure, the end point of (k + 1)th line Ak+1,d satisfies Equation (12).{ ∥∥Ak,d − Ak+1,d

∥∥ = L∥∥Ak+1,d − AN,d
∥∥ = (N − k− 1) · L (12)

As the end-effector moves in PTY, we select the more accessible intersection point of the circle
determined by Equation (11) and a fixed plane as the coordinate of Ak+1,d, which is defined by A1,r,
An−2,r An,r and expressed as Equation (12). Thus, Ak+1,d also satisfies Equation (13).

f (A(x, y, z)) = a · x + b · y + z = 0 (13)

Since Ak+1,d and AN,d are known, the coordinates of other joint modules can be calculated.
The directional vector of each tubular structure in the world coordinate system {W0} could be
transformed from the adjacent one by rotation functions, which is written as Equation (14) or (15) due
to the direction of universal joint. Then, joint angles Φi = [ϕi, θi] (i = 1, 2, · · · , N) can be solved.

[Ai+1,d − Ai,d] = Rot(Z, θi) · Rot(X, ϕi) [Ai,d − Ai−1,d] (i = 2, 3, · · · , N) (14)

[Ai+1,d − Ai,d] = Rot(X, ϕi) · Rot(Z, θi) [Ai,d − Ai−1,d] (i = 2, 3, · · · , N) (15)

Thus, Equations (9) and (13) or Equation (14) present the forward and inverse kinematics model
between joint angles and end-effector position.
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Figure 5. Simplified kinematics model between joint angles and end-effector position.

3. Teleoperation Control Design with Wave Variable and Virtual Force Feedback

3.1. Modified Wave Variable Architecture

In a wave variable-based teleoperation control scheme, the leader robot sends desired
motion information to the follower manipulator and receives force feedback conversely through
communication modules, where the wave variable method is adopted to deal with inherent system
time delay and guarantee the passivity, namely the stability of the teleoperation system at the cost
of insufficient transparency including position-tracking and force feedback. Therefore, a design of
modified wave variable architecture is proposed in this section inspired by the bilateral teleoperation
schemes in [36], as shown in Figure 6, where Ẋm and Ẋs are the velocities of leader and follower;
Fm and Fs denote the forces of leader and follower; Ẋsd represents the desired velocity of the follower.
To improve the system transparency, two transform parameters are introduced, among which the
impedance parameter b is used for position-tracking performance and the gain coefficient K reduces
force feedback error. Furthermore, a first-order low-pass filter expressed as λ/(s + λ) is adopted in
the forward communication channel to eliminate high-frequency noise of velocity caused by manual
operation and ensure the system passivity by dissipating inherit energy [33].
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Figure 6. Modified wave variable architecture.
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In the proposed architecture, the transformed wave variables transmitted in the communication
channel can be derived as:

um(t) =
b · Ẋm(t) + Fs(t− T)

K
⊗ L−1(

λ

s + λ
) (16)

vs(t) =
Fs(t)

K
(17)

where T is the constant time delay in communication channel between the leader and follower, ⊗ and
L−1 represent convolution and inverse Laplace transform, respectively.

According to the architecture shown in Figure 6, the received desired velocity in follower Ẋsd and
force feedback Fm in leader can be written as:

Ẋsd(t) =
K · um(t− T)

b
− Fs(t)

b
(18)

Fm(t) = K · vs(t− T)+K · b · Ẋm(t) (19)

Hence, by substituting Equations (15) and (16) into Equations (17) and (18), the transmission
relationships between the leader and follower could be derived as:

Ẋsd(t) = Ẋm(t− T)⊗ L−1(
λ

s + λ
)+

1
b
· (Fs(t− 2 · T)⊗ L−1(

λ

s + λ
)− Fs(t)) (20)

Fm(t) = Fs(t− T)+K · b · Ẋm(t) (21)

3.2. Virtual Force Feedback Generation and Controller Design

To realize the teleoperation control from leader to follower, namely the CHCM, considering the
assumptions and irregular accessible range of the manipulator’s motion, a 2-DOF Cartesian working
space mapping method is proposed in this section. The motion of selected leader robot, Phantom
Omni device, in XOY plane is transformed to desired position of follower in PTY plane, which can be
written as: xsd

ysd
zsd

 =

kx 0 0
0 0 0
0 ky 0


xm

ym

zm

+

 0
y0

0

 (22)

where kx, ky are scare factors and y0 is the y coordinate of PTY plane.
To achieve the operator’s perception of follower’s motion state, a virtual force feedback generation

algorithm is presented based on some presuppositions of working space and the position of leader
and follower, which can be derived as:

Fs =

{
Fe Xs ∈ Xu

Fe+Fb others
(23)

Fe = k f · (
1

1 + eXsd−Xs
− 0.5) (24)

Fb = kb · (Xb − Xs) + cb · ~̇Xs · ~N (25)

where k f is the primary parameter to adjust the amplitude of virtual force during free motion; kb and
cb are the spring modulus and damping coefficient of environment exceeding presupposed accessible
unconstrained location Xu, which is regarded as a spring-damper. Xb represents the boundary of
Xu and ~N denotes the unit normal vector of contact position of the follower and Xb pointing to Xu.
Remarkably, the parameters kb and cb are defined based on presupposed virtual boundary or known
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prior information about real environment and take values only when the position of follower Xs

reaches or exceeds the setting boundary Xb.
As expressed in Equations (23)–(25), the generated virtual force Fs changes continuously and

boundedly with tracking errors Xsd − Xs and presents more sensitivity with small tracking errors.
Hence, the virtual force feedback can provide operators with the perception of tracking errors,
and motion state of follower relative to the boundary Xb.

Based on the structures of CHCM, a teleoperation control scheme is proposed to achieve good
tracking performance of follower, as shown in Figure 7. According to the inverse kinematics model
of CHCM, the desired position Xsd is transformed to desired lengths Ld of driving cables of each
joint module. By measuring the actual lengths of driving cables Ls with linear magnetic encoders,
a closed-loop PID controller is designed as Equation (26) to realize accurate cable length control.

u = KP · (Ld − Ls) + KI ·
∫ t

0
(Ld − Ls)dτ + KD · (L̇d − L̇s) (26)

where KP, KI , KD are parameters of the PID controller, and the output of controller u determines the
rotation speed of each actuator.
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+ -

Figure 7. Designed teleoperation control scheme for CHCM.

Meanwhile, the virtual force Fs transmitted from the follower and the velocity of leader Ẋm

generate the feedback force Fm on the leader. Hence, the dynamics of the leader robot can be expressed
as Equation (27), considering the leader as a particle with a mass of Mm.

Fh(t)− Fm(t) = Mm · Ẍm(t), Ẋm(t) = Fh/Zh (27)

where Fh is the control force exerted by the operator and Zh is the operator impedance coefficient.

3.3. Stability and Transparency Analysis

A sufficient condition to prove the stability of teleoperation systems with time delays is that
the adopted wave variable-based communication architecture is passive, for the leader and follower
with PID controllers are passive [30]. According to the scattering operator theory, the passivity of
teleoperation system can be guaranteed if and only if its scattering operator S(s) satisfies:

‖S(s)‖ ≤ 1 (28)

where the scattering operator S(s) is defined by:

S(s)=

[
1 0
0 −1

]
[H(s)− I] [H(s) + I]−1 (29)

where the hybrid matrix of the proposed teleoperation scheme can be defined by Equation (29) and
derived from Equations (20) and (21) as Equation (31).
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[
Fm(s)
−Ẋs(s)

]
= H(s) ·

[
Ẋm(s)
Fs(s)

]
(30)

H(s) =

[
K · b e−sT

−e−sT · λ
s+λ

1
b −

e−2sT

b · λ
s+λ

]
(31)

As implied by Formulas (29) and (31), when s is defined as jω, the function e−jωT will have a
periodic impact on the norm of S(s) with a constant time delay T, which means T does not exert extra
influence but on the angular frequency of S(s) among ω axis. The parameters K and b to be designed
affect the passivity of teleoperation system largely, of which the values are limited to (0, 1) and [1,+∞),
respectively, considering the influences on the tracking performance and force feedback with regard
to Equations (20) and (21). By the iteration of different parameters in MATLAB, it is illustrated that
‖S(s)‖ is always no more than one with K ∈ [0.5, 1).

The simulation result, as shown in Figure 8, preferably indicates that the scattering matrix norm of
proposed teleoperation scheme will remain not greater than one with obvious periodical characteristic,
and the one-order low-pass in the communication channel enhances the system passivity by reducing
the norm of S(s) with increasing frequency, where K=0.6, b = 10, T = 1, λ = 20.

0 1 2 3 4 5 6 7 8 9 10
0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

Figure 8. The simulation result of the scattering matrix norm.

With guaranteed passivity, the transparency of the proposed teleoperation system is also improved
regarding Equations (20) and (21). Concretely, the virtual force Fs will present slight and small change
according to Equations (23) and (24) when the tracking error Xsd − Xs is almost time invariant or
smoothly varying; therefore, the transformed desired velocity Ẋsd of follower accurately reaches or
gets close to the desired value with the filter eliminating noise of wave variables. With move-and-wait
operation strategy adopted [39], the operator will have an exact perception of virtual force via stopping
the leader, since Fm(t) is exactly equal to the virtual force Fs(t− T) when Ẋm(t) = 0. Furthermore,
a larger value is chosen for b when Fs shows rapid changes to suppress the distortion of Ẋsd. However,
the parameter b has a reverse effect on force feedback and increases the force feedback error according
to Equation (21), to cope with which the secondary parameter K is introduced with a small value. Thus,
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a good system transparency including good position-tracking performance and force feedback can be
obtained simultaneously in the proposed teleoperation scheme with appropriate values of b and K.

4. Experiment

In this section, a series of comparative experiments are conducted for the following purpose.

1. To demonstrate that the derived forward and inverse kinematics of CHCM based on geometrical
relationships are validated and applicable for CHCM due to its real-time performance.

2. To illustrate that the teleoperation system of CHCM remains stable with time delays and shows
better transparency adopting the proposed teleoperation control scheme including wave variable
architecture and virtual force feedback generation method.

4.1. Experiment Platform

The experiments are implemented on the 3D Systems Touch device and CHCM connected by a
real-time platform via the MATLAB/Simulink and QUARC, which represent the leader and follower
robot respectively, as shown in Figure 9. The experiments are implemented via the leader and follower
robots and a control platform composed of the MATLAB/Simulink and QUARC, a real-time control
software made by Quanser. The follower robot, namely the CHCM introduced in the previous sections,
is supposed to track the motion trajectory of leader. In addition, the leader robot is a commercially
available haptic device named Touch made by 3D Systems, which could provide accurate position input
and force feedback output and is a good choice for our experiment platform. The whole experiment
platform is shown in Figure 9. The stylus of Touch generates desired motion trajectory with human
operation and produces perceptible force feedback at 1 kHz. The desired trajectory is transmitted
to the follower robot through the wave variable-based communication channel, and the commands
generated by PID controller are sent to corresponding actuators through Quanser data acquisition card
at 1 kHz. Specifically, some devices and software are listed in Table 2.

The follower manipulator

The leader manipulator

The driving 

subsystem

The motion

subsystem

The 

operating 

stylus

The three 

joints with 

force feedback

1

2
3

Figure 9. The practical platform of proposed teleoperation system.

Table 2. Device models and software versions.

Device or Software Model or Version

Actuators Maxon EC-max 30
Linear magnetic encoder LM10
Data acquisition device Quanser QPID-e

Real-time control software MATLAB 2018a, Quanser QUARC
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4.2. Experiment Setup

To verify the effectiveness of the proposed control scheme in this paper, two teleoperation schemes
C1 and C2 were compared in two designed situation sets, Set1 and Set2. More concretely, a relatively
new control method presented in [36] is experimentally compared, where all the experimental
conditions and common parameters are the same to have a fair comparison. The different two
control schemes are described as follows:

C1. The original wave variable-based control design reducing reflections proposed by in [36],
where b = 10 and the constant time delay is set as T = 0.2. In addition, the parameters of PID controller
are selected as KP = 5, KI = 2, KD = 0.05 to achieve rapid and stable response of each actuator.

C2. The modified wave variable-based control scheme proposed in this paper to guarantee the
position-tracking performance and improve the transparency of force feedback, where b, T and PID
controller remain the same with C1 and the secondary parameter K is selected as a small value with
K = 0.5. Moreover, considering the frequency of desired trajectory, the parameter of low-pass filter is
set as λ = 20.

As illustrated by Equation (23), to provide operators with the perception of tracking errors and
constrained location, a virtual force feedback is generated during the whole moving phase. Thus,
two different situation sets are designed to show the transparency performance of the proposed control
scheme in free or constrained motion space as follows:

Set1. The experiments into trajectory tracking in free motion space are carried out to show the
accurate kinematics control of CHCM and the improvement of force feedback transparency adopting
control scheme C2. During free motion, the parameter of force feedback k f is set as k f = 3.

Set2. The experiments into trajectory tracking when reaching and released from the constrained
space are carried out to show the rapid change of virtual force feedback with guaranteed tracking
performance, which could reflect the influence of constrained space. The spring modulus and damping
coefficient of the environment are set as kb = 0.5, and cb = 1 respectively when CHCM reaches the
setting boundary.

4.3. Experiment Results

The experiment results of free motion (Set1) are shown in Figures 10 and 11, where the stylus
is operated repletely with different control designs C1 and C2. To show the results of the practical
teleoperation control experiments with virtual force feedback, the position signals and force signals
of leader and follower robots are displayed by curves. xm denotes the position of the leader robot
in X-axis, measured by the internal encoders of Touch device and zm denotes that in the Z-axis.
Since there are no sensors in the motion subsystem of CHCM, its end-effector potions xm and zm are
derived from actual cable lengths via established forward kinematics model, which are measured
by the linear magnetic encoders of the driving structure of cables. Through the comparison of these
position signals, the trajectory tracking performance of proposed teleoperation control scheme can be
shown. Fs,x represents the virtual force feedback in the X-axis produced by the virtual force feedback
generation algorithm proposed in this paper, and that with subscript z denotes signals in the Z-axis.
Fm,x represents the force feedback signals transmitted to the leader robot through the modified wave
transform structure. Through the comparison of the above signals, the system transparency can
be verified.

It is shown that CHCM could track the desired motion trajectory and reach an ideal position
when the force feedback is close to zero, which indicates the proposed method of forward and inverse
kinematics solution is proper. Specifically, Figures 10a,b and 11a,b show the response of CHCM
among the X-axis or Z-axis during the free motion via control design C1 and C2, and that the position
of follower could track the change of desired trajectory with a small error. Because of the similar
expression of Ẋsd and same value of b in C1 and C2, the position-tracking performance of C2 is
approaching that of C1.
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During free motion, the force feedback among the X-axis or Y-axis is generated only by the
position-tracking error, which presents a state of flux shown in Figures 10c,d and 11c,d. However,
due to the influence of the velocity of leader Ẋm caused by the wave variable architecture with regard
to Equation (20), the transmitted force feedback to the leader is deteriorated in the control scheme
C1, which may mislead the operator by providing imprecise perception of tracking errors, while the
results of C2 show obviously better force feedback performance than that of C1 via introduction of K.
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(a) The results of x in SET1-C1.
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(b) The results of z in SET1-C1.
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(c) The results of Fx in SET1-C1.
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Figure 10. The results of Set1-C1.
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(a) The results of x in SET1-C2.
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(b) The results of z in SET1-C2.

Figure 11. Cont.
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(c) The results of Fx in SET1-C2.
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(d) The results of Fz in SET1-C2.

Figure 11. The results of Set1-C2.

The experiment results of motion in free and constrained location (Set2) are shown in Figures 12
and 13, where the end-effector of CHCM reaches and stays in constrained location, which is defined
by a virtual boundary and described by a spring-damper.
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(a) The results of x in SET2-C1.
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(b) The results of z in SET2-C1.
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(c) The results of Fx in SET2-C1.
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(d) The results of Fz in SET2-C1.

Figure 12. The results of Set2-C1.

The operator moves the stylus of leader robot toward an arbitrary direction in free space.
It presents similar results to Set1 including position-tracking and force feedback performance, when the
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position of CHCM does not exceed the setting boundary (±18 cm in both X-axis or Z-axis). Then,
the stylus is moved till the z coordinate value of follower robot reaches the boundary and remains for
a short time, the generated virtual force feedback will show an observable sudden change shown in
Figures 12c,d and 13c,d.

When the stylus is released from constrained location, the follower robot comes back to free
motion until reaching reverse boundary. In the process of the whole motion, the virtual force feedback
in leader generated by Equation (22) provides the operator with information about position-tracking
errors and how the follower robot gets touch with the boundary and constrained location. Thus,
the collision between the follower and the setting boundary can be obviously perceived by the operator
through the virtual force feedback generation algorithm. By comparing the force feedback curves in
Figure 13 to those in Figure 12, it is shown that the negative effect of b on force feedback is reduced by
the secondary parameter K, with more accurate force feedback in the leader.

As shown in Figures 10–13, the control scheme C2 presents good trajectory tracking performance
and more accurate force feedback compared to the control design C1 during motion in free or
constrained locations, where the generation algorithm produces sensible force feedback.
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Figure 13. The results of Set2-C2.

5. Conclusions

In this paper, a cable-driven hyper-redundant continuum manipulator (CHCM) is introduced,
then its forward and inverse kinematics model is established based on the geometry relationships of
each joint module, which avoids time-consuming inversion and is applicable for real-time control in a
teleoperation system. Inspired by a relatively new teleoperation control scheme, which could reduce
wave reflections, a modified wave variable-based teleoperation control scheme is proposed with
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theoretically guaranteed stability and improved transparency via appropriate values of the impedance
parameter b and the gain coefficient K, and a virtual force feedback generation algorithm is developed
to provide operators with the perception of tracking errors and collision between the follower and the
setting boundary.

The comparative experiments were carried out and the results show that the seamless combination
of derived kinematics model of CHCM and teleoperation scheme with modified wave variable
architecture achieves good trajectory tracking performance of CHCM and provides sensible and
improved force feedback during free and constrained motion. This work provides a design of a
remote control for a cable-driven manipulator and accurate perception of a follower’s motion state
for operators.
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