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Tension Control Method Utilizing Antagonistic
Tension to Enlarge the Workspace of Coupled
Tendon-driven Articulated Manipulator

Atsushi Takata', Hiroyuki Nabae!, Koichi Suzumori!, and Gen Endo'

Abstract—The exploration and inspection of narrow spaces
in industrial plants require the use of long-reach redundant
manipulators with large three-dimensional (3D) workspaces. To
this end, in a previous work, a coupled tendon-driven articulated
manipulator with a total length of 10 m and yaw joints for
3D motion was developed. This study focuses on employing the
antagonistic tension in a yaw joint to support a tendon that
drives a pitch joint with high gravitational loading. Herein, a
tension control method that employs the antagonistic tension to
reduces the amount of tension required to support the weight of
an arm is proposed. The effectiveness of the proposed method
is evaluated based on the workspace volume of the previously
developed Super Dragon, and the results demonstrate that the
proposed method expands the workspace by up to 45%.

Index Terms—Tendon/wire mechanism, redundant robots, se-
rial manipulator

I. INTRODUCTION

O enable the exploration of narrow spaces in industrial

plants, particularly nuclear facilities, long-reach redun-
dant manipulators with large workspaces are being studied
actively. However, the use of a long body introduces the
problem of enhanced gravitational torques. In our previous
work, we developed Super Dragon, a 10-m-long tendon-driven
articulated manipulator, which is presented in Fig. 1 [[]. Its
redundantly coupled tendons support a large torque on the
proximal pitch joint.

This paper addresses the actuation redundancy resolution
problem to develop an approach for supporting the weight of
a manipulator with as little tension as possible. To motivate
this problem, redundant serial mechanisms with more than
six degrees of freedom (DOFs) were analyzed. The redundant
serial mechanisms were categorized into two groups.

The first group comprises continuum robots that apply no
specific mechanical method to support their arms against
gravity. OctArm is a continuum robot actuated by artificial

Manuscript received: February, 24, 2021; Revised May, 19, 2021; Accepted
June, 18, 2021.

This paper was recommended for publication by Editor Clement Gosselin
upon evaluation of the Associate Editor and Reviewers’ comments. *This
study is based on the results obtained from a project commissioned by the New
Energy and Industrial Technology Development Organization (NEDO). This
work was financially supported by JAEA Nuclear Energy S&T and Human
Resource Development Project through concentrating wisdom Grant Number
JPJA19P 19210348.

L Atsushi Takata, Hiroyuki Nabae, Koichi Suzumori, and Gen Endo
are with the Department of Mechanical Engineering, Tokyo Institute
of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan
takata.a.ac@m.titech.ac.jp

Digital Object Identifier (DOI): see top of this page.

Fig. 1. Super Dragon: a 10-m-long coupled tendon-driven
articulated manipulator [I].

muscles. It achieves dexterous manipulation in both air and
water [2]. However, its ability to scale-up is limited by
the force/weight ratio of the actuator. Although slim and
lightweight tendon-driven continuum arms have been devel-
oped [B3] and studied in the contexts of surgery [4], [S] and
industrial plant inspection [6], the structure of a tendon-driven
continuum robot comprising multiple joint segments, tendons,
and a flexible backbone will have difficulties in enduring
large compressive forces owing to its complicated mechanism.
As a result, the maximum lengths of previously developed
continuum robots were limited to 2-3 m, and it is unlikely
that a continuum robot will soon be scaled up to a length that
can be applied for plant inspections.

The second category comprises articulated mechanisms that
use specific mechanical methods to support themselves against
gravity. Owing to the use of these gravity support mechanisms,
such articulated mechanisms can feature significantly longer
structures. For example, Veolia Nuclear Solutions and Mit-
subishi Heavy Industry are developing a planar manipulator
with a length of 22 m and a mass of 4600 kg for insertion
into the primary containment vessel of the Fukushima Daiichi
nuclear power plant [[4]. Because the basic movement of the
arm occurs on the horizontal plane, its own weight is not
loaded onto the actuators. However, this reduces the workspace
along the vertical direction. Another example is the PAC robot
[®], which is a manipulator for use in nuclear energy facilities
and has a total length of approximately 6 m. The robot has
a weight compensation mechanism involving a spring and a



Fixed YaW axis

pulley r"‘z
Passive
pulley

(b) Left bending

(a) Right bending (¢) Pitch up

Fig. 2. Antagonistic tension on a yaw joint generates torque
on a proximal joint [I0].

four-bar linkage to aid the actuators in generating vertical
movements. However, this limits the range of the joints in
the vertical direction.

In our previous work, we used a coupled tendon-driven
mechanism [J] comprising a series of pulleys and tendons,
in order to achieve a wider range for the joints, as compared
to that in other mechanical designs. At first, this mechanism
was proposed as a vertical planar arm with only pitch joints.
A design method to install yaw joints, as shown in Fig. 2, was
also introduced [I0]. The introduction of yaw joints facilitates
a 3D workspace.

A workspace of the arm is limited by the tension strength,
albeit the strongest tendons available are used. In other words,
the tension control method adopted is important, because the
tension that supports the high gravity joint torque must be
determined to ensure that it does not exceed the design load.
Moreover, the actuation redundancy further complicates these
methods.

In this study, we focus on the antagonistic tension caused
by actuation redundancy. Antagonistic tension is the smaller
of the tensions in a pair of tendons pulling one joint. The
torque on a joint is generated by the difference between this
pair of tensions and not by antagonistic tension. However, the
antagonistic tension of a yaw joint generates torque on the
proximal pitch joints, as shown in Fig. 2. On the other hand,
the antagonistic tension on a pitch joint does not serve to
support the other joints.

Redundancy resolution and tension control methods for
tendon-driven manipulators have been studied previously. The
most commonly used, conventional resolution approach is
the pseudo-inverse matrix method [9], [IT], [I2]. Iterative
algorithms for solving linear problems [I3], [[4], non-iterative
polynomial formulations [[I5], a closed-form solution using the
infinity norm [I6], and a sequential calculation method for
specific mechanism [I"/] have also been proposed.

However, previous studies made no distinction between the
controlling strategies for joints with large gravitational loads
and those for the more lightly loaded joints. We presume
that this is because these studies primarily investigated planar
robot arms or short arms under light gravitational loads, where
gravitational torque is not a significant problem. For long
tendon-driven articulated arms, however, a high tension is
required in the tendons that drive the pitch joint. In these cases,
it is preferable to avoid further increasing the antagonistic
tension of the pitch joint. However, it is possible to utilize the
antagonistic tension of the yaw joint to enlarge the workspace.

& : Pitch Joint

%, : globa coordinae system

8 :vyaw Joint %; * loca coordinate system onjoint

6; * joint angle (i=1--10)
Fig. 3. Kinematically redundant joint configuration of Super
Dragon.

In this paper, we propose a tension control method that
utilizes the antagonistic tension on the yaw joints to support
the arm ’ s weight with less tension than that in the previous
methods. The effectiveness of the proposed method is evalu-
ated via a computation of the workspace of the Super Dragon
developed in our previous study. Finally, we describe the
results of the experiments to determine whether Super Dragon
could reach the target positions located in the expanded parts
of its workspace.

The remainder of this paper is organized as follows. Section
I describes the coupled tendon-driven articulated manipulator.
Section III describes previous tension control methods and the
proposed method. Section IV describes the computation of the
Super Dragon’ s workspace via the Monte Carlo method and a
comparison of workspaces obtained using the tension control
methods. Section V describes the results of an experiment
using the actual manipulator, and Section VI concludes the

paper.

II. COUPLED TENDON-DRIVEN MANIPULATOR

Super Dragon is a coupled tendon-driven articulated manip-
ulator with 10 joints and a total length of 10 m [0]. The joint
configuration and coordinate system are shown in Fig. 3. Super
Dragon has three yaw joints, i.e., joints 6, 8, and 10, as shown
in Fig. 3. All the joints have a range of motion within £90°.
Figure 4 shows the arrangement of the tendons and pulleys.
The joints are driven by 21 tendons. All the actuators that pull
the tendons are located at the base of the manipulator. One end
of each tendon is fixed to a joint that is driven by it. The other
end is guided to the base while being wound around the passive
pulleys at the joints closer to the base than to the driven joint,
and it is fixed to an actuator on the base. The blue and red
lines in the figure represent the joint control tendons (JCTs),
which are actuated via electromagnetic motors and control the
joint angles. The design load of each JCT is 3 kN. The green
line represents the weight compensation tendon (WCT), which
is pulled by a pneumatic cylinder with a maximum force of
30.2 kN. The combination of one thick tendon and a set of
double pulleys can support most gravitational torques on the
five proximal joints. The principle of this mechanism has been
explained in [[I4].

The statics of the manipulator have been explained in [9].
By applying the principle of virtual work to the actuators and
joint angles, the relationship between the joint torque T €



R'0*1 and tension of the tendons f € R2'*! can be expressed
using Eq. (), as follows:

T =Rf D

where the radii of the pulleys are R € R10%21 the tension in
the ICTs is f; € R29%1 the tension in the WCT is fy., and the
tension vector is written as f = [f;' fu]T. The pulley radius,
R, is also called the structure matrix. In the case of Super
Dragon, R is an upper pseudo-triangular matrix (as described
in the Appendix of our previous work [I]). This formulation
explains how the load on one tendon is reduced by supporting
the proximal joints with several tendons. However, despite the
contribution of this mechanism, the tendon must still support
a large tension. Ultra-high polyethylene (UHPE) ropes with
diameters of 2 mm (DB-96HSL, Hayami industry, strength
4.2 kN) are used as JCTs. A UHPE rope is stronger than a
stainless-steel wire rope of the same diameter (e.g., SC-200,
SHINYO, strength 3.6 kN) and also possesses the flexibility
required for fixing a terminal without undergoing a reduction
in its strength [IX]. The tension control method and the high-
strength tendons function together to enable the operation of
a long-reach manipulator. A PBO rope (ZB-15728, Hayami
industry) with a diameter of 5.5 mm is used as the WCT. This
rope has a sufficiently high strength.

III. REDUNDANCY RESOLUTION FOR TENSION
CONTROL

A. Previous Tension Control Methods

In Eq. (0), determining the tension f from the joint torques
T is a redundant problem. Moreover, all the tendons must
exceed a positive minimum tension fi,in, as shown in Eq.
(2). The most prominent conventional method for solving this
problem is to use the pseudo-inverse matrix of the structure
matrix. The unified tendon-traction control (UTC) method
proposed by Ma [H] is suitable for this purpose and has been
also used in other studies [TT]. The UTC solution is expressed
as Eq. (3), in which R™ is the pseudo-inverse matrix of R and
FE is the identity matrix. The second term on the right-hand
side of Eq. (3) represents the null space, which corresponds to
the actuation redundancy. The vector fo, which has positive
values and a termed bias tension, is necessary to satisfy Eq.
(2). Thus, UTC utilizes redundancy to maintain a positive
tension. A flowchart of UTC is presented in the red block
of Fig. 5. The advantage of the pseudo-inverse method is
that it can be widely used and can be applied via various
methods depending on the approach used to address the null
space. For example, actuation redundancy is also important in
the control of parallel tendon-driven robots, and it is widely
applied in these by using an equation very similar to Eq. (1).
A method to adjust solutions by changing indices [T9] and
a global optimization method [P0] have also been studied.
The disadvantage of the pseudo-inverse methods is that it
is difficult for them to consider some features of particular
mechanisms, such as a yaw antagonistic tension, upon which
this study focuses.
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Fig. 4. Arrangement of tendons. The red, green, and blue lines
represent 21 tendons actuating 10 joints. On each joint, there
are two types of pulleys. Solid circles represent the pulleys
driving links. Open circles represent the passively rotatable
pulleys.

f=R't+(E-R'R)fo (3)

Another approach is to use the torque resolver (TR) pro-
posed by Lee and Tasi [I1]. The TR is applicable only when
the structure matrix is a pseudo-triangular matrix. However, it
offers the advantage of a reduced computational time. In this
method, actuation redundancy is solved by determining the
tension in order from the most distal to the most proximal joint
(i.e., 2 =mn---1). In the case of Super Dragon, the tension fj
is obtained by using Eqgs. (4) and (5), and the required torque
7% is generated by the tensions f,;,_; and f,,. It is clear that
f. is an antagonistic tension that corresponds to the actuation
redundancy. r; ; represents the element in the ¢-th row and
j-th column of R. In this paper, the TR process is expressed
as in Eq. (6), in which f, is the output of the TR with the
required torque T, antagonistic tension f, € R19%! and f .

n

=7 - Z (rigk—1for—1 — Ti2j1for) — Tig1fw (4)

k=i+1

req
=T Tioi_1 —+ .
for 7ireq <0 fai1 i / i,2i—1 Ja i

fai = ia i 5)
for Tircq Z 0 f2i71 —Tfa i
foi =7 rioi + fai
fi =TR(7, fa, fw) (6)

Super Dragon is fairly unique in that it features a WCT,
making it necessary to determine the WCT tension f,, apart
from acquiring the tensions of the JCTs f; by using TR. In our
previous study [I4],f,, of the WCT tension was determined
using gradient descent, as shown in Egs. (7) and (8). The



maximum JCTs tension was used as the objective function. In
Eq. (8), n is the number of iterations and « is a small constant.
A flowchart showing the application of this method to Super
Dragon is presented in the yellow block in Fig. 5 .

F = [fy] (7

0 (max (1) "
OF

In many previous studies, antagonistic tension was primarily
applied to prevent tendon sagging or to achieve variable joint
stiffness [I2]. However, in a coupled tendondriven articulated
manipulator, the antagonistic tension of the yaw joint can
assist the proximal pitch joint. Thereby a new tension control
method is feasible. To the best of our knowledge, no previous
study has explored the use of antagonistic tension to support
the gravitational joint torque with as little tendon tension as
possible.

Fn+1:Fn—Oé

B. Proposed Method Utilizing Antagonistic Tension

This section describes the combination of the TR approach
with optimization calculations for the development of a tension
control method called antagonistic tension gradient descent
(ATGD). This method updates the antagonistic tension in the
yaw joint toward a solution that effectively supports the other
tendons.

The optimized parameter contains the antagonistic tensions
of three yaw joints. It should be noted that the antagonistic
tensions in the pitch joints remain constant. In the case of
Super Dragon, as mentioned above, the tension in the WCT,
fw, is also added to the parameters according to Eq. (9).
Furthermore, the maximum tensions in the JCTs are used in
an objective function for minimization. This is because the
objective of the proposed method is to support the weight of an
arm with reduced tension. WCT tension is not included in the
objective function because it possesses sufficient strength. The
parameters F' are updated using a gradient descent method, as
shown in Eq. (8). A flowchart of this process is presented in
the blue block in Fig. 5 .

F = [ faG faS falO fw ] (9)

IV. WORKSPACE COMPUTATION
A. Definition of Workspace

The proposed ATGD method was evaluated based on the
workspace that could be achieved by Super Dragon. Consid-
ering the application of inspecting a plant by using a camera,
the workspace was defined as the set of tip positions (three
DOFs) that could be reached by employing a tension lower
than the design load. Although the Monte Carlo method is
often used to calculate this type of workspace [ZT], [27], it
should be noted that, as a result of kinematic redundancy, there
are numerous joint angle solutions that achieve a particular
tip position. In other words, as the joint angles alter the
gravitational torque, the workspace in which a tendon can
support the gravitational torque depends on how to solve the
redundant inverse kinematics.

‘ Input : Joint torque T € R**10 ‘

]
{ 3

~
uTC TR & ATGD &

WCT gradient descent WCT gradient descent
Parameters : Parameters : Parameters :
fo € R fa = far " farol fa = lfa1 " fas: far: fas]
fmln € ]Rlle

F= [ F= s fass , ]4

compute frama g | L F =Ll [l F = Ui o oo
using Eq. (3) * ‘

Compute ‘7('"2—:(”1)) Compute a(m?,—’;(m)

using TR Eq. (6) using TR Eq. (6)

Update F
using Eq. (8)

Update F
using Eq. (8)

max(f;)

converge ?

max(f;)

converge ?

| - ]

| Output: Tendon tensions f; € R0, fiy, |

Fig. 5. Flowcharts of the UTC, TR, and ATGD for Super
Dragon.

The inverse kinematics of redundant manipulators were
actively studied in the 1980 s. In a pioneering study, Nakamura
solved the kinematic redundancy of an articulated robot arm
using the null space of the Jacobian matrix and applied this
approach to manipulation and subtask operations by simulta-
neously using an arbitrary objective function 1(8) [23]. In the
case of Super Dragon, the position of the tip of the manipulator
is x € R3*1, the joint angles are @ € R'°*!, and the Jacobian
matrix is J € R3*10, The redundant inverse kinematics are
solved via Newton’s method using Eq. (10):

oY
_ gt _ 7t i
00=J (533+(E JJ)/{O

(10)
where JT is the pseudo-inverse of the Jacobian matrix and
K is a small constant. This methodology has been used for
obstacle avoidance [P4] and joint torque minimization [Z5],
which are frequently selected as subtasks. In a previous
study on the inverse kinematics of a coupled tendon-driven
manipulator, Ma solved the inverse kinematics with actuation
and kinematic redundancies by minimizing the squared norm
of the tendon tension as an objective function [Z6], with the
goals of reducing energy consumption and minimizing joint
torque.

In our study, we chose the maximum tension of the JCTs—
specifically, ¥ = max ( fj)—as the objective function. The
calculation proceeds so as to increase the maximum tension.
If the maximum tension of the inverse kinematics results
obtained through this objective function does not exceed the
design load, all the kinematics solutions support the weight
of the manipulator with a maximum tension below the design
load. In other words, a workspace that assumes the worst-case
scenario for a tendon is obtained. By considering the need for
kinematic redundancy in avoiding obstacles when performing
inspection tasks, the workspace obtained using this method is
suitable for the evaluation of the tension control method.
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Fig. 6. The computational result obtained via UTC. The cross
marks represent the points that are kinematically unreachable.
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Fig. 7. The computational result obtained via TR.

B. Calculation Conditions

To compute a workspace, a total of 5,000 tip positions
were randomly generated in the range of x = [0 10],y =
[0 4.5]z = [-10 10], which is sufficiently large when
compared to the length of the Super Dragon. It was assumed
that the workspace was symmetric with respect to the x — 2
plane.

The joint angles 6 and the tension of the tendons f
were calculated for each tip position by using Eq. (10) and
1 = max ( I j). The tension f was calculated using one of
the tension control methods, and the gravitational torques 7T
were computed from the lengths and weights of the links.

As tension control methods, the UTC, TR, and ATGD

inf
10 |
5.
3000
E 0 2500
N
2000
5
1500
1250
-10
0 4 0o
10 -5 0
x [m] y [m]

Fig. 8. The computational result obtained via ATGD.

approaches, as shown in Fig. 5, were employed. For the
application of UTC, the lower limit of the tension, f,;,, and
the bias tension, f,, shown in Egs. (2) and (3) were set as
follows:

(1)
12)

Fin=[ 30 30 30 1000 " [N]

fo=1[30 30 30 13000 ]"[N]

For the application of TR and ATGD, all antagonistic tensions
f. were set to 100 N. The upper limit of the WCT tension, f,
was set to 15 kN. All the calculations were implemented in
MATLAB. For the UTC and ATGD processes, an Intel Core
17-8700 3.2 GHz with 12 GB RAM was used. For the TR
process, an Intel Core 19-9900 3.6 GHz with 16 GB RAM
was used.

C. Computational Results

Figure 6 shows the computational results obtained using
UTC, Fig. 7 illustrates the results obtained using TR, and
Fi. 8 illustrates the results obtained via the proposed method,
ATGD. The cross marks represent the points at which no
inverse kinematic solution exists. The colors of the open circles
indicate the maximum tension values, max ( f j). The values
in red are larger tension, whereas those in blue are smaller
tension. Figure 9 shows the polygons of the workspaces at
a design load of 3 kN. The red, blue, and yellow polygons
represent the workspaces obtained via UTC, ATGD, and TR,
respectively. The UTC workspace was obtained by extracting
the points below the design load from the results shown in
Fig. 6. Similarly, the TR and ATGD workspaces were obtained
from Figs. 7 and 8 , respectively. The upper right subfigure of
Fig. 9 shows a trimetric view. All the other subfigures show
trihedral views. Each computation was performed once over
computational times of approximately 134,22.3, and 11.5 h
for the ATGD, UTC, and TR cases, respectively.
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Fig. 9. Polygons of workspaces and tip trajectory. The tip
trajectory in the experiment was set in the workspace obtained
via ATGD.

The polygons shown in Fig. 9 are shaped like spherical
shells. As shown in Fig. 6, 7, and 8, there are cross marks
on the inside of each spherical shell, indicating the points at
which the interior is beyond the range of joint movement. This
implies that the workspace is narrow in the longitudinal direc-
tion of the manipulator. However, this longitudinally narrow
workspace can be compensated for, because the manipulators
used in nuclear facilities often possess a slider that moves the
base in the longitudinal direction [7], [8].

The workspace of UTC is concentrated in the range of
|z| < 7 m and |y| < 4.5 m. It can be seen that the workspace
is limited to the vicinity in which the manipulator is extended
fully. This is because the manipulator was mechanically de-
signed to ensure that the tension in the straight orientation is
low, and there existed a few choices for the joint angles in this
orientation.

A clear drawback of ATGD is that its calculation time sig-
nificantly exceeds than that required by UTC or TR. Although
not a primary claim of this study, we attribute this increase in
computation time to the use of iterative calculations in ATGD.
Although TR also applies iterative calculations, it had the
shortest calculation time. This is because TR only includes
one optimization parameter and we used a high-speed CPU
only for the computation of TR.

The volumes of the workspaces obtained via the UTC,
TR, and ATGD approaches were determined to be 152, 180,
and 222 m?, respectively. Thus, the proposed method expands
the workspaces obtained by UTC and TR by 45% and 23%,
respectively. The additional 23% represents the contribution of
the yaw antagonistic tension to the expansion. By comparison,
the workspace volume of the PAC robot manipulator [X],
which comprises five links with a length of 1,250 mm, is
estimated to be 149 m?3. Although the workspace obtained

Fig. 10. Experiment carried out in workspace obtained via
ATGD. The tip motion trajectory was successfully followed
without breaking the tendons.

via UTC is only slightly larger than that of the PAC robot
manipulator, the workspace obtained via the ATGD is 49%
larger. This indicates that Super Dragon has a workspace that
is comparable in size to that of other long-reach manipulators.

V. EXPERIMENT

We demonstrated the validity of the workspace obtained via
the ATGD through experiments carried out using the actual
manipulator. It is infeasible to use the arm and reach all
positions contained in the workspace. Hence, we assessed one
tip path to indicate that ATGD can expand the workspace. The
path was not included in the workspace obtained via UTC but
was included in that obtained via ATGD. It was expected that,
if ATGD successfully enlarged the workspace, the tendons
would not break.

The target tip path was set in advance. It was set to be
similar to the exploration motion trajectory above horizontal
ground. In Fig. 9, the target path is represented by the green
line. The target trajectory of the joint angles was then obtained;
specifically, the yaw joint angles 64, 05, and 619 were swung
to the left and right by +30° and one pitch joint angle, 6;, was
decreased by 15° in the direction of lifting of the manipulator.
The pitch joint angles were kept constant at #; = —6° and
0;,= 0°(i = 3,4,5,7,9). The angular velocity of joints was
substantially static. During the experiment, the operator input
the target trajectory to the manipulator and the tension of the
tendons was controlled using ATGD. There were two different
operating conditions from Section IV. The tension obtained
through each iteration of the calculation was used as the initial
value of the next iteration. The control was implemented using
a Core 17-4910, 2.9 GHz, Intel. The maximum calculation time
was 23 ms.

Fig. 10 shows the resulting motion of the manipulator,
and Figure 11 shows the time courses of the joint angles.
There were control deviations in the joint angles. Although
the target angles 6;, (i = 3,4, 5,7,9) were always 0°, the pitch
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Fig. 11. Time courses of joint angles

joint angles changed over the course of the experiment. These
variations were attributed to the inertia effect of the arm, wind,
or friction. In addition, the positioning errors likely arose from
the deformation of the structure, which can only be measured
using an external sensor such as a laser tracker. These results
indicate that the positioning accuracy of the system needs
to be improved. However, the tendons did not fail and the
measured tensions of the JCTs did not exceed 3kIN. Overall,
these experimental results indicate the validity of ATGD in
terms of expanding the workspace.

VI. CONCLUSIONS

This study focused on the application of antagonistic tension
on yaw joints in order to expand the workspace of a coupled
tendon-driven articulated manipulator. To this end, a tension
control method that combines the previously developed redun-
dancy resolution method and gradient descent was proposed.
The workspaces achieved by the proposed and conventional
approaches were determined computationally, and the results
were compared. The proposed method was capable of increas-
ing the volume of the workspace by up to 45%. The results of
an experiment with an actual robot suggested this expansion,
while a comparison with previous research revealed that the
Super Dragon possesses a large workspace.

In future research, we hope to reduce the calculation time
of the proposed method and increase the accuracy of the
workspace computation. It will also be necessary to model
friction and develop a more global optimum method. We will
conduct experiments involving additional paths and tests on
positioning accuracy. Measuring the tension of tendons to
demonstrate the effectiveness of the proposed method is also
needed. Finally, we plan to determine whether the design of
the pulley radii, structural matrix, and joint configuration are
optimal.
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