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Abstract
This paper focuses on six-degree-of-freedom (six-DOF) spatial cable-suspended parallel robots with eight cables (8-
6 CSPRs) because the redundantly actuated CSPRs are relevant in many applications, such as large-scale assembly
and handling tasks, and pick-and-place operations. One of the main concerns for the 8-6 CSPRs is the stability
because employing cables with strong flexibility and unidirectional restraint operates the end-effector of the robot
under external disturbances. As a consequence, this paper attempts to address two key issues related to the 8-6
CSPRs: the force-pose stability measure method and the stability sensitivity analysis method. First, a force-pose
stability measure model taking into account the poses of the end-effector and the cable tensions of the 8-6 CSPR
is presented, in which two cable tension influencing factors and two position influencing factors are developed,
while an attitude influence function representing the influence of the attitudes of the end-effector on the stability
of the robot is constructed. And furthermore, a new type of workspace related to the force-pose stability of the
8-6 CSPRs is defined and generated in this paper. Second, a force-pose stability sensitivity analysis method for the
8-6 CSPRs is developed with the gray relational analysis method, where the relationship between the force-pose
stability of the robot and the 14 influencing factors (the end-effector’s poses and cable tensions) is investigated
to reveal the sequence of the 14 influencing factors on the force-pose stability of the robot. Finally, the proposed
force-pose stability measure method and stability sensitivity analysis method for the 8-6 CSPRs are verified through
simulations.

1. Introduction
1.1. Background and motivation
Cable-driven parallel robots have advantages over their rigid-link counterparts, such as simple light-
weight mechanical structure and large reachable workspace [1–4]. As a result, the cable-driven parallel
robots become a current study in the field of engineering such as medical rehabilitation [5–6], wind
tunnel experiment [7], astronomical observation [8], and 3D printing [9–10]. It is well known that
increasing the number of cables can improve the performance of cable-driven parallel robots in terms of
workspace extension and payload capability under specific conditions where lower cable tension con-
straints are satisfied to prevent slackness of the cables. However, this potential benefit must be balanced
against the increased likelihood of the interferences between cables and the end-effector that arises with
additional cables. It should be noted that cable-suspended parallel robots are more appropriate for pick-
and-place operations and large-scale assembly and handling tasks because of smaller possibility of cable
collisions and interferences, as well as less payload swing in contrary to classical cranes. The six-degree-
of-freedom (six-DOF) cable-suspended parallel robots driven by eight cables have been employed in the
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field of the pick-and-place operations of large and heavy parts [11]. Consequently, this paper focuses
on a particular type of cable-driven parallel robot, namely a six-DOF cable-suspended parallel robots
with eight cables (8-6 CSPR). To the best of the authors’ knowledge, one of the most important issues in
the 8-6 CSPRs is that of the stability of the robot because employing cables with strong flexibility and
unidirectional restraint operates the end-effector of the robot under external disturbances. As a matter
of fact, the stability of the 8-6 CSPRs indicates the ability of robot to resist external interferences in the
weakest constraint direction and to make the end-effector of the 8-6 CSPR be in equilibrium with exter-
nal disturbances. In this regard, there are two key challenges in the theoretical research and application
of the 8-6 CSPRs:

(i) For one thing, the strong coupling effect between the cable-driven system and the end-effector
makes it difficult to establish a stability measure model for 8-6 CSPRs. On the one hand, the
inherent strong flexibility and unidirectional constraints of the employed cables make it difficult
to maintain the stability of the 8-6 CSPRs. On the other hand, the end-effector of the 8-6 CSPRs is
driven by eight cables, and thus, the cable-driven system has an important effect on the stability
of the robot; vice versa, the poses of the end-effector will inevitably affect the stability of the
cable-driven system.

(ii) And for another, considerable number of influencing factors and extremely complicated influ-
encing mechanism on the stability of the 8-6 CSPRs makes it difficult to investigate importance
ordering of these influencing factors on the stability of the 8-6 CSPRs. It should be noted that
the stability of the 8-6 CSPRs can be affected by a total of 14 influencing factors, such as the
cable tensions, end-effector’s positions, and end-effector’s attitudes. And furthermore, the influ-
ence degree of each influencing factor on the stability of the 8-6 CSPRs is different. As a result,
the complicated influencing mechanism of the 14 influencing factors on the stability of the 8-6
CSPRs has brought severe challenges to establishing a stability sensitivity analysis model for the
robots.

As a consequence, two main issues related to 8-6 CSPRs are discussed in this paper: force-pose
stability measures and stability sensitivity analysis. The force-pose stability measures aims to evaluate
the robot’s ability to resist external disturbances applied to the end-effector of the 8-6 CSPRs, while the
stability sensitivity analysis aims to investigate the importance of influencing factors for the stability of
the robots.

1.2. Literature review and comments
The use of cables introduces many new challenges, and indeed, the stability issues are particularly impor-
tant and critical for the cable-driven parallel robots. It is extremely important to measure and ensure the
stability of the cable-driven parallel robots. The existing literature, however, does not adequately address
these issues. As a result, we briefly review the literature reporting the stability of the cable-driven par-
allel robots from two aspects in this section. The domestic and international researches on reporting the
stability measure method for the cable-driven parallel robots are presented. Meanwhile, the literature
related to the stability sensitivity analysis method for the robots is investigated in this paper.

On the one hand, one of the fundamental issues is the stability of the 8-6 CSPRs under external dis-
turbances, and stability measures and stability evaluation methods for the robots have been a topic of
interest. In fact, the stability is an important prerequisite for the control of the robots. In order to assess
the quality of the stability of the 8-6 CSPRs for a particular pose or configuration, it becomes necessary
to define stability measure indices. Stability measures and stability evaluation are a key and challenging
problem in both the theory and application of the 8-6 CSPRs. In recent years, several related studies have
been conducted to the stability of the cable-driven parallel robots. Behzadipour et al. [12] presented a
new approach to derive the total stiffness that is used to evaluate the stability of the cable-driven paral-
lel robot. Liu et al. [13] investigated the minimum cable tension distributions in the workspace for the
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cable-driven parallel robot, and furthermore, the relationship between the stability and the minimum
cable tensions is explained to a certain degree. But they missed a key step, that is, to mathematically
show the relationship between them. Indeed, these literatures just regard the stability of the cable-driven
parallel robots as two states, a stable state and a nonstable one. To address these issues, researchers have
proposed a few of stability measure indices for the cable-driven parallel robots. Bosscher et al. [14–15]
investigated a slope-based robustness measure for underconstrained cable-driven parallel robot, which
can employ the quantifiable numbers to measure the robot’s stability. In another paper, an approach to
investigate the stability of the cable-driven camera robot quantitatively was proposed in our preliminary
work [16], and the main innovation of this work is extending the stability of the cable-driven parallel
robots from the binary state to the interval [0,1]. Based on ref. [16], Wei et al. [17] focused on the effect
of cable tensions and stiffness on the stability for the camera robot driven by four cables with the pro-
posed tension factors and stiffness factors. Wang et al. [18] reported a stability index for a lower-limb
rehabilitation training robot driven by cables. To the best of the authors’ knowledge, ref. [19] is the
most recent work on the cable-driven parallel robot dealing with measuring the stability of the robots.
However, all these previous works only investigate the effects of the positions of the end-effector, cable
tensions, and stiffness on the stability of the robots where the important influencing factor such as the
attitudes of the end-effector not taken into account. And furthermore, to the authors’ best knowledge,
one way to address this issue is to propose an attitude influence function (AIF) that represents the effects
of end-effector’s attitudes on the stability of the cable-driven parallel robots. As a consequence, a sys-
tematic method on the stability for the 8-6 CSPRs with combination of cable tensions and end-effector’s
poses presented herein seeks to fill this gap.

On the other hand, another critical concern is the stability sensitivity analysis model, through which
the influence degree of each influencing factor on the stability of the robot can be obtained and, their
sequence can be ranked with their importance degrees. Nevertheless, the stability mechanism for the
cable-driven parallel robots is extremely complicated and affected by considerable number of factors,
for example, cable tensions, end-effector’s positions, and end-effector’s attitudes. Actually, the influence
degree of the above influencing factors on the stability of the cable-driven parallel robots, as far as I am
concerned, can be reflected using stability sensitivity, and furthermore, their sequence can be ranked
with the importance of each influencing factor. It should be noted that, to the best of our knowledge,
few studies find that the stability sensitivity for the cable-driven parallel robots is addressed, especially
for the 8-6 CSPRs where the effects of the end-effector’s attitudes on the stability of the robots have
to be considered in this case. Several approaches have been proposed in the literature for the investi-
gation of the importance of influencing factors on the stability for the cable-driven parallel robots. To
our knowledge, the first approach for investigating the stability sensitivity analysis for the cable-driven
parallel robots is proposed in ref. [20], in which a method to quantitatively assess the stability sensitivity
for a coal-gangue sorting cable robot is proposed. In another paper, two special problems of carrying
out dynamic stability measurement and a stability sensitivity analysis for the high-speed long-span 4-1
cable-driven parallel robots are reported in ref. [21]. In addition, in our previous study [22], a stability
measure method and a stability sensitivity evaluation model for camera robots while considering the
cable mass and sags are presented. It can be seen that the gray relational analysis method can describe
the relationships between the main factors and all the other factors [23–26], and therefore, it can be
employed to obtain the sensitivity of each influencing factor and rank their sequences. As a matter of
fact, there are multiple factors which can influence the stability of the 8-6 CSPRs, such as the cable ten-
sions, the positions, and the attitudes of the end-effector. This paper, as a result, is to develop a method
for force-pose stability sensitivity analysis for the 8-6 CSPRs. And furthermore, the most sensitive factor
among the stability influencing factors can be identified and prioritized.

To sum up, it should be pointed out that the stability of the 8-6 CSPRs considering the effects of the
attitudes of the end-effector has not been considered in previous studies. Additionally, to the authors’ best
knowledge, the relationship between the stability of the robot and their influencing factors has not been
investigated up to now. Therefore, this paper attempts to address two key issues related to the 8-6 CSPR:
the force-pose stability measure method and the stability sensitivity analysis method. In addition, it is
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worth noting that the main advantage of the proposed force-pose stability measure method and stability
sensitivity analysis method for the 8-6 CSPRs lies in its ability to explicitly investigate the effects of the
poses of the end-effector and cable tensions on the stability of the robots.

1.3. Contribution and paper organization
Considering the above-mentioned previous work, this paper aims to extend the force-position measure
approach on the stability for a camera robot being a CDPR with a point-mass end-effector proposed in
refs. [16, 20, 22] by developing, for the first time, an AIF to emphasize the effects of the end-effector’s
attitudes on the stability of CDPRs. Therefore, the most scientific contribution and innovation of this
paper, compared with the existing literature, can be highlighted as follows:

(i) To the best of our knowledge, this is the first time that the effects of the end-effector’s poses and
cable tensions on the stability of the 8-6 CSPRs are investigated, and further, a force-pose stability
measure method for the 8-6 CSPR is developed. The work in this paper is also an extension of
the preliminary study on the stability of the cable-driven parallel robots in ref. [16], and the
novelty of the proposed force-pose stability measure method for the robot includes considering
the effects of the attitudes of the end-effector on the stability of the robot.

(ii) Meanwhile the main contribution of this paper, as far as the authors know, is that a force-pose
stability sensitivity analysis method for the 8-6 CSPR is presented with the gray correlation
analysis method. Compared with the refs. [20, 22], this paper emphatically investigates the effects
of the end-effector’s attitudes on the stability of the robot, and furthermore, the sequence of the
14 influencing factors on the force-pose stability of the robot is revealed.

This paper is organized as follows. The next section presents the proposed stability influencing fac-
tors. Subsequently, a force-pose stability measure method to the 8-6 CSPR is developed in Section 3. In
addition, a force-pose stability sensitivity analysis method for the 8-6 CSPR is proposed in Section 4.
Furthermore, the presented methods on the force-pose stability measures and stability sensitivity analy-
sis for the 8-6 CSPR are explained through simulation results in Section 5. Finally, Section 6 concludes
this paper and discusses the contributions and presents possibilities for future continuations of this work.

2. The stability influencing factors
This work focuses the investigation on the class of cable-suspended parallel robots with six-DOF driven
by eight cables (8-6 CSPRs). Due to the unilateral driving property of the used cables, maintaining
positive cable tension is necessary condition of the stability while the end-effector locates at a given
equilibrium pose for the 8-6 CSPRs. And furthermore, the cable possessing the minimum cable tension
may be slack when the minimum cable tension is less than a certain value, leading to missing the ability
to control the end-effector of the 8-6 CSPRs. Therefore, the minimum cable tension satisfying certain
condition is required to make the end-effector to be stable while the end-effector locates at a given
equilibrium pose. It can be inferred that the stability of the 8-6 CSPRs is associated with a particular
pose where a family of cable tensions is required to make the end-effector to be in equilibrium. Therefore,
both the end-effector’s poses and cable tensions have important effects on the stability of the 8-6 CSPRs.
This paper aims at highlighting the effects of the end-effector’s poses and cable tensions on the stability
of the 8-6 CSPRs. And furthermore, special attention should be paid to the fact that the positions and the
attitudes of the end-effector, from the point of view of the robot kinematics, are independent mutually,
leading to having independent effects on the stability of the 8-6 CSPRs. As a result, this section, prior to
the detailed description of the proposed force-pose stability for the 8-6 CSPRs, is devoted to introduce
main influencing factors on the stability of the robots, including two position influencing factors (PIFs),
two cable tension influencing factors (CTIFs), and an AIF.
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Figure 1. The investigated 8-6 CSPR.

2.1. Position influencing factor (PIF)
Prior to the detailed description of the proposed influencing factors on the stability of the 8-6 CSPRs
and the force-pose stability measure method, this section first introduces kinematics, static equilibrium
equation, and the distributions of cable tensions for the 8-6 CSPRs. In the following analysis, the fol-
lowing assumptions are made in this paper: (i) the mass and the elasticity of the employed cables are
negligible; (ii) the end-effector of the investigated 8-6 CSPR is assumed to be a rigid body; and (iii)
and the employed cable is considered to be a straight segment. And these assumptions are reasonable in
several CSPRs.

The six-DOF cable-suspended parallel robot with eight cables (8-6 CSPR) investigated in this paper
is represented in Fig. 1. It consists of an end-effector connected to the base by a set of eight cables and
to fixed pulleys where the employed cables are wound. Note that the end-effector of the robot refers to
the whole mobile platform, including the employed tool for pick-and-place operations. In this regard,
the position and orientation of the end-effector can be controlled by changing the eight cable’s lengths,
respectively. Referring to Fig. 1, the notation employed in the section is as follows: a fixed reference
frame, noted by O-XYZ , is attached to the base of the 8-6 CSPR and is referred to as the base frame.
And a moving reference frame, noted by o-xyz, is attached to the end-effector of the robot, where o is the
reference point to be positioned at the end-effector. Point Ai, where the ith cable (i = 1, 2,. . ., 8) enters
its spool, is assumed to be fixed relative to the base. Furthermore, the ith cable is attached at point Bi on
the end-effector, and this attachment point is assumed to be fixed relative to the end-effector of the 8-6
CSPR. The ith cable then connects points Ai and Bi, and its length is denoted as ρi. The contact points
Ai and Bi are modeled as spherical joints. Then, vectors ai and bi are defined as the vectors connecting
point O to point Ai and point o to point Bi, expressed in the base frame and the moving reference frame,
respectively.
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In this regard, the end-effector’s position of the 8-6 CSPR is given by the vector P = [x, y, z]T

connecting point O to point o, while the orientation of the end-effector, given by a space-three rotation
sequence of φ about X, θ about Y , and ψ about Z , is denoted by α= [φ, θ ,ψ]T. As a result, the end-
effector’s pose of the 8-6 CSPR can be given by the vector X = [x, y, z, φ, θ ,ψ]T. By simple geometrical
considerations in Fig. 1, the unit vector depending on the pose of the end-effector along cable i is noted
by di and can be written as:

di =
(
ai − ORobi − P

)
/ρi,i = 1,2, . . . ,8 (1)

ρi =
∥∥ai − ORobi − P

∥∥
2 (2)

where ‖ · ‖2 denotes the Euclidean norm of the vector argument and ORo represents the rotation matrix
of the moving frame with respect to the base frame, and it can be written as follows:

ORo =
⎡
⎣ cosψ cos θ cosψ sin θ sin φ − sinψ cos φ cosψ sin θ cos φ + sinψ sin φ

sinψ cos θ sinψ sin θ sin φ + cosψ cos φ sinψ sin θ cos φ − cosψ sin φ
− sin θ cos θ sin φ cos θ cos φ

⎤
⎦ (3)

As mentioned before, both the end-effector’s poses and cable tensions have important effects on the
stability of the 8-6 CSPRs. The stability of the robots, in other words, is pose-dependent and tension-
dependent. Indeed, it is well known that the motion of the end-effector of the 8-6 CSPR can be simplified
as the superposition of the translation of the center of the end-effector’s mass and the rotation around the
center of the end-effector’s mass. As a result, the positions and the attitudes of the end-effector, from the
point of view of the robot kinematics, are mutually decoupled and do not affect each other, and therefore,
their influences on the stability of the robots can be considered separately. It is noted that the attitude
of the end-effector is described with the rotation matrix ORo in this paper, and it is a crucial aspect of
the end-effector’s pose of the 8-6 CSPR, which also includes its position. In this regard, two PIFs, two
CTIFs, and an AIF are proposed in this paper. First of all, this section deals mainly with the effects of the
end-effector’s positions and cable tensions on the stability of 8-6 CSPRs. Previous work has considered
both the effects of the end-effector’s positions and cable tensions on the stability of robots, and therefore,
for a detailed description of the two PIFs and the two CTIFs, the reader is referred to ref. [16]. Some
results of the foregoing references are provided in what follows.

Consequently, two PIFs and two CTIFs are discussed in more detail based on kinematics and cable
tension distributions of the 8-6 CSPR; moreover, the schematic diagram relating to the PIFs and CTIFs is
shown in Fig. 2. It should be pointed out that among the eight cables for the 8-6 CSPR, the cable with the
minimum cable tension has an important influence on maintaining the stability of the end-effector, while
the end-effector of the 8-6 CSPR is located at arbitrary pose within the workspace, because this is the
weakest constraint direction for the end-effector of the robot. And the minimum cable tension denoted
by Tmin while the end-effector of the 8-6 CSPR is located at arbitrary pose within the workspace can be
obtained with the determination of the cable tension distributions, and it will be investigated in the next
section. The optional position of the end-effector for the 8-6 CSPR in the workspace is denoted by P;
the geometric vertical midline of the workspace for the 8-6 CSPR when the end-effector’s orientation is
fixed as (0, 0, 0) is denoted by a; the horizontal plane where the specified position of the end-effector is
located is highlighted with the green; the intersection between the presented geometric vertical midline
and the given horizontal plane is denoted by Q; the top intersection between the presented geometric
vertical midline and the workspace of the robot is denoted by M; the minimum cable tensions when the
end-effector of 8-6 CSPRs locates at the positions P, Q, and M are denoted by TP,min, TQ,min, and TM,min,
respectively; the angles between the cable having the minimum cable tension and the horizontal plane
when the end-effector of the 8-6 CSPR is located at the positions P, Q, and M are denoted by αP, αQ and
αM, respectively.

In more detail, two PIFs are proposed and have presented in our previous works [16, 20], and they
can be respectively expressed as:

�11 = tan αM/ tan αQ (4)
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Figure 2. Schematic diagram relating to PIFs and CTIFs.

�21 = tan αp/ tan αQ (5)

where α = arcsin

(
H − z

ρmin

)
; ρmin is the length of the cable having the minimum cable tension while the

end-effector of the 8-6 CSPR is located at the present position P; and H is the height of the towers.

2.2. Cable tension influencing factor (CTIF)
This section presents statics equilibrium modeling for the 8-6 CSPR to propose the CTIFs. Referring
to Fig. 1, the ith cable exerts a pure force at point Bi on the end-effector of the robot when tensions are
maintained in the eight cables. And the tension can be written as tidi, where ti is the nonnegative tension
in the ith cable; meanwhile, the pure force generates a moment (ORobi) × tidi at the reference point o. As

a result, the wrench (force/moment pair) applied at o by the ith cable is
[

tidi

(ORobi) × tidi

]
. In this regard,

the static equilibrium equation of the presented 8-6 CSPR could be expressed as:

JT + W = 0 (6)

where T = [t1~t2 · · · t8]T denotes the vector consisting of the eight cable tensions; W collects all
other forces and torques acting on the end-effector of the 8-6 CSPR; and the pose-dependent matrix

J = [ J1 J2 · · · J8 ] =
[

d1 d2 · · · d8

(ORob1) × d1 (ORob2) × d2 · · · (ORob8) × d8

]
is the structure matrix of the pre-

sented 8-6 CSPR.
In practice, it is desirable to always have the cable tensions in a range between a lower and an upper

limit. In detail, the lower limit is necessary to prevent cable slackness, which can lead to instability of
robot, while the upper limit is imposed to avoid exceeding the tensile strength of the cables and the
torque limits of the winch motors. Therefore, it is necessary to maintain the cable tensions within a safe
and feasible range that ensures stability and performance of the 8-6 CSPR. As a result, one common
issue for the presented 8-6 CSPR is that the cable tensions should not only satisfy the presented static
equilibrium condition in Eq. (6) but also have a cable tension in a range between a lower limit Ts,min and
a higher limit Ts,max. As a result, the cable tensions satisfy the following relationship:

Ts,min ≤ T ≤ Ts,max (7)

where Ts,min collects the lower bound of the cable tension to prevent cable looseness, while Ts,max collects
the upper bound of the cable tension to avoid cable breakage, which is generally set by the breaking loads
of mechanical parts, the maximum actuator torques, or choice of material.
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As mentioned above, the investigated 8-6 CSPR is driven by eight cables, but the movement of the
end-effector only includes translation and rotation in three directions. As a result, the 8-6 CSPR is a
redundant cable-suspended parallel robot. Due to its redundancy in the 8-6 CSPRs, it can be seen form
Eq. (6) that the number of cable actuators is more the degrees of freedom of the end-effector and, the
structure matrix J is not square. As a result, there are infinite sets of tension distributions to generate
a given wrench of the end-effector while the motion state of the robot’s end-effector is known. Several
studies and methods have presented in the literature to address this issue, such as optimizer approach
with p-norm [27], closed-form solution [28], barycentric approach [29], and so on [30]. In order to obtain
the optimal distributions of the cable tensions, minimization of the Euclidean norm of the relative cable
tension vector, as a practical point of view, is presented to address the distributions of the eight cable
tensions in this section. The basic idea of the presented method is to minimize the Euclidean norm of the
difference between the actual cable tensions and the median feasible cable tensions. It should be noted
that the optimized cable tensions must satisfy the static equilibrium Eq. (6) and remain within some
specified upper and lower bounds Ts,min and Ts,max as shown in Eq. (7). In this section, the determination
of the cable tensions for the 8-6 CSPRs can be formulated as follows:

Object minT
∥∥T − T

∥∥
2

subject to : JT + W = 0

and Ts,min ≤ T ≤ Ts,max

where T = Ts,min + Ts,max

2
is vector of the medium feasible cable tensions.

It should be pointed out that the presented models and methods to obtain the cable tensions presented
in this section are derived from ref. [27], and therefore, more information about investigating distribu-
tions of the cable tensions could be found in this paper. In addition, the minimum cable tension Tmin

while the end-effector of the 8-6 CSPRs locates at arbitrary pose within the workspace can be obtained
based on the obtained unique solution to the cable tensions, and it can be expressed as:

Tmin = min (T) (9)

where Tmin is the smallest element in the cable tension T.
Consequently, the cable with the minimum cable tension while the end-effector of the 8-6 CSPR is

located at arbitrary pose within the workspace can be determined. In this regard, with reference to Fig. 2,
two CTIFs have been proposed and used in our previous works [16, 20], and they can be respectively
expressed as:

�12 = TP,min/TQ,min (10)

�22 = TQ,min/TM,min (11)

It should be pointed out that the presented two PIFs and two CTIFs, being a function of the end-
effector’s positions and cable tensions respectively, are all located in interval [0, 1], and in this regard,
the proposed stability measure index for the 8-6 CSPRs with the two PIFs and two CTIFs can employ
the interval [0, 1] to measure the stability of such robots.

2.3. The attitude influence function (AIF)
As already mentioned, the positions and attitudes of the end-effector as well as the cable tensions can
affect the stability of the 8-6 CSPRs. However, the above studies only focused on analyzing the effects
of the positions of the end-effector and cable tensions on the stability of the cable robots, and there
is little research on the end-effector’s attitudes on the stability of the 8-6 CSPRs. Due to modeling
complexity of the coupling effects, researchers have not paid enough effort on investigating the effects
of the end-effector’s pose on the stability of the 8-6 CSPRs, especially the influence of the attitudes of the
end-effector on the stability of the robot. In order to propose a systematic approach on the stability for the
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8-6 CSPRs, the effects of the end-effector’s attitudes on the stability of the robots must be considered.
Although the effects of the end-effector’s positions and cable tensions have been researched, to the
best of our knowledge, the most significant difference from existing research is that we are the first
to investigate the effects of end-effector’s attitudes on the stability of the 8-6 CSPRs. This section, as a
result, introduces a contribution of this paper: the AIF of the stability for the 8-6 CSPRs is proposed. The
idea for introducing the presented AIF is that the effects of the end-effector’s attitudes on the stability
of the 8-6 CSPRs can be considered and measured.

Apart from the above-mentioned factors in section 2.2, in addition, the end-effector’s attitudes also
have important effects on the stability of the 8-6 CSPRs. Therefore, this section is deliberately chosen
to emphasize the effects of the attitudes on the stability of the robots. In order to quantify the effects, a
function representing the effects of the attitudes of the end-effector on the stability for the robots, which
is denoted by f (φ, θ ,ψ), is constructed at a later stage. To our knowledge, the presented paper is the first
one to consider the effects of the end-effector’s attitudes on the stability for the cable-driven parallel
robots.

As mentioned above, the stability of the robot is indeed not solely determined by the orientation of
the end-effector but is influenced by multiple factors, including the positions of the end-effector in space
and the cable force distributions. As a matter of fact, the stability of the 8-6 CSPR while the end-effector
is located at given position becomes weaker with the increase in the attitude angles of the end-effector,
and this is because the center of gravity of the end-effector is closer to the tie line connecting the two
hinge points between two adjacent cables. As a result, the orientation of the end-effector (0, 0, 0) is the
most stable configuration for the 8-6 CSPR while the end-effector is located at a given position due to
its symmetry, potential for even cable tensions, and farther distance between the center of gravity of the
end-effector and tie line connecting the two hinge points between two adjacent cables. In this regard,
the attitude angles (0, 0, 0) are seen as the most stable one while the center of gravity of the end-effector
the robot is located at a given position. And furthermore, the stability of the 8-6 CSPRs at the present
position with other attitudes is lower, and indeed, the stability is the weakest at the present position with
the maximum attitude angles. Meanwhile, in order to employ the interval [0, 1] to assess the stability of
the 8-6 CSPRs, the range of the AIF is the interval from 0 to 1.

Upon the analysis and discussion above, the proposed AIF is required to possess the following prop-
erties: (i) the range of the proposed AIF is the interval from 0 to 1 so as to employ the interval [0, 1]
to measure the stability of the 8-6 CSPRs; (ii) the stability of the robots while the end-effector locates
at the present position becomes weaker with the increase in the attitude angles; (iii) assume the present
pose of the end-effector be (x, y, z, φ, θ ,ψ); moreover, two extreme cases should be discussed: on the
one hand, the present pose with attitude angles (0, 0, 0) is the most stable one, and indeed, it is the sta-
bility measure not considering the effects of the attitudes on the stability of the 8-6 CSPRs; on the other
hand, the present pose with maximum attitude angles (φmax, θmax,ψmax) is the weakest stability one, and
therefore, let the stability of the 8-6 CSPRs at the attitudes be 0. It can also be noted that the stability of
8-6 CSPRs at other attitudes falls somewhere between the two extremes. In addition, the development
of force-pose stability measures for 8-6 CSPRs is another novel contribution of this paper, as it will be
explained further in the next section.

It is worth emphasizing that proposing an AIF representing the effects of the end-effector’s attitudes
on the stability of the 8-6 CSPRs for the 8-6 CSPRs is the main contribution of this work. And therefore,
further insight into the problem of the determination of the proposed AIF f (φ, θ ,ψ) can be investigated
from its geometric interpretation. In this regard, a schematic diagram relating to the AIF proposed in
this paper is depicted in Fig. 3. Referring to Fig. 3, the perpendicular line between the mass center of
the end-effector and the tie line connecting the two hinge points between two adjacent cables and the
end-effector of the robot is noted by ni when the three attitude angles of the end-effector equal to 0.
It is worth emphasizing that the total tie lines and vectors ni mainly depend on the connection mode
and topological configuration of the eight cables and the end-effector of the robot. And furthermore,
there are 12 connection lines for the presented 8-6 CSPR in this paper, which forms a space polygon.
The gravity center line of the end-effector, generally speaking, is inside the proposed space polygon. It

https://doi.org/10.1017/S0263574725102762 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574725102762


10 Peng Liu et al.

B1

B2

B3

B4

B5 B6

B7
B8

n2

n1

n3

n4

n5

n6

n8

n9

n10

n11

n12

End-effector

End-effector

Y

Z

O

x

y

z

o

A2A1

A3A4A5

A6

A7A8

B1 B2

B3B4

B5
B6

B7
B8

Figure 3. Schematic diagram relating to the AIF.

should be pointed that the 8-6 CSPRs is the most stable state with the three zero attitude angles when
the end-effector is located at an arbitrary position within the workspace. In other words, the end-effector
with the three zero attitude angles can be used as a reference to evaluate stability for the 8-6 CSPRs,
while the robot possesses weaker stability when the end-effector has nonzero attitude angles. Note that
the components along each coordinate axis of the vector ni will change while the attitude angles of
the end-effector vary. The gravity center line maybe goes beyond the space polygon as the increase of
the attitude angles, which leads to instability of the 8-6 CSPRs. And furthermore, the shortest distance
between the gravity center line of the end-effector and the space polygon indicates stability of the 8-6
CSPRs. From above, the components along each coordinate axis of the vector ni can be employed to
represent the effects of the end-effector attitude angles on the stability of the 8-6 CSPRs.

And as mentioned above, the presented AIF, which is primarily concerned with the question of
which is the “shortest” distance between the gravity center line of the end-effector and the space
polygon while the attitude angles of the end-effector of the 8-6 CSPR vary, is required to meet
the properties above. Combined with the above discussion, in a particular manner,f (φ, θ ,ψ)=

min
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meeting the three properties is deliberately chosen to

represent the effects of the end-effector’s attitudes on the stability of the 8-6 CSPR, while the proof of

this is given below.
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are ratios of the corresponding components along each

coordinate axis of the vectors ORoni and ni respectively, where the vectorORoni is the distance between
the gravity center line of the end-effector and the ith tie line with nonzero attitude angles. And it can be

seen that min
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lays between 0 and 1, and therefore, the proposed AIF

f (φ, θ ,ψ) is also between 0 and 1.
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3. The force-pose stability measure method
One of the primary concerns with the 8-6 CSPRs is the stability to the inevitable external disturbances.
However, there, to our best knowledge, is no published technical paper about the force-pose stability
measures for the 8-6 CSPRs. This section, based on the previous section, introduces another main con-
tribution of this paper: force-pose stability measure method for the 8-6 CSPRs is proposed with the
presented PIFs, CTIFs, and AIF. The proposed force-pose stability measure method of the 8-6 CSPRs
addresses the problem of investigating their abilities to resist external disturbances. It should be pointed
out that a closely related concept is the stiffness of the 8-6 CSPRs. Both are important for the perfor-
mance of the 8-6 CSPR, but they address different aspects of the robot’s behavior. On the one hand,
the stiffness of the 8-6 CSPR is a measure of resistance to deformation when subjected to an external
force, which mainly depends on the mechanical structure design, material properties, and connection
methods of the robot. The stability of the robot, on the other hand, refers to the ability of the robot to
maintain its equilibrium in the presence of external disturbances, which is affected by the end-effector’s
poses and cable tensions. And furthermore, the stiffness can contribute to stability of the robot, and in
other word, high stiffness can enhance the stability of the 8-6 CSPR by reducing unwanted deformations
that might otherwise cause instability. The majority of previous works dealing with the stability of the
cable-driven parallel robots by considering the effects of the end-effector’s positions, cable tensions and
the stiffness on their stability for the cable-driven parallel robots [16–18]. However, these approaches
have limitations, such as the effects of the end-effector’s attitudes on the stability for the cable-driven
parallel robots have apparently not been considered. Compared to refs. [16, 17, 31], the main improve-
ment of the proposed force-pose stability measure method in this paper is to propose an AIF to measure
the effects of end-effector’s attitudes on the stability of the robots.

As has been mentioned above, the stability of the 8-6 CSPRs indicates the ability of robot to resist
external interferences in the weakest constraint direction and to make the end-effector of the 8-6 CSPR
be in equilibrium with external disturbances. In other words, the 8-6 CSPRs with high stability have
a relatively high ability to resist external disturbances. Note that here the stability is associated with a
particular pose where a family of cable tensions is required to make the end-effector be in equilibrium.
Therefore, both the end-effector’s poses and cable tensions have important effects on the stability of the
8-6 CSPRs. That is to say, the stability of the robot is pose-dependent and tension-dependent. Therefore,
a systematic approach including combination of cable tensions and end-effector’s poses on the stability
of the 8-6 CSPRs is proposed in this paper. Particular emphasis was placed on the fact that the approach
on the stability can employ the interval [0, 1] to measure the stability of the 8-6 CSPRs, leading to a
stability workspace meeting the predetermined stability requirements.

Accordingly, the main contribution of this paper lies in the force-pose stability measure index (FPSI)
for the 8-6 CSPRs based on the proposed CTIFs, PIFs, and AIF. Based on the aforementioned discussion,
the proposed FPSI for the 8-6 CSPRs reads as:

S (X, T)=
2∏

l=1

(pl1�l1 + pl2�l2) f (φ, θ ,ψ) (12)

where X = [x, y, z, φ, θ ,ψ] is the end-effector’s pose of the 8-6 CSPRs, T is the vector of eight cable
tensions, and pi1 and pi2, being between 0 and 1, are weight coefficients and meet the following conditions
pl1+pl2 = 1, l = 1,2. As mentioned before, both the two PIFs and the two CTIFs lay the interval from 0
to 1, and furthermore, the range of the proposed AIF lay the interval from 0 to 1. Therefore, the range of
the FPSI S(X, T) for the 8-6 CSPRs lays the interval [0, 1], which implies that the proposed force-pose
stability for the 8-6 CSPRs can employ the interval [0, 1] to measure the stability of the robots.

It should be pointed out that the proposed force-pose stability measure method for the 8-6 CSPR
in this paper is different from that in the previous literature, in which the stability of the cable-driven
parallel robots is regarded as the state of binary opposition between 0 and 1. In addition, it can be
seen from that the proposed force-pose stability of the 8-6 CSPRs with given perturbations depends
on the poses of the end-effector and the cable tensions. Meanwhile, numerous scholars have conducted
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extensive research on the workspace of the cable-driven parallel robots [32–34]. The force-pose stability
analysis and measures are performed and, in this regard, a novel stability workspace for the 8-6 CSPRs
is defined and generated with the proposed FPSI for this robot. For this reason, in this paper, we are
interested in calculating the stability workspace of the 8-6 CSPRs for given end-effector’s altitudes
under the constraint that the force-pose stability of the robots does not exceed a given threshold based
on numerical methods, in which the force-pose stability of the robot when the end-effector is located at
arbitrarily pose of the workspace is determined with Eq. (12).

4. Force-pose stability sensitivity analysis method
It should be pointed out that there, to our best knowledge, is no published technical paper about the
force-pose stability sensitivity analysis for the 8-6 CSPRs. Accordingly, the main contribution of this
paper lies in proposing a force-pose stability sensitivity analysis method for the 8-6 CSPRs using the
gray relational analysis method to reveal the sequence of the 14 influencing factors on the force-pose
stability of the robot. As mentioned before, the force-pose stability measure method investigated in
section 3 has demonstrated that the proposed PIF, CTIF, and AIF have significant effects on the stability
for the presented 8-6 CSPRs. And in more detail, the presented PIF quantifies the influence of the end-
effector’s position on the stability of the robot, and further it captures how changes in the position
of the end-effector affect the robot’s stability. The presented CTIF assesses the impact of eight cable
tensions on the robot’s stability, and it reflects how variations in cable tensions influence the stability of
the robot. The proposed AIF evaluates the influence of the attitudes of the end-effector on the robot’s
stability, and it helps in understanding how the attitudes of the end-effector contribute to the stability
of the robot. We, in this section, focus on the sensitivity of the force-pose stability for the 8-6 CSPRs
concerning the three positions and three attitudes of the end-effector, as well as eight cable tensions. The
proposed FPSI for the 8-6 CSPR is affected by 14 factors in total, including 3 translational positions
and 3 rotational attitudes of the end-effector, as well as 8 cable tensions, and therefore, the stability
mechanism for the robot is extremely complex. In other word, the force-pose stability of the 8-6 CSPRs
is a function of the aforementioned 14 influencing factors. And note that the importance of the proposed
14 influencing factors on the stability of the 8-6 CSPRs can be evaluated with the force-pose stability
sensitivity analysis. The force-pose stability sensitivity analysis for the 8-6 CSPRs is to quantitatively
investigate the influencing degrees of the 14 influencing factors on the stability of the 8-6 CSPRs. As
a result, the gray relational degree, in the present paper, is employed to depict the correlation degree
between the force-pose stability sequences and the 14 influencing factor sequences for the 8-6 CSPRs.
The greater the sensitivity of the influencing factors on the force-pose stability of the 8-6 CSPRs, the
more significant its influence on the robot’s stability, and vice versa. Moreover, the main and secondary
influencing factors,as well as the maximum and minimum influencing factors for the force-pose stability
of the 8-6 CSPRs, can be accurately identified with the obtained gray correlation degrees. And therefore,
through the force-pose stability sensitivity analysis, we can identify the influencing factors having great
influence on the stability of the 8-6 CSPRs. As a result, a force-pose stability sensitivity analysis method
for the 8-6 CSPRs is developed in this section using gray relational analysis. The most sensitive factor
among the stability influencing factors can be identified and prioritized. In this section, the main steps
of the proposed force-pose stability sensitivity analysis method are presented in the following section.

4.1. Determination of the force-pose stability and influencing factor sequences
According to the gray correlation theory [35–37], the correlation is determined by comparing the
geometric similarity between the comparison sequences and the reference sequence. In more detail,
the reference sequence reflects the system’s behavioral characteristics, analogous to the dependent
variable, while the comparative sequences composed of factors that influence the system’s behavior,
analogous to the independent variables. As a result, the numerical values of the proposed force-pose
stability of the 8-6 CSPRs are set as the reference sequence, while a total of 14 influencing factors
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(the pose of the end-effector and the cable tensions) are set as the comparison sequences in this paper.
And then, the reference and comparable sequences aredenoted as �0 = [�0(1),�0(2), . . . ,�0(k)]T and
�i = [�i(1),�i(2), . . . ,�i(k)]T, i = 1,2, . . . ,14, respectively. Moreover, it should be noted that k is the
change number of the investigated 14 influencing factors and the force-pose stability for the 8-6 CSPRs
in this paper. Therefore, the whole sequence matrix consisting of the two above sequences can be defined
as follows:

� =

⎡
⎢⎢⎣
�0 (1)
�0 (2)
· · ·
�0 (n)

�1 (1)
�1 (2)
· · ·
�1 (n)

· · ·
· · ·
· · ·
· · ·

�14 (1)
�14 (2)
· · ·
�14 (n)

⎤
⎥⎥⎦ (13)

4.2. Normalization of the sequence matrixes
The raw data of the presented force-pose stability reference sequence and the influencing factor com-
parison sequence, as a matter of fact, differ from the others in terms of their range and measure units,
leading to the incomparable condition and even incorrect conclusion. Therefore, the main procedure first
involves a normalization treatment on the initial data of the presented sequence matrixes. As a result,
these sequences can be transformed with the following equation:

�i
′
( j)= �i ( j)− min�i ( j)

max�i ( j)− min�i ( j)
, (i = 0,1, . . . ,14 ; j = 1, 2, . . . , n) (14)

4.3. Gray correlation coefficient
The presented sequence matrixes are standardized, and in this regard, the absolute difference between
the force-pose stability reference sequence and the 14 influencing factor comparison sequences, denoted
by �0i = |�0 ( j)−�i ( j)|, i = 0, 1, . . . , 14, can be computed. And then, the maximum difference
is denoted by �max = max1≤i≤14 max1≤j≤n |�0 ( j)−�i ( j)| and the minimum difference is denoted by
�min = min1≤i≤14 min1≤j≤n |�0 ( j)−�i ( j)| . Thereupon, the gray relation coefficients can be computed
with the following formula:

rij ( j)= �min + ξ�max

�0i ( j)+ ξ�max

(15)

where ξ is the distinguishing coefficient.

4.4. Gray correlation force-pose stability sensitivity analysis index
The correlation between the proposed force-pose stability reference sequence and influencing factor
compared sequences for the 8-6 CSPRs can be represented by gray relational degree. As a result, if a
certain influencing factor in compared sequence is far more critical than other influencing factors to
the force-pose stability for the 8-6 CSPRs, the gray correlation degree of this influencing factor will be
higher than others. In that case, the gray correlation degree can be employed to measure the influence
degree of the positions and attitudes of the end-effector, as well as the cable tensions on the force-pose
stability of the 8-6 CSPRs. It is noteworthy that the main influencing factors and secondary influencing
factors, and the maximum and minimum influencing factors for the force-pose stability of the 8-6 CSPRs,
in more detail, can be obtained through the correlation degrees of the 14 influencing factors. To sum up,
a gray correlation sensitivity analysis method for the force-pose stability of the 8-6 CSPRs is proposed
and measured with the gray correlation degree, and the proposed force-pose stability sensitivity analysis
index for the 8-6 CSPRs reads as:

Ri = 1
n

n∑
j=1

rij ( j) (16)
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Figure 4. The distributions of FPSI within specific regions of the workspace with (φ, θ ,ψ) = (0◦, 0◦, 0◦).

5. Simulation examples and results
In this section, the developed force-pose stability measure method and the force-pose stability sensitivity
analysis method are implemented on a typical spatial CSPR driven by eight cables through simulations.
The selected 8-6 CSPR is shown in Fig. 1, in which the base is a cube of 3.7 × 4.0 × 2.3 (m), and
the moving platform is a cube with the dimension of 0.1 × 0.1 × 0.1 (m). Referring to Fig. 1, the fixed
reference frame for the 8-6 CSPR is located at the bottom of the first column. And therefore, the position
vectors that the cables enter the pulleys are A1= [0, 0, 2.3]T m, A2= [0, 4.0, 2.3]T m, A3=[−3.7, 4.0, 2.3]T

m, A4=[−3.7, 0, 2.3]T m, A5=[−3.7, 0, 2.3]T m, A6=[−3.7, 4.0, 2.3]T m, A7= [0, 4.0, 2.3]T m, and A8=
[0, 0, 2.3]T m. In addition, the local frame is located at the gravity center of the end-effector. The pose of
the end-effector is denoted by (x,y,z,φ, θ ,ψ)T, where the pose of the end-effector is (x,y,z,0, 0, 0)T. As a
result, the vectors from the gravity center of end-effector to the cable attachment points are b1 = [−0.1,
0.1, −0.1]T m, b2 = [0.1, 0.1, −0.1]T m, b3 = [0.1, −0.1, −0.1]T m, b4 = [−0.1, −0.1, −0.1]T m, b5 =
[−0.1, −0.1, 0.1]T m, b6 = [0.1, −0.1, 0.1]T m, b7 = [0.1, 0.1, 0.1]T m, and b8 = [−0.1, 0.1, 0.1]T m.
It is noteworthy that the weight of the end-effector is 10 kg and, the lower limit Ts,min and a higher limit
Ts,max of the employed cables are assumed to be 1 and 100 N, respectively.

This section aims at investigating the proposed FPSI within specific regions of the workspace and
comparing the proposed stability workspace for the 8-6 CSPR. And the distributions of the proposed
FPSI within specific regions of the workspace and the three attitude angles (φ, θ ,ψ) = (0, 0, 0) are shown
in Fig. 4, and the AIF is equal to 1 as the three attitude angles (φ, θ ,ψ) = (0, 0, 0). This presented sta-
bility workspace of the 8-6 CSPR is calculated and recorded by discretizing and exhaustively searching
the taskspace of the robot through discrete calculation, and the space surfaces surrounded by S = 0.4,
S = 0.5, and S = 0.6 are shown in Fig. 4(a)–(c). And furthermore, from the above results from the
three figures, we can see that with the increase of the predetermined stability conditions, the achiev-
able workspace of the robot’s end-effector decreases. On the whole, it should be pointed out that the
minimum stability over the presented stability workspace for the robot is 0.4 with the three attitude
angles (φ, θ ,ψ) = (0, 0, 0). In fact, the presented stability workspace of the 8-6 CSPR is within the
constant orientation workspace of the robot when the three attitude angles of the end-effector are fixed
as (φ, θ ,ψ) = (0, 0, 0). In more detail, the presented stability workspace of the robot is calculated and
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Figure 5. The distributions of FPSI within specific regions of the workspace with (φ, θ ,ψ) = (5◦, 5◦, 5◦).

recorded by discretizing and exhaustively searching the taskspace through 322506 times discrete calcu-
lation, and 24,954 positions of end-effector are located within the presented space surface as shown in
Fig. 4(a). To visually display the proposed FPSI and the stability workspace, the distributions of FPSI
within in some specific planes of the workspace are generated and depicted with the three attitude angles
(φ, θ ,ψ) = (0, 0, 0), as shown in Fig. 4(d)–(f). It is can be seen that the 8-6 CSPR hold the bigger FPSI
when the end-effector locates at the top and the center of the workspace than others, and it is worth
emphasizing that there is a good agreement between the obtained results with the conclusion of ref.
[16]. That is to say, the 8-6 CSPR has stronger stability as the end-effector operates in these areas of the
taskspace.

Moreover, the distributions of the proposed FPSI within specific regions of the workspace and the
three attitude angles of the end-effector (φ, θ ,ψ) = (5, 5, 5) and (φ, θ ,ψ) = (10, 10, 10) are depicted
in Figs. 5 and 6. Comparing Figs. 4, 5, and 6, it can be seen that the volume of the obtained stability
workspace, as the attitude angle of the end-effector changes from 0 to 5 degree and from 0 to 10 degree,
has been a sharp decrease. Therefore, it can be concluded that the end-effector’s attitude angle has an
important influence on the stability of the robot.

From above, through the simulation results and comparative analysis, it is found that the stability
measure approach with a force-pose property and the presented stability workspace for the 8-6 CSPRs
is reasonable and effective. It is possible to examine and determine how the geometry of the proposed
stability workspace is affected by the varying of different end-effector’s poses and cable tensions, similar
to what was done for point-mass CDPR in ref. [16]. Moreover, this stability measure approach presented
in this paper can readily be applied to the point-mass CDPR as the AIF is set to 1. And as mentioned in
Section 3, the proposed force-pose stability measure method employs the quantifiable numbers [0, 1] to
measure the stability of the 8-6 CSPRs, which is different from the traditional methods that simply regard
the stability of cable-driven parallel robots as two states: a stable state and a nonstable one. As a matter
of fact, it is very important and meaningful to identify a specific stability threshold where the 8-6 CSPRs
become unstable. However, the specific stability threshold of the proposed force-pose stability measure
method for the 8-6 CSPRs is closely related to the configuration, external disturbances, and working
conditions of the robots. For this reason, our future work could involve investigating and identifying a
specific stability threshold for the proposed force-pose stability measure method to distinguish whether
the robot is stable or not.
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Figure 6. The distributions of FPSI within specific regions of the workspace with
(φ, θ ,ψ) = (10◦, 10◦, 10◦).

In the following, it is interesting to investigate the importance of the 14 influencing factors on the
stability of the 8-6 CSPRs with the proposed force-pose stability sensitivity analysis method for the 8-6
CSPRs based on the gray relational analysis. The gray relational analysis method has significant advan-
tages in the stability sensitivity analysis of the 8-6 CSPRs, mainly reflected in the following aspects:
less data required, elimination of dimensional influence, identification of key influencing factors, and
so on [20–22]. It is particularly important that the gray relational analysis method does not require a
large amount of sample data and can effectively conduct analysis based on a limited amount of data. As
a result, a spiral trajectory (Fig. 7) for the end-effector of the 8-6 CSPR is selected to obtain the original
data of the force-pose stability and its 14 influencing factors for the 8-6 CSPR. It should be noted that
this is a dynamic trajectory defined as a sequence of the poses for the end-effector of the 8-6 CSPR, and
the used spiral trajectory is within the stability workspace of the robot. Furthermore, when controlling
the end-effector of the 8-6 CSPR to move the given spiral trajectory, the length of the eight cables can
be obtained with the kinematic equations of robots. Nevertheless, the proposed force-pose stability of
the 8-6 CSPRs, in this paper, is closely related to the end-effector’s poses and the eight cable tensions,
but not to the length of the eight cables. As a result, the response values of the cable tensions of the
eight cables and the poses of the end-effector are calculated along with the force-pose stability for the
8-6 CSPR, and the obtained results are shown in Table I.

As shown in Table I, the original data of the force-pose stability and the 14 influencing factors are
obtained while the end-effector of the 8-6 CSPR is located on the selected spiral trajectory. And note
that the eight cable tensions (T 1–T 8) in Table I are obtained considering the dynamic characteristics of
the end-effector on the selected spiral trajectory. It can be also seen from Table I that the 14 influenc-
ing factors and the proposed stability have their own quite different dimensions and numerical values.
Therefore, the 14 influencing factor sequences and the force-pose stability reference sequence should be
non-dimensionalized employing Eq. (14) to compute gray correlation grades, and the obtained results
of dimensionless processing of the original data are shown in Table II. Based on the deviation sequence
matrix of each influencing factor sequence and the obtained force-pose stability reference sequence for
the 8-6 CSPR, the correlation coefficient matrix r can be obtained with the following formula (17):
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Figure 7. The selected spiral trajectory for the end-effector of the 8-6 CSPR.

r =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.6803 0.7696 0.9012 0.5949 0.5949 0.5949 0.5949 0.8658 0.5935 0.6092 0.6281 0.6060 0.7252 0.4312
1 0.7232 1 0.3333 0.3333 0.3333 0.6432 1 0.8173 0.6391 0.3924 1 1 0.3333

0.4330 0.8788 0.8788 0.7355 0.9808 0.4432 0.4612 0.5981 0.4644 0.6564 0.3494 0.7903 0.8327 0.4913
0.8383 0.4895 0.6795 0.8894 0.5760 0.5443 0.4895 0.8406 0.6128 0.5110 0.5993 0.8487 0.8988 0.6499
0.4251 0.9134 0.9134 0.5236 0.9398 0.3442 0.7356 0.9904 0.3817 0.5396 0.9134 0.7686 0.4024 0.7335
0.6422 0.8286 0.9269 0.5101 0.3580 0.6277 0.8337 0.8286 0.4896 0.4527 0.7454 0.8634 0.5036 0.4639
0.7336 0.8406 0.9124 0.3777 0.3598 0.3823 0.8830 0.9653 0.3558 0.4548 0.6489 0.8619 0.6156 0.3868
0.7460 0.4836 0.6285 0.5593 0.7889 0.7367 0.5561 0.7483 0.7720 0.7874 0.4263 0.9154 0.9051 0.5726
0.5524 0.8406 0.9553 0.7618 0.5827 0.8223 0.9808 0.9827 0.5957 0.6234 0.4913 0.5524 0.5524 0.4914
0.8257 0.7237 0.6364 0.3333 0.7978 0.4177 0.7958 0.9807 0.3333 0.3333 0.4133 0.8129 0.7073 0.4155

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(17)

And then, according to Eq. (16), the gray correlation degree between the 14 influencing factors and
the proposed force-pose stability for the 8-6 CSPRs are calculated, and the correlation degree between
the force-pose stability and each influencing factor mentioned above for the 8-6 CSPRs is shown in
Table III. According to the calculation results in Table III, the results of gray correlation are calculated
as follows: correlation degree of x-direction displacement: Rx = 0.688; correlation degree of y-direction
displacement: Ry = 0.794; correlation degree of z-direction displacement: Rz = 0.843; correlation degree
of the attitude angle of rotation around x axis: Rφ = 0.562; correlation degree of the attitude angle of
rotation around y axis: Rθ = 0.631; correlation degree of the attitude angle of rotation around z axis: Rψ

= 0.525; correlation degree of cable tension 1: RT1 = 0.697; correlation degree of cable tension 2: RT2

= 0.880; correlation degree of cable tension 3: RT3 = 0.542; correlation degree of cable tension 4: RT4

= 0.561; correlation degree of cable tension 5: RT5 = 0.561; correlation degree of cable tension 6: RT6

= 0.802; correlation degree of cable tension 7: RT7 = 0.714; and correlation degree of cable tension 8:
RT8 = 0.497. One can see from the obtained data that the cable tension T 2 has the highest correlation
with the proposed force-pose stability of the 8-6 CSPR, which is 0.880, whereas the cable tension T 8

has the least correlation to the force-pose stability of the robot, being only 0.497. It should be pointed
out that the 14 influencing factors on the force-pose stability of the 8-6 CSPR can be divided into the
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Figure 8. Gray correlation degree of the proposed force-pose stability and influencing factors with
ξ = 0.5.

three PIFs, three attitude influencing factors, and eight cable tension factors. It is important to note that,
on the whole, the mean value of the gray correlation degree of the end-effector’s position on the force-
pose stability sensitivity of the robot is 0.775; meanwhile, the mean value of the gray correlation degree
of the end-effector’s attitude on the force-pose stability sensitivity of the robot is 0.573; moreover, the
mean value of the gray correlation degree of the cable tension on the force-pose stability sensitivity
of the robot is 0.657. Accordingly, it can be inferred that the positions of the end-effector have more
significant influences on the force-pose stability of the 8-6 CSPR than the attitudes of the end-effector
and the cable tensions. In this regard, the force-pose stability of the 8-6 CSPR is more sensitive to the
positions of the end-effector, followed by the cable tensions and the attitudes of the end-effector. As a
result, in order to reduce the influence of the end-effector’s positions on the stability of the 8-6 CSPR,
it is essential to prioritize the precise control of the end-effector’s positions.

One can see from Fig. 8 that the gray correlation degrees of the 14 influencing factors on the force-
pose stability of the 8-6 CSPR with the distinguishing coefficient ξ = 0.5 are shown in the descending
order as follows: cable tension T 2 > z-direction displacement of the end-effector > cable tension T 6 >

y-direction displacement > cable tension T 7 > x-direction displacement of the end-effector > attitude
angle of the end-effector about y-axis θ > attitude angle of the end-effector about x-axis φ > cable
tension T 5 > cable tension T 4 > cable tension T 3 > attitude angle of the end-effector about z-axis ψ >

cable tension T 8. Moreover, the gray correlation degrees of the 14 influencing factors on the force-pose
stability of 8-6 CSPR with the distinguishing coefficient ξ = 0.6 are presented in Fig. 9. It can be seen
from the two figures that the sequence of gray correlation degrees of the 14 influencing factors on the
force-pose stability of the 8-6 CSPR, with regard to different distinguishing coefficient, consistents with
each other. And furthermore, it can be seen from the figure that the obtained gray correlation degrees
of the PIFs, attitude influencing factors, and the CTIFs, apart from the cable tension T 8, are basically
greater than 0.5, indicating that the presented 14 factors have an important influence on the force-pose
stability of the 8-6 CSPR.

To sum up, this presented work aimed to investigate the force-pose stability for the 8-6 CSPRs in
two key areas: force-pose stability measures and stability sensitivity analysis; moreover, the proposed
models, methods, and obtained results for the 8-6 CSPRs are verified through simulations in this paper.
Nevertheless, it is also important that an experimental validation on the physical prototype of the 8-6
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Table I. Original data of the force-pose stability and influencing factors.

Nos. S x(m) y(m) z(m) φ(rad) θ (rad) ψ(rad) T1(N) T2(N) T3(N) T4(N) T5(N) T6(N) T7(N) T8(N)
1 0.332 1.041 1.412 0.900 0 0 0 19.328 25.3928 29.856 29.947 32.976 4.664 7.307 44.090
2 0.485 2.659 2.587 1.400 0 0 0 37.847 43.300 32.059 30.772 16.259 58.065 44.547 14.358
3 0.269 2.159 1.049 0.700 0.052 0.087 0.122 36.066 24.991 29.456 25.102 47.770 14.762 8.114 31.804
4 0.364 1.541 2.951 1.200 0.087 0.122 0.157 44.953 30.169 24.270 20.257 40.145 34.613 19.201 20.576
5 0.264 2.159 1.049 0.700 0.105 0.017 0.175 25.148 13.840 31.728 27.203 7.063 14.563 35.328 21.170
6 0.277 1.541 1.049 0.800 0.122 1.105 0.070 19.424 12.531 29.231 30.632 18.226 13.730 26.837 34.613
7 0.463 2.159 2.951 1.300 0.017 0.017 0.017 40.826 39.830 22.526 24.737 32.896 48.578 26.695 17.702
8 0.317 1.041 2.589 1.100 0.140 0.157 0.017 36.624 26.193 23.902 26.277 45.685 16.285 10.483 33.658
9 0.347 0.850 2.000 1.000 0.052 0.052 0.052 29.460 25.269 30.517 30.620 44.630 3.828 0.683 41.788
10 0.253 1.041 1.412 0.900 0.209 0.140 0.122 22.616 12.834 33.259 34.910 35.959 10.069 9.760 35.267
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Table II. Results of dimensionless processing of raw data.

Nos. S x(m) y(m) z(m) φ(rad) θ (rad) ψ(rad) T1(N) T2(N) T3(N) T4(N) T5(N) T6(N) T7(N) T8(N)
1 0.341 0.106 0.191 0.286 0 0 0 0 0.418 0.683 0.661 0.637 0.015 0.151 1
2 1 1 0.809 1 0 0 0 0.723 1 0.888 0.718 0.226 1 1 0
3 0.069 0.724 0 0 0.249 0.079 0.697 0.653 0.405 0.646 0.331 1 0.202 0.169 0.587
4 0.478 0.382 1 0.714 0.417 0.110 0.897 1 0.573 0.162 0 0.813 0.568 0.442 0.209
5 0.047 0.724 0 0 0.502 0.015 1 0.227 0.043 0.857 0.474 0 0.198 0.790 0.229
6 0.103 0.382 0 0.143 0.584 1 0.400 0.004 0 0.625 0.708 0.274 0.183 0.596 0.681
7 0.905 0.724 1 0.857 0.081 0.015 0.097 0.838 0.887 0 0.306 0.635 0.825 0.593 0.112
8 0.275 0.106 0.810 0.571 0.670 0.142 0.097 0.675 0.444 0.128 0.411 0.949 0.230 0.223 0.649
9 0.405 0 0.500 0.429 0.249 0.047 0.297 0.395 0.414 0.745 0.707 0.993 0 0 0.923
10 0 0.10 0.191 0.286 1 0.127 0.697 0.128 0.010 1 1 0.710 0.115 0.207 0.703
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Table III. Sequence of gray correlation degrees of the 14 influencing factors for the 8-6 CSPR.

Influencing factors Gray correlation degree Ranking
Position of the end-effector in x-axis 0.688 7
Position of the end-effector in y-axis 0.749 4
Position of the end-effector in z-axis 0.843 2
Attitude angle of the end-effector about x-axis (φ) 0.562 9
Attitude angle of the end-effector about y-axis (θ ) 0.631 8
Attitude angle of the end-effector about z-axis (ψ) 0.525 13
Tension of cable 1 (T 1) 0.697 6
Tension of cable 2 (T 2) 0.880 1
Tension of cable 3 (T 3) 0.542 12
Tension of cable 4 (T 4) 0.561 11
Tension of cable 5 (T 5) 0.561 10
Tension of cable 6 (T 6) 0.802 3
Tension of cable 7 (T 7) 0.714 5
Tension of cable 8 (T 8) 0.497 14

Figure 9. Gray correlation degree of the proposed force-pose stability and influencing factors with
ξ = 0.6.

CSPR is the most convincing way to demonstrate the practical value of the proposed models, methods,
and the obtained results in this paper. Thereupon, we will build an experimental platform for a six-DOF
cable-driven parallel robot with eight cables at our laboratory, and each cable will equip with a calibrated
load cell and the end-effector’s pose is tracked by a laser tracker.

6. Conclusions and future works
The main contribution of the investigation is extending an early developed force-position stability mea-
sure method for a cable-driven parallel robot for aerial panoramic photographing by proposing an AIF
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for the 8-6 CSPRs. The main motivation of employing the AIF for 8-6 CSPRs is that the end-effector’s
attitudes have important effects on the stability of the robot. In summary, this presented work aimed to
investigate the force-pose stability for the 8-6 CSPRs in two key areas: force-pose stability measures and
stability sensitivity analysis. The main contributions of this work include the following:

(i) A force-pose stability measure method for the 8-6 CSPRs is presented in this paper, based on
the proposed two PIFs, two CTIFs, and an AIF. The force-pose stability measures for the 8-6
CSPRs, which are pose-dependent and tension-dependent, can employ the interval [0, 1] to solve
the stability of the robots. And furthermore, the proposed force-pose stability measure method
is verified by simulation, and the results show the importance of taking into consideration the
effects of the end-effector’s attitudes on the stability for the 8-6 CSPRs.

(ii) The force-pose stability of the 8-6 CSPRs is influenced by 14 factors, such as the cable tensions,
the positions, and the attitudes of the end-effector, and further the 14 influencing factors have
different sensitivity to the force-pose stability of the robot. As a result, the sensitivity analysis
model for the force-pose stability of the 8-6 CSPRs is developed with the gray relational analysis
method to reveal the sequence of the 14 influencing factors on the force-pose stability of the
robot. Through the analysis of the force-pose stability sensitivity for the 8-6 CSPRs, the key
elements that affect the stability of the robots are identified.

(iii) The proposed force-pose stability measure method and gray relational sensitivity analysis
method to the force-pose stability for the 8-6 CSPRs are performed by simulations. With regard
to the presented 14 influencing factors on the force-pose stability of the 8-6 CSPRs, the impor-
tance has following sequence: cable tension T 2 > z-direction displacement of the end-effector
> cable tension T 6 > y-direction displacement > cable tension T 7 > x-direction displacement
of the end-effector > attitude angle of the end-effector about y-axis θ > attitude angle of the
end-effector about x-axis φ> cable tension T 5 > cable tension T 4 > cable tension T 3 > attitude
angle of the end-effector about z-axis ψ > cable tension T 8. Moreover, on the whole, the mean
value of the gray correlation degree of the end-effector’s positions, the end-effector’s attitudes,
and the cable tensions on the force-pose stability sensitivity of the 8-6 CSPRs is 0.775, 0.573,
and 0.657, respectively. Therefore, the positions of the end-effector have more significant influ-
ences on the force-pose stability of the 8-6 CSPR than the attitudes of the end-effector and the
cable tensions.

From above, the presented work puts forward a comprehensive methodology for investigating the sta-
bility and stability sensitivity for the 8-6 CSPRs while considering the effects of the end-effector’s poses
and the cable tensions on the stability of the robots. It should be noted that the findings obtained from
this paper can be extended to other configurations while considering the effects of the attitudes of the
end-effector on the stability of the robots. Meanwhile, the stiffness of the 8-6 CSPRs is another critical
property that significantly influences the performance and stability of these robots. As a consequence,
future work could involve integrating the stiffness analysis into the stability and stability sensitivity to
offer more holistic insights into optimizing the performance of the robots. And furthermore, it is central
to the presented investigation to measure the proposed force-pose stability for the 8-6 CSPRs by exper-
iments. Therefore, future work will concentrate on the experimental measurement and verification of
the proposed force-pose stability for the 8-6 CSPRs with pose drift ratio and tension-induced stiffness
index that depend simultaneously on pose deviation and tension variation.
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