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Abstract— The cable-driven redundant manipulator (CDRM) 

has significant potential for applications in narrow and 

hazardous spaces. However, traditional CDRMs have limited 

stiffness and load capacity due to their cable routing method. To 

address these limitations, several scholars have proposed new 

mechanisms and control strategies. Nevertheless, the cable 

routing method has not changed, and CDRMs continue to suffer 

from their limitations. Recently, a nematode-inspired cable 

routing method was proposed; however, stiffness calculations, 

derivation of inverse kinematics, and validation of stiffness and 

load capacity were incomplete. In this paper, we calculate the 

analytic equivalent stiffness of the nematode-inspired cable 

routing method and compare it with other cable routing methods. 

Additionally, we derived and simulate the kinematics and an 

effective inverse kinematics algorithm. Finally, we validate the 

stiffness and load capacity using a developed prototype. 

I. INTRODUCTION 

In recent years, there has been an increasing demand for 
manipulators capable of operating in narrow or hazardous 
spaces [1]. These applications include tasks such as pipe 
inspection [2], nuclear plant maintenance [3], space 
applications [4], aircraft assembly [5], life search and rescue 
missions [6], among others. A manipulator developed for use 
in narrow and hazardous spaces should possess various 
capabilities, including obstacle avoidance, singularity 
reduction, a large and extensive reachable workspace, and the 
ability to ensure the necessary load capacity for both the end-
effector tool and external load handling [7].  

The cable-driven redundant manipulator (CDRM) has 
gained attention for applications in narrow and hazardous 
spaces due to its high dexterity and small body diameter. One 
of the most well-known examples of the traditional CDRMs is 
the snake-arm robot developed by OC Robotics [8]. The joint 
structure of the snake-arm robot consists of a large number of 
universal joints, with three cables used for driving each 
universal joint [7-8]. However, the traditional CDRMs exhibit 
limitations in terms of the joint structure and the cable routing 
methods. The limited range of motion of the joint structure, 
resulting from the use of universal joints, necessitating a 
higher number of joints and cables to achieve greater dexterity. 
Moreover, the limited stiffness and load capacity of the cable 
routing method can lead to decreased system performance. To 
address these limitations, various studies have proposed new 
control schemes or mechanisms. Xu, Wenfu, et al [1], 
analyzed the kinematics and dynamics of the traditional 
CDRMs to improve control performance. The study derived 
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the kinematics and dynamics of traditional CDRMs, applying 
dynamic control strategies to enhance control accuracy.  
Huang, Yifan, et al [9], utilized the quaternion joint to increase 
the maximum joint angle of CDRMs. This quaternion joint [10] 
was developed to actuate a robot wrist driven by cables, 
providing two degrees of freedom and a large bending angle 
of about 90 degrees.  It enables CDRMs to have a larger 
workspace and higher dexterity while using fewer motors than 
the traditional CDRMs. Liu, Tianliang, et al [11], applied the 
active-passive-linkage segment mechanisms to the traditional 
CDRMs to augment stiffness and load capacity. The proposed 
mechanism can enhance stiffness and load capacity while 
maintaining manipulator dexterity and end-effector accuracy. 
Yang, Taiwei, et al [12], proposed a new CDRM that combines 
the advantages of the quaternion joint and segmented coupled 
linkages mechanism. This design provides a large and 
extensive reachable workspace through quaternion joints with 
improved stiffness and load capacity via segmented coupled 
linkages mechanisms. 

 
Fig. 1. Schematic of the traditional cable routing method in the (a) cross-

sectional plane, (b) head-tail plane. 

 
Fig. 2. Schematic of the nematode-inspired cable routing method in the (a) 
cross-sectional plane, (b) head-tail plane. 
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However, as shown in Fig. 1, the cable routing method 
used in these studies remains the same as the cable routing 
method of traditional CDRMs. Therefore, they continue to 
suffer from limitations in terms of stiffness and load capacity. 
Hoyoung Kim, et al [13], have proposed a study on a new cable 
routing method inspired by nematodes. The nematode-inspired 
cable routing method is based on the muscle structure of the 
nematodes, which provides dexterity in movement and muscle 
force for CDRMs as shown in Fig. 2. To mimic the muscle 
structure, an alternately arranged moving pulley structure is 
used to enhance the stiffness and load capacity, while 
quaternion joints are used for each joint to provide large joint 
angles. In this study, the authors derived an equivalent stiffness 
equation using a simplified stiffness model of CDRMs based 
on the serial and parallel springs model along with the 
kinematics equation of the prototype. Then, kinematics and 
stiffness of the developed prototype were validated by 
experiments. Nevertheless, it is essential to derive an analytic 
equation for stiffness estimation. Additionally, the stiffness 
and load capacity of the prototype were not completely 
validated. 

In this paper, we calculate an analytic equivalent stiffness 
and compare it with the equivalent stiffness of each cable 
routing method. Moreover, an inverse kinematics algorithm 
based on the Forward and Backward Reaching Inverse 
Kinematics (FABRIK) algorithm was derived and simulated. 
Finally, we validate not only the dexterity of the prototype but 
also its stiffness and load capacity. 

The remainder of this paper is structured as follows. In 
Section Ⅱ, the basic concept of the nematode-inspired cable 
routing method is introduced. In Section Ⅲ, the kinematics 
and inverse kinematics algorithms are derived and simulated. 
In section Ⅳ, equivalent stiffness is calculated and a 
comparison of the stiffness of each method is presented. In 
section Ⅴ, developed prototype and the validation of the 
stiffness and load capacity are presented. Finally, in section Ⅵ, 
concludes this paper. 

II. BASIC CONCEPT OF THE CABLE ROUTING METHOD 

 
Fig. 3. The muscle structure of the nematodes in the (a) cross-sectional plane, 
(b) head-tail plane.  

 
Fig. 4. Schematic of the quaternion joint driven by a moving pulley structure. 

This section reviews the basic concept of the nematode-
inspired cable routing method presented in [13]. The main 
concept of this system is divided into cable routing method and 
joint structure. The basic concept of the cable routing method 
can be explained using the muscle structure of nematodes. The 
nematode-inspired cable routing method mimics the muscle 
structure of nematodes, as shown in Fig. 3. In the cross-
sectional plane of the nematodes, as shown in Fig. 3(a), the 
body wall muscles are arranged radially. On the other hand, in 
the head-tail plane of the nematodes, as shown in Fig. 3(b), the 
body wall muscles are arranged alternately [14]. From this 
muscle structure, nematode can have complex movement and 
muscle force for locomotion. To mimic this muscle structure, 
our cable routing method arranges the moving pulley structure 
to closely resemble it.  

The basic concept of the joint structure can be explained 
using the Quaternion joint. The mechanism of the quaternion 
joints is based on the anti-parallelogram mechanism, which 
can approximate 2-DOF spherical rolling motion. This 2-DOF 
joint can be driven by two pairs of facing moving pulley 
structures, which have 90-degree offset between them, and 
each pairs can be driven by one motor. Fig. 4 shows the 
example of the quaternion joint with two pairs of facing 
moving pulley structures. In this figure, the cable winding 
number 𝜅 is 3, which means the number of cables wound on 
the moving pulley. The stiffness of the quaternion joint 
increases in proportion to the square of 𝜅.  

Based on these two basic concepts, we proposed a new 
cable routing method. Fig. 1 shows the schematic of the 
traditional cable routing method, while Fig. 2 shows the 
schematic of the nematode-inspired cable routing method. The 
traditional cable routing method arranges cables radially in the 
cross-sectional plane as shown in Fig. 1(a), while arranging 
them like a stair in the head-tail plane as shown in Fig. 1(b). In 
this case, the number of arranged cables gradually decreases 
towards the end. Additionally, another cable routing method 
suggested in [9] uses four cables for driving each joints. 
However, the cable arranging method is essentially the same 
as explained above. On the other hand, the nematode-inspired 
cable routing method arranges the moving structure radially in 
the cross-sectional plane as shown in Fig. 2(a), and alternately 
in the head-tail plane as shown in Fig. 2(b). In this case, the 
number of arranged moving pulleys does not decrease towards 
the end. This alternately arranged moving pulley structure can 
enhance the stiffness and load capacity of the CDRMs.  

The stiffness of each cable routing method can be 
compared using the simplified stiffness model described in 
[13], which is based on the serial and parallel spring models.  

 
Fig. 5. Simplified stiffness model of (a) traditional, (b) serially arranged 

moving pulley, (c) nematode-inspired cable routing method 

 
(a)                     (b) 
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The simplified stiffness model of each cable routing 
method is shown in Fig. 5. The simplified stiffness of the 
traditional cable routing method (Fig. 5(a)) can be treated as a 
serial spring connection of the cable, and the serially arranged 
moving pulley cable routing method (Fig. 5(b)) can be treated 
as a serial spring connection of the moving pulley structure, 
while nematode-inspired cable routing method (Fig. 5(c)) can 
be treated as parallel spring connection of the moving pulley 
structure. The equivalent stiffness equation was derived in [13] 
with cable winding number is 3, as follows: 

𝑘𝑇𝑟𝑎𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 =
12𝑑

25ℎ
𝑘𝑤𝑖𝑟𝑒                          (1) 

𝑘𝑁𝑒𝑚𝑎𝑡𝑜𝑑𝑒−𝑖𝑛𝑠𝑝𝑖𝑟𝑒𝑑 =
18𝑑

5ℎ
𝑘𝑤𝑖𝑟𝑒                          (2) 

where D is the diameter of the joint frame, h is the height of 

between two joint frames, and 𝑘𝑤𝑖𝑟𝑒 is the cable stiffness. The 

amplification ratio between simplified stiffness of the 

traditional and nematode-inspired cable routing method was 

calculated by 7.5. Therefore, proposed method can increase 

the stiffness of the CDRMs. However, the amplification ratio 

between serially arranged moving pulley cable routing 

method and nematode-inspired cable routing method was not 

calculated in this study. Furthermore, the stiffness calculated 

by simplified model is far from the actual stiffness and 

insufficient to calculate the stiffness of entire CDRM. To 

calculate the equivalent stiffness of CDRM, the kinematics of 

CDRM was derived in section Ⅲ, and the analytic equivalent 

stiffness model was derived in section Ⅳ. 

III. FORWARD KINEMATICS & INVERSE KINEMATICS 

A.  Forward Kinematics 

 
Fig. 6. Modified Euler angle representation of the joint angle of the single 

joint set. 

 
To apply the alternately arranged moving pulley structure 

to the quaternion joint, two connected quaternion joints are 
regarded as a single joint set. As shown in Fig. 6, the joint 
angle of the single joint set is defined using the modified Euler 
angle representation [15]. 𝜙  represents the angle difference 
between the two frames of each quaternion joint, while 𝜃 
represents the tilt angle of each quaternion joint. Using the 
angles 𝜙  and 𝜃 , we can derive the kinematics of the single 
joint set through a homogeneous transformation, as follows: 

𝐻𝑛 = 𝑅𝑧(𝜙𝑛)𝑅𝑦 (
𝜃𝑛

2
)𝑇𝑧,ℎ𝑅𝑦 (

𝜃𝑛

2
) 𝑅𝑧(−𝜙𝑛)          (3) 

𝐻𝑛+1 = 𝑅𝑧(𝜙𝑛+1)𝑅𝑦 (
𝜃𝑛+1

2
)𝑇𝑧,ℎ𝑅𝑦 (

𝜃𝑛+1

2
)𝑅𝑧(−𝜙𝑛+1) (4) 

𝐴 =  𝐻𝑛 × 𝐻𝑛+1 = [
𝑅𝑛
𝑛+1 𝑜𝑛

𝑛+1

0 1
]              (5) 

where H is the homogeneous transformation matrix between 
the two frames of each quaternion joint, R is the rotational 
transformation matrix, and T is the translational transformation 
matrix. h represents the height of each quaternion joint. Matrix 
A is obtained by multiplying equations (3) and (4). It represents 
the homogeneous transformation matrix of the single joint set. 
From the obtained homogeneous matrix, we can represent the 
relationship between the joint angle and the end-effector 
position of the single joint set using the analytical Jacobian 
matrix as follows: 

𝑋̇ =  [

𝜕𝑅𝑛
𝑛+1

𝜕Θ

𝜕𝑜𝑛
𝑛+1

𝜕Θ

] Θ̇ = 𝐽𝑋Θ̇                         (6) 

where 𝑋̇ is the velocity of the end-effector, Θ̇ is the change in 

the joint angle, and 𝐽𝑋 is the analytical Jacobian matrix of the 

end-effector for single joint set. To create the alternately 

arranged moving pulley structure, the cable routing method is 

divided into two types, based on the offset between them. 

 

 
Fig. 7. Schematic of (a) cable routing method with zero-degree offset, (b) 

cable routing method with 45-degree offset. 

 

 
(a) 

 
(b) 
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As shown in Fig. 7, a single joint set was utilized to 
alternately arrange moving pulley structures on the entire 
CDRM with a 45-degree offset between the two cable routing 
methods. The cable routing method, consist of two pairs of 
facing moving pulley structure arranged with a zero-degree 
offset as shown in Fig. 7(a), and a 45-degree offset as shown 
in Fig. 7(b). Each quaternion joint of the single joint set has 2-
DOF motion, which include rolling and pitching motions. To 
drive this motion, the cable length change in one pair of 
moving pulleys should be the same, while the direction is 
opposite. Therefore, the cable length changes for each cable 
routing method can be represented as follows: 

{
 
 

 
 ±𝑙𝑟𝑜𝑙𝑙 =∑𝜅𝐷 sin(𝜙𝑖 + 𝛼) sin (

𝜃𝑖
2
)

𝑛+1

𝑖=𝑛

±𝑙𝑝𝑖𝑡𝑐ℎ =∑𝜅𝐷 cos(𝜙𝑖 + 𝛼) sin (
𝜃𝑖
2
)

𝑛+1

𝑖=𝑛

               (7) 

where 𝑙𝑟𝑜𝑙𝑙  is the driving cable length change for the rolling 
motion of the single joint set, while 𝑙𝑝𝑖𝑡𝑐ℎ is the driving cable 

length change for the pitching motion of the single joint set. 𝜅 
is the cable winding number of the moving pulley structure, D 
is the diameter of the single joint set, and 𝛼 is the offset angle 
of the cable routing method. From the obtained cable length 
change of the single joint set, the relationship between the 
cable length change and the joint angles can be presented by 
the Jacobian matrix, as follows: 

𝐿̇ =  [

𝜕±𝑙𝑟𝑜𝑙𝑙

𝜕Θ
𝜕±𝑙𝑝𝑖𝑡𝑐ℎ

𝜕Θ

] Θ̇ = 𝐽𝐶Θ̇                         (8) 

where the 𝐿̇ is the change in the cable length, Θ̇ is the change 
in joint angle, and 𝐽𝐶  is the cable length Jacobian matrix of the 
cable routing method applied to the single joint set. 

 
Fig. 8. Schematic of the prototype configuration(𝛂 is the offset angle between 

the cable routing method) 

 
Through the forward kinematics of the single joint set and 

the cable routing method, we can derive the forward 
kinematics of the entire CDRM. Fig. 8 shows the schematic 
configuration of the prototype used in this study. As shown in 
Fig. 8, the prototype is composed of six single joint sets and 
two cable routing methods. By this structure, the nematode-
inspired cable routing method introduced in Fig. 2 and Fig. 5(c) 
was implemented. To ensure that the prototype is fully 
actuated, the first joint set is composed of one quaternion joint 
and a zero-degree offset cable routing method is applied. From 
the second single joint set to the sixth single joint set, 45-
degreess offset cable routing method and zero-degree offset 

cable routing methods are alternately arranged from the base 
to the end effector. The forward kinematics relationship 
between the joint angle and the end effector of the prototype is 
as follows: 

𝑋̇𝑒 = 𝐽𝑋𝑒Θ̇𝑒                                       (9) 

where 𝑋̇𝑒 is the change in end effector position of the entire 

prototype, Θ̇𝑒  is the change in the joint angle of the entire 
prototype,  𝐽𝑋𝑒  is the position Jacobian matrix of the entire 

prototype. Next, the forward kinematics relationship between 
the cable length and the joint angle of the prototype is as 
follows: 

𝐿̇𝑒 = 𝐽𝐶𝑒Θ̇𝑒                                       (10) 

where 𝐿̇𝑒  is the change in cable length of the entire 

prototype, Θ̇𝑒  is the change in joint angle of the entire 
prototype,  𝐽𝐶𝑒  is the cable Jacobian matrix of the entire 

prototype. These two Jacobian matrices can be used to 
represent the relationship between the change in cable length 
and the change in end effector position change. 

B. Inverse Kinematics 

Recently, an effective inverse kinematics algorithm for 
CDRMs composed of quaternion joints; was proposed in [9]. 
This algorithm is based on the Forward and Backward 
Reaching Inverse Kinematics (FABRIK) algorithm, which is 
an efficient two-stage iteration algorithm, with the addition of 
angle limit avoidance for the joints. Using this algorithm, we 
can solve the inverse kinematics of our prototype. To verify 
the inverse kinematics algorithm, a trajectory planning 
simulation was conducted using Matlab® . The discretized 
desired circular trajectory is described in equation (11). All 
joints have 90-degree angle limit. 

{
𝑃𝐸 = [500 cos 𝑗 , 50 + 500 sin(𝑗) , 700]𝑇 , 𝑗 = 0~2𝜋

𝑂⃗ 𝐸 = [0.6, 0, 0.8]
𝑇

 (11) 

 
Fig. 9. Simulation result of (a) circular trajectory and (b) angle change. 

 
The simulation result for circular trajectory planning is 

shown in Fig. 9(a), and the angle change in trajectory planning 
is shown in Fig. 9(b). These results show that the inverse 
kinematics algorithm can successfully plan the desired path for 
the CDRM while avoiding angle limits.  

IV. EQUIVALENT STIFFNESS CALCULATION 

The stiffness of the entire CDRMs can be calculated 
according to the principle of virtual work [4], [16]. In this 

 

 
(a)                                 (b) 
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paper, we assume that the effects of friction and gravity effect 
are negligible. Therefore, the static model of the CDRMs is as 
follows: 

𝐹𝑒𝑒
𝑇𝛿𝑋𝑒 − 𝐹𝐶𝑒

𝑇 𝛿𝐿𝑒 = 0                          (12) 

where 𝐹𝑒𝑒
𝑇  is the external force vector and 𝐹𝐶𝑒

𝑇  is the cable 

driving force vector, 𝑋𝑒 is the end effector position vector and 

𝐿𝑒  is the cable length vector. Substituting 𝛿𝑋𝑒 =
𝜕𝑋𝑒

𝜕Θ𝑒
𝑑Θ𝑒   , 

and 𝛿𝐿𝑒=
𝜕𝐿𝑒

𝜕Θ𝑒
𝑑Θ𝑒, into equation (12), we obtain: 

𝐹𝑒𝑒
𝑇
𝜕𝑋𝑒
𝜕Θ𝑒

𝑑Θ𝑒 − 𝐹𝐶𝑒
𝑇
𝜕𝐿𝑒
𝜕Θ𝑒

𝑑Θ𝑒 = 0.                    (13) 

Substituting 
𝜕𝑋𝑒

𝜕Θ𝑒
= 𝐽𝑋𝑒  and 

𝜕𝐿𝑒

𝜕Θ𝑒
= 𝐽𝐶𝑒  into equation (13) 

and taking the transpose of it, we have: 

𝐽𝑋𝑒
𝑇 𝐹𝑒𝑒 − 𝐽𝐶𝑒

𝑇 𝐹𝐶𝑒 = 0.                              (14) 

To obtain the equivalent stiffness, we need to derive the 
relationship between deformation and the change in the 
external force of the CDRMs. Differentiating equation (14), 
we get: 

𝑑𝐽𝑋𝑒
𝑇 𝐹𝑒𝑒 + 𝐽𝑋𝑒

𝑇 𝑑𝐹𝑒𝑒 − 𝑑𝐽𝐶𝑒
𝑇 𝐹𝐶𝑒 − 𝐽𝐶𝑒

𝑇 𝑑𝐹𝐶𝑒 = 0.        (15) 

In this paper, we suppose external force and driving force 
are zero. Hence, equation (15) can be written as follows: 

𝐽𝑋𝑒
𝑇 𝑑𝐹𝑒𝑒 = 𝐽𝐶𝑒

𝑇 𝑑𝐹𝐶𝑒 .                               (16) 

Substituting 𝑑𝐹𝐶𝑒 =
𝜕𝐹𝐶𝑒

𝜕𝐿𝑒

𝜕𝐿𝑒

𝜕Θ𝑒
𝑑Θ𝑒  into equation (16), we 

have: 

𝐽𝑋𝑒
𝑇 𝑑𝐹𝑒𝑒 = 𝐽𝐶𝑒

𝑇 𝐾𝐶𝐽𝐶𝑒𝑑Θ𝑒                        (17) 

where 𝐾𝐶 =
𝜕𝐹𝐶𝑒

𝜕𝐿𝑒
, which is the cable stiffness diagonal matrix. 

The matrix  𝐽𝐶𝑒
𝑇 𝐾𝐶𝐽𝐶𝑒  is a square matrix, and we can take its 

inverse on both sides of equation (17), resulting in: 

𝑑Θ𝑒 = (𝐽𝐶𝑒
𝑇 𝐾𝐶𝐽𝐶𝑒)

−1𝐽𝑋𝑒
𝑇 𝑑𝐹𝑒𝑒 .                  (18) 

Substituting equation (18) into 𝑑X𝑒 = 𝐽𝑋𝑒𝑑Θ𝑒, we have: 

𝑑X𝑒 = 𝐽𝑋𝑒(𝐽𝐶𝑒
𝑇 𝐾𝐶𝐽𝐶𝑒)

−1𝐽𝑋𝑒
𝑇 𝑑𝐹𝑒𝑒 .                  (19) 

Finally, the stiffness of the CDRMs can be defined by 

𝐾𝐶𝐷𝑅𝑀 =
𝜕𝐹𝑒𝑒

𝜕X𝑒
. Taking the inverse of the square matrix 

𝐽𝑋𝑒(𝐽𝐶𝑒
𝑇 𝐾𝐶𝐽𝐶𝑒)

−1𝐽𝑋𝑒
𝑇  on both sides of equation (19), we obtain: 

𝐾𝐶𝐷𝑅𝑀 = [𝐽𝑋𝑒(𝐽𝐶𝑒
𝑇 𝐾𝐶𝐽𝐶𝑒)

−1𝐽𝑋𝑒
𝑇 ]

−1
           (20) 

Pseudo inverse calculations are not required during the 
derivation, allowing us to successfully calculate the stiffness 
matrix of the redundant. 

With the obtained stiffness matrix, the stiffness of the 
CDRMs can be calculated by equation (21), which is the 
method presented in [4].  

𝑘𝐶𝐷𝑅𝑀 =  √𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2                    (21) 

where 𝑘𝐶𝐷𝑅𝑀 is the stiffness of the CDRM, 𝑘𝑥, 𝑘𝑦 , 𝑘𝑧 are the 

stiffness of the CDRMs in x-axis, y-axis, z-axis. 
The calculation parameter and results are listed in Table 1. 

In calculation, all joint tilt angle of the CDRM are 0.001° to 
avoid the singularity of the kinematics.  In Table Ⅰ, NCDRM 
is the stiffness of the nematode-inspired cable routing method, 
MCDRM is the stiffness of the serially arranged moving 
pulley cable routing method, and TCDRM is the stiffness of 
the traditional cable routing method. 

Table I. Equivalent stiffness calculation result 

Cable stiffness (N/mm) 0.5858 
Cable winding number, 𝛋 3 4 5 6 

NCDRM (109 N/mm) 3.75 7.09 11.56 16.95 
MCDRM (109 N/mm) 2.06 3.93 6.35 9.34 
TCDRM (109 N/mm) 0.24 0.24 0.24 0.24 

NCDRM / MCDRM 1.8198 1.8057 1.8084 1.8147 
NCDRM / TCDRM 15.4451 29.1920 47.3067 69.7919 

NCDRM : Stiffness of the entire CDRM with nematode-inspired cable routing 
method 
MCDRM : Stiffness of the entire CDRM with serially arranged moving pulley 
cable routing method 
TCDRM : Stiffness of the entire CDRM with traditional cable routing method 

As shown in the result, NCDRM is approximately 15 times 
larger than TCDRM and approximately 2 times larger than 
MCDRM when the cable winding number is 3. The 
amplification ratio between NCDRM and MCDRM not 
change considerably when the cable winding number is 
increased. However, the amplification ratio between NCDRM 
and TCDRM rapidly increases. Based on these findings, we 
can conclude that the structure of our proposed cable routing 
method can amplify the stiffness of the entire CDRM more 
effectively than using serially arranged moving pulley cable 
routing method. Additionally, the equivalent stiffness model 
can calculate analytic stiffness of entire CDRM, which was not 
achievable with simplified stiffness model in [13]. 

V. EXPERIMENTAL VALIDATION 

A. Prototype 

 
Fig. 10. Developed prototype 

 
Table II. Prototype design parameter 

Total length of CDRM (mm) 1160 
Diameter of CDRM(mm) 150 
Total degrees of freedom 12 

Number of segments 6 
Number of motors 12 

Moving pulley winding number 3 

 
Fig. 111. Bending angle example of the prototype 
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Fig. 10 represents the developed prototype based on the 
joint structure and cable routing method introduced in Section 
Ⅱ and Ⅲ. The prototype’s structure is constructed from 
aluminum, and a strand steel wire rope with a diameter of 0.81 
mm and a breaking force of 585.8 N is used for the cable 
routing method. To drive the prototype, we are using 12 ball 
screws each controlled by a DC motor. To approximate the 
spherical rolling motion of the quaternion joint, we employ 
using the approximation method for a spherical rolling joint as 
introduced in [10]. The maximum approximation error for 
spherical rolling motion is 0.0890 mm; when ℎ0= 5 mm, 
𝑤𝑐 =38 mm, ℎ𝑐 =125 mm. The design parameters of the 
prototype are listed in Table. Ⅱ. The bending angle example of 

the prototype was larger than 180°, as shown in Fig. 11, which 

indirectly demonstrates the prototype has high dexterity. 

B. Stiffness & Load capacity Experiment 

 
Fig. 122. Experimental setup for stiffness measurement 

 

Table III. Stiffness measurement result 

External Load (g) 400 800 1200 1600 2000 

Maximum 

Displacement (mm) 
1.6772 2.9917 4.3935 6.2340 7.9933 

Stiffness (N/mm) 2.3396 2.6232 2.6794 2.5178 2.4545 

Maximum stiffness 
(N/mm) 

Minimum stiffness 
(N/mm) 

Average stiffness 
(N/mm) 

2.6794 2.3396 2.5229 

 

Table IV. Stiffness and load capacity comparison 

 Length (mm) Stiffness (N/mm) Load capacity (kg) 

CDHM [1] 1500 - 2.5 

S-CDRSM [4] 1680 0.25~0.35 1.5 

CSRM [17] 1265 0.657 1.5 

NCDRM 1160 2.5529 5.0 

 
Fig. 133. Experiment for load capacity measurement of the prototype  

 
To validate the stiffness of the prototype, we measured it 

by calculating the displacement caused by a given external 
load at the end effector. The prototype was driven by 12 DC 
motors with a nominal torque of 1 Nm and a maximum speed 
of 90 rpm. The displacement at the end effector was measured 
using a marker, as shown in Fig. 12. The measurements were 

conducted with external loads of up to 2 kg, and the resulting 
displacement were measured three times for each external load. 
Table III shows the measurement results of the experiment. In 
the results, the maximum stiffness was 2.6794 N/mm and the 
minimum stiffness was 2.3368 N/mm. The average stiffness 
was 2.5529 N/mm, with 0.1350 N/mm standard deviation. 
Because the analytic equivalent stiffness model assumed an 
ideal condition that neglecting friction, gravity effect and other 
considerations, the measured stiffness is lower than the 
simulated stiffness. Furthermore, a load capacity was 
measured using the developed prototype as shown in Fig. 13. 
The load capacity of the prototype, as indicated by NCDRM, 
was 5.0 kg, as shown in Table IV. Table IV presents the 
stiffness and load capacity of each CDRM in order to compare 
the performance of the prototype to that of other CDRMs. The 
stiffness of prototype was 4 to 10 times larger than that of other 
CDRMs and the load capacity of prototype was 2 to 3 times 
larger than that of other CDRMs, which demonstrating 
remarkable stiffness and load capacity performance. The 
stiffness amplification ratio was smaller than the calculated 
equivalent stiffness, because the calculated stiffness does not 
consider the gravitational effect of the CDRMs.  

VI. CONCLUSION 

In this paper, we have validated that our proposed method 

can enhance the stiffness and load capacity of the CDRM 

through equivalent stiffness calculations and experiments. 

Additionally, an inverse kinematics algorithm was derived 

and verified by simulation. Based on the calculation results, 

the equivalent stiffness of our cable routing method is 

approximately 15 times larger than the traditional method 

when the cable winding number is 3. The inverse kinematics 

algorithm was derived and verified through path planning 

simulation with Matlab® . In the experiments, we validated 

the stiffness of the prototype. The measured average stiffness 

of the developed prototype was 2.5229 N/mm, with 0.1350 

N/mm standard deviation, which is 4 to 10 times larger than 

that of traditional CDRMs, and load capacity was 5 kg. 

Furthermore, the bending angle of the prototype was larger 

than 180°, which demonstrates high dexterity indirectly. 

In future research, we will apply the inverse kinematics 

algorithm with feedback control strategies to conduct 

trajectory tracking experiment and reduce the delay effect to 

enhance control performance. Additionally, we will develop 

a path planning algorithm for obstacle avoidance and end 

effector tool control for practical application.  
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