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Abstract: Employing cables with strong flexibility and unidirectional restraints to operate a camera
platform leads to stability issues for a camera robot with long-span cables considering the cable mass.
Cable tensions, which are the constraints for the camera platform, have a critical influence on the
stability of the robot. Consequently, this paper focuses on two special problems of minimum cable
tension distributions (MCTDs) within the workspace and the cable tension sensitivity analysis (CTSA)
for a camera robot by taking the cable mass into account, which can be used to investigate the stability
of the robot. Firstly, three minimum cable tension distribution indices (MCTDIs) were proposed
for the camera robot. An important matter is that the three proposed MCTDIs, which represent the
weakest constraints for the camera platform, can be employed for investigating the stability of the
robot. In addition, a specified minimum cable tension workspace (SMCTW) is introduced, where
the minimum cable tension when the camera platform is located at arbitrary position meets the
given requirement. Secondly, the CTSA model and cable tension sensitivity analysis index (CTSAI)
for the camera robot were proposed with grey relational analysis method, in which the influence
mechanism and influence degree of the positions of the camera platform relative to cable tensions was
investigated in detail. Lastly, the reasonableness of the presented MCTDIs and the method for the
CTSA with applications in the stability analysis of the camera robot were supported by performing
some simulation studies.

Keywords: cable robot; camera robot; cable sag; minimum cable tension; sensitivity; stability

1. Introduction
1.1. Background and Motivation

Cable robots, for which their end-effectors are operated using parallel cables, are a
type of parallel robots; however, cable robots offer major advantages [1–4]. Therefore,
cable robots have been employed in medical rehabilitation [5], 3D printing [6], wind
tunnel experiments [7], astronomical observations [8], and other fields [9]. It is well
known that cable robots are particularly suitable for large workspace manipulation tasks.
Indeed, camera robots are redundant long-reach cable robots with a camera platform for
implementing aerial camera tasks [10]; specifically, this paper focuses on camera robots.
Employing cables, however, introduces numerous challenges for camera robots, of which
the stability of the robot is the most critical concern. The employed cables can only apply
tensile forces, so camera robots will become unstable when the cables lose their tension.
Hence, the stability of camera robots is a major concern if cable tensions are less than the
admissible values. Note that cable tensions, which are constraints for the camera platform,
have critical influences on the stability of the robots. Therefore, not only the stability but
also the cable tensions are important for camera robots. Meanwhile, the cable tensions vary
relative to the positions of the camera platform. Small positional deviations in x, y, and
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z directions may lead to sharp changes in the cable tensions, especially when the cable
tensions are at the admissible upper and lower limits. The position deviations may lead
to violation of the constraint conditions of cable tensions and even cause instability of
the camera robot. This paper, in this regard, focuses on two special problems comprising
minimum cable tension distributions (MCTDs) within the workspace and cable tension
sensitivity analysis (CTSA) for the camera robots by taking the cable mass into account,
which can be used to qualitatively investigate the stability of the robots. First, the usual
straight cable assumption is irrational for camera robots. The influence of cable sags on
camera robots must be handled for a camera robot that uses long-span cables [11]. Cable
tensions, which have an important influence on the stability of camera robots, are affected
by cable sags. The second most important factor is that the cable tensions strongly depend
on the positions of the camera platform. Thus, the mechanism and degree of influence
of the positions of the camera platform on cable tensions can be investigated by using
the CTSA. Consequently, this paper mainly concentrates on the MCTDs and CTSA, with
applications for stability analysis for camera robots.

1.2. Literature Review and Comments

In this section, we briefly review the literature that investigates cable tensions and
their sensitivities relative to cable robots from two aspects. Firstly, we analyze the research
studies that determine cable tensions and MCTDs for cable robots. Then, we review the
body of literature related to the methods used CTSA relative to cable robots.

On the one hand, different methods have been employed to determine cable tensions
for cable robots [12]. A method using convex theory to investigate cable tension was
proposed in Ref. [13]. However, cable tension was solved using an iterative algorithm. A
noniterative algorithm for obtaining continuous cable tensions is proposed in Ref. [14].
Cable tension was solved using the minimum 2-norm as the optimal objective in Ref. [15].
A noniterative algorithm using four optimal objective functions to determine cable tension
was proposed in Ref. [16]. It is well known that a higher cable tension for cable robots
is preferable due to higher stabilities under certain disturbances. In this case, a higher
minimum cable tension can result in superior stabilities for cable robots. However, none
of the aforementioned studies do consider the MCTDs within the workspace and their
applications in investigating the stability of cable robots. Admittedly, when cable tension is
a constraint of the camera platform, it has important influences on the stability of the cable
robots, which can be employed to investigate the stability of cable robots. The MCTDs
within the workspace for cable robots were investigated in Refs. [17,18]. Nevertheless,
these proposed approaches for determining cable tensions for cable robots only considered
massless straight line cables. It should be pointed that this assumption, for the camera robot
with long-span cables, is irrational because of the sags observed in long-span cables [19,20].
Another important issue related to the cable tensions of camera robots is the cable model,
i.e., the relationship between the shapes and tensions of the cables. Many works have
examined the modeling of long-span cables, such as ideal straight line cables [21], elastic
catenary cables [22], and nonelastic sagging cables [23]. It should be considered that the
cable tension for a camera robot with non-negligible cable masses is quite different from
that with straight-line cables. To the best of our knowledge, however, there are no findings
in which the MCTDs, as well as the relationship between the stability of the robots and
these MCTDs, investigate cable robots with long-span cables, such as camera robots.

Additionally, one of the most important issues in cable robots is that of the workspace
[24,25]. Several different workspaces have been addressed previously, such as wrench-
closure workspaces, wrench-feasible workspace, and so on. Particular importance will be
attached to the fact that given such a minimum cable tension value, it is possible to construct
a specified minimum cable tension workspace (SMCTW), which is the set of all positions of
the cable robots where the minimum cable tension meets or exceeds the specified value.
As a result, a useful workspace, the SMCTW, which can be defined as all positions where
the camera platform can reach and operate effectively with specified stability, is presented.



Actuators 2023, 12, 17 3 of 20

An important advantage of the proposed SMCTW is that the specified stability for the
cable robots can be guaranteed. This workspace is discussed in more detail. However,
relatively little prior work exists in the area of the SMCTW for the camera robots with
long-span cables.

On the other hand, cable tensions can be affected by many factors, such as factual
pulley kinematics [26], cable-length variation and errors [27,28], and so on. Furthermore, the
cable tension distribution sensitivity relative to the errors of cable tensions was investigated
in Refs. [29,30]. The optimal methods for determining force sensitivity with respect to the
structure matrix and twist vector of the 6-DOF cable-driven parallel robots were proposed
by defining geometrical parameters related to the dimensions and configurations of the
robot [31]. It is noted that cable tensions are affected by the positions of the camera platform,
and moreover, the influence mechanism is complicated. Small position deviations in the x,
y, and z directions may lead to sharp changes in the cable tensions, especially when the
cable tensions are at the upper and lower limits. Consequently, this paper investigates
cable tension sensitivity with regard to the positions of the camera platform; furthermore,
the primary and secondary relationships between the positions of the camera platform and
the cable tensions can be obtained. Moreover, by giving priority to the greater influencing
factors for the cable tensions, the fluctuation in cable tensions and minimum cable tensions
will reduce, ultimately contributing to the promotion and improvement of the stability for
the camera robots. Meanwhile, the relationship between cable tensions and the positions
of the camera platform cannot be established by functions. As a result, a major challenge
to investigate the influence mechanism of the positions of the camera platform on the
cable tensions that remains to be addressed is that only discrete numerical values of the
cable tensions and the positions of the camera platform can be obtained. Actually, the
influence mechanism of the above influencing factors on cable tensions for camera robots
can be reflected using CTSA with the grey relational analysis method. Furthermore, their
sequences can be ranked by the importance of each influencing factor [32]. Note that, to
the knowledge of the authors, there a few findings that address the CTSA for cable robots.
The stability sensitivity of cable robots was considered using the grey relational analysis
method. Liu et al., in Ref. [33], proposed a method for quantitatively assessing the stability
sensitivity for a cable-driven coal–gangue sorting robot, but the cables were modeled as
ideal straight-line bodies for the investigated robot with a small workspace. Liu et al.
presented a dynamic stability measurement method for high-speed long-span 4–1 cable
robots. Moreover, a grey relational analysis method for dynamic stability was proposed to
determine the primary and secondary relationships between the position and velocity of
the end-effector, as well as the cable tension and the dynamic stability of the robots [34].
As a result, the grey relational analysis method can describe the relationships between
the main factors and all other factors [35,36]. Therefore, it can be employed to obtain the
sensitivity of each influencing factor and to rank their sequences. Several different models
of grey relational analysis methods have been proposed based on the model proposed by
Deng. Moreover, grey relational analysis has been widely applied to the prediction and
control of the robots, decision making for the environmental system, and the influencing
factors on the performance characteristics [37–41]. It should be pointed that complete
data for the cable tensions and the positions of the camera platform cannot be obtained;
thus, the results obtained from laws determining the relationships between them exhibited
incomplete information. The grey system theory can be employed to address incomplete
information and uncertain information [42,43]. For this reason, inspired by Refs. [33,34],
the grey relational analysis method can be employed to investigate the CTSA for cable
robots. As mentioned above, CTSA is a major concern for cable robots. Consequently, this
paper aims to develop a method for CTSA relative to the camera robots, and a cable tension
sensitivity analysis index (CTSAI) is presented using grey relational analysis. Furthermore,
the CTSA for the camera robots can be employed to provide theoretical support for the
promotion and improvement of the stability of the robot.
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1.3. Contribution and Paper Organization

From above, the main focus of this paper is to investigate the MCTDs and CTSA, in
addition to their applications to the stability of the camera robot while taking cable mass
into account. The innovation of this paper, in detail, includes the following two aspects.

(i) Compared with Refs. [17,18], the objective of this paper, firstly, is to investigate
the MCTDs within the workspace by taking the cable mass into account, which can be
employed to qualitatively investigate the stability of the camera robot. In addition, the
SMCTW, where the specified stability for the cable robots can be guaranteed, is proposed
for the camera robots.

(ii) Secondly, inspired by Refs. [33,34], this paper proposes a CTSA method and CTSAI
for camera robots with grey correlation analysis. However, there are few research studies
on the methods for the CTSA of cable robots. With the CTSA, the primary and secondary
relationship between the camera platform positions and cable tensions for the camera
robots can be determined. Furthermore, by giving priority to greater influencing factors,
the fluctuation of cable tensions and minimum cable tensions will reduce, ultimately
contributing to the promotion and improvement of the stability of camera robots.

The remainder of this paper is structured as follows. The next section investigates the
determination of cable tensions for a camera robot with long-span cables. The minimum
cable tension when the camera platform is located at an arbitrary position within the
workspace is determined; subsequently, three minimum cable tension distribution indices
(MCTDIs) are developed to explain MCTDs within the workspace in Section 3. Section 4
proposes a method for the CTSA of the camera robots using grey correlation analysis.
Moreover, several numerical examples are presented in Section 5. Finally, the conclusions
and outlook are presented in Section 6.

2. Modeling of the Camera Robot with Long-Span Cables

Cables are pivotal for cable robots and thus, cable models have significant influences
on the kineto-static analysis and the determining of cable tensions for cable robots. In fact,
it has been known that long-span cables will tend to sag under their own weight, and
moreover, the deviation from ideal massless cable model is significant and therefore cannot
be ignored. Indeed, an inextensible catenary can be employed to express the cables for the
long-span cable robots [44–46]. As a result, considering cable mass, a catenary equation is
established in this section.

2.1. Catenary Equation of a Cable

Cable models comprise the key basis for obtaining cable tensions for a camera robot
with long-span cables. The static sagging cable model, in this section, is introduced for the
camera robot. Compared with the massless straight line model, the proposed cable model
considering both cable mass and sag is more accurate for describing the cable behavior of
the camera robot. The complete development of the equations of the static sagging cable
can be found in Refs. [34,47]. The selected sagging cable model has higher accuracies than
the ideal straight-line cable model and exhibits less complexity than the elastic catenary
cable model. As a result, a brief overview of the catenary models of the long-span cables
is presented in this section. As shown in Figure 1, a local cable frame {oi

cxi
czi

c} is fixed to
Bi, where the zc axis of the local cable frame coincides with the z axis of the base reference
frame. As a consequence, the cable profile is catenary in nature; moreover, the catenary
cable can be described as follows:

zc
i =

Hi
ρg

[
cosh αi − cosh

(
2βixc

i
li
− αi

)]
(1)

where ρ is the linear density of the catenary cable; g = 9.8 m/s2 and is the gravitational
acceleration; αi = sinh−1

[
βi(ci/li)
sinhβi

]
+ βi, βi =

ρgli
2Hi

; Hi and Vi are the horizontal and vertical
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components of the cable tension at the terminal point of the cable; li and ci are the horizontal
and vertical spans of the catenary cable, respectively.
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Then, the slope of catenary cable at the terminal point, the catenary cable length, Li, and
the corresponding sag, di, can be obtained according to the following equations, respectively.

tan γi =
∂zc

i
∂xc

i
=
−2βi Hi

ρgli
sinh(

2βixc
i

li
− αi) (2)

Li =

√
1 +

(
dzs

i
dxs

i

)2

= l − Hβ

ql

[
l

16β

(
e4β−2α − e−4β+2α

)
+

1
2

]
(3)

di =
8Hisinhβisinh−1

(
ρgci/2Hi

sinhβi

)
− ciρg

2ρg
(4)

Observing Equation (4), the cable sag highly depends on the horizontal component Hi.
In fact, the sag-to-span ratio, which denotes the ratio of the sag to span for the catenary
cable, will be introduced in Section 2.3. It must be as small as possible to keep the cables
under tension [34].

2.2. Modeling the Camera Robot

Note that in the catenary cable model, the profile of the cable highly depends on cable
tensions. That is to say, that there is an interaction between the kinematics and statics of the
camera robot. Meanwhile, there are multiple solutions to the kineto-static problem for the
camera robot; thus, a method for obtaining a unique solution to the kineto-static problem
with a selection criterion must be proposed, which is investigated in Section 2.3.

As shown in Figure 2, the camera is installed on the camera platform. The three
translational DOFs of the camera are accomplished by the four cables, while the three
rotational DOFs of the camera are achieved by the camera platform with a composite
hinge structure. Indeed, by means of a composite hinge structure, the decoupling of the
translation and rotation for the camera can be achieved, so the camera platform can be seen
as an ideal mass point. As a result, the camera robot consists of a camera platform with
three translational motions in the x, y, and z directions driven by four cables. It should be
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noted that the camera robot is a redundantly actuated cable-driven parallel robot, and it is
different from underactuated cable-driven parallel robots [48]. Thus, the orientations of
the camera do not introduce inertial forces or influence the cable tension distributions and
equilibrium of the camera robot. In more detail, the camera robot comprises mechanical
and control modules. The mechanical module consists of a fixed frame, four cable drive
units, and a mobile camera platform, while the control module composes of an IPC, motion
controllers, encoders, and so on. In addition, a laser tracker is equipped for measuring the
positions of the camera platform. In more detail, the control signals can be generated with
IPC and motion control cards and can be transmitted to the servo drivers. The coordinated
movement of the four cables leads to the desired camera platform movement, which can
then realize mobile photographs. The positions of the camera platform are measured with
a laser tracker, while the four cable lengths are computed with the data collected with the
encoders. The cable tensions are obtained by a few meters. These collected data are fed
back to the IPC, which can realize the closed-loop control of the camera robot. Furthermore,
a base reference frame, noted as OXYZ, is attached to the fixed base, where O is the origin
point. p = (x, y, z)T is a position vector representing the position of the camera platform in
OXYZ. Point Bi, at which the ith cable (i = 1, 2, 3, 4) enters the pulley, is assumed to be fixed
to the base frame.
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Figure 2. Schematic of a camera robot.

Indeed, contrary to the massless straight line cables, the cable tensions change rela-
tive to the catenary cables. In particular, the cable tension Ti at the last node, p, can be
represented in terms of Ti = [Hicosθi Hisinθi Hitanγi]T. θi is the angle between the xs axis
of ocxczc and the x axis of OXYZ: Vi= Hitanγi. The cable tension Ti can be decomposed
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into the three directions of the coordinate axis of OXYZ at the last node p. Moreover, the
kineto-static equation of the camera robot can be expressed as follows.

4
∑

i=1
Hi cos θi + fe,x = 0

4
∑

i=1
Hi sin θi + fe,y = 0

4
∑

i=1
Hi tan γi −

4
∑

i=1
ρgLi −mpg + fe,z = 0

(5)

For the sake of simplicity, Equation (5) can be presented with a matrix form as follows:

JH− fg − fG + fe = 0 (6)

where mp is the camera platform mass; mc = ρ
4
∑

i=1
Li is the total mass of the four cables;

H = [H1 H2 H3 H4]
T is the horizontal components of the four cable tensions at the

last node p; fg = mcg = ρg
4
∑

i=1
Li is the gravitational force of cables; fG = [0 0 mpg]T is the

gravitational force of the camera platform; and fe = [ fe,x fe,y fe,z]
T denotes the external

forces. Furthermore, Equation (6) can be expressed as follows:

JH = Q (7)

where Q = fg + fG− fe, J = [J1 J2 J3 J4] is the structure matrix and Ji = [cos θi sin θi tan γi]
T

(i = 1,2,3,4).

2.3. Optimal Model for Cable Tensions

Cables have unilateral driving properties, so the camera robot must be manipulated
redundantly. Since the camera robot with a redundant drive is taken into consideration in
this paper, there may be infinite solutions to vector H. According to matrix theory, vector H
can be obtained using the following formula [49]:

H = (J(H))+Q(H) + N(J(H))λ (8)

where J+Q and N(J)λ are the special solution and homogeneous solution to vector H,
respectively, in which N(J) is the kernel of matrix J, and λ is an arbitrary scalar.

The vertical component of the tension at the terminal point of cable i can be represented
as follows.

Vi = Hi tan γi(i = 1, 2, 3, 4) (9)

As a result, the cable tension, based on Equation (9), can be obtained using the
following formula.

Ti = Hi

√
1 + tan2 γi(i = 1, 2, 3, 4) (10)

Note that the following conditions must be met for the cable tension T to keep the
cables under tension:

Ts,min ≤ T ≤ Ts,max (11)

where T = [T1, T2, T3, T4]T is the vector consisting of all the four cable tensions; Ts,min is the
lower boundary of the cable tension and Ts,max is the upper boundary of the cable tension.

Apart from the above, keeping the cables as taut as possible normally leads to work
for the camera robot. In other words, making the sag-to-span ratio ri agree with the
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predetermined condition, as mentioned above, is required in actual practice. Moreover, it
can be expressed as follows:

ri =
|di|
li
× 100% ≤ ri,max (12)

Furthermore, combining Equations (8)–(12) leads to the following expression:

λ ∈ [λ, λ] (13)

where λ is the lower boundary of λ and λ is the upper boundary.
It should be pointed that there are multiple solutions to Equation (8); therefore, the

minimum variance is employed to obtain a unique solution using Equations (7) and (13)
as the constraint conditions. Consequently, the vector H can be obtained by the following
optimization model:

Object f (λ) = min
(

1
4

[
4
∑

i=1
(Hi − E(H))2

])
subject to JH = Q

λ ≤ λ ≤ λ

(14)

where E(H) is the arithmetic mean value of the vector H.

3. MCTDs with Applications to Stability Analysis

In this section, we will exhibit a method for investigating MCTDs and their applica-
tions for investigating the stability of the camera robot. It is well known that with regard
to the camera robot, employing cables with strong flexibility and unidirectional restraint
leads to a stability issue. It should be noted that the proposed stability of the camera robot
indicates the robustness against external interferences while the camera platform is in
equilibrium. In fact, the camera platform will be disturbed along the weakest constraint
direction. Therefore, the proposed stability of the camera robot is the structural stability
of equilibrium. Moreover, the stability of the camera robot is similar to the equilibrium
stability of the free motion for the underactuated cable-driven parallel robots [50]; however,
it is different from the stability of a controller [51]. As a result, the stability is able to
resist external disturbances at the weakest constraint direction, namely, the cable direction
with minimum cable tensions (MCTs); therefore, MCTs can be employed to investigate the
stability for the camera robot. Meanwhile, the presented stability of the camera robot is
similar to the one of the compressive bar system, where the instability of the compressive
bar system occurs when the pressure of the weakest bar is larger than a certain value [52].
Similarly, with regard to the camera robot, the cable possessing MCTs when the camera
platform is located at an arbitrary equilibrium position will slacken when the MCTs are less
than a certain value, resulting in the missing ability to constrain the camera platform for
the camera robot. One important similarity between the two problems is that the presented
stability for the two systems highly depends on the weakest constraint. Therefore, in order
to obtain more information about the MCTDs in a specified region of the workspace, three
minimum cable tension distribution indices (MCTDIs) are proposed, which, as mentioned
above, can be employed to investigate the stability of the camera robot.

3.1. Three Minimum Cable Tension Distribution Indices (MCTDIs)

As observed above, the vector H can be obtained from Equation (14) by using an
iterative optimization model with a highly nonlinear Equation (7). At the same time, cable
tension T can be calculated with Equation (10). It should be pointed out that the cable
tension T strongly depends on the positions of the camera platform. Furthermore, the
MCTs when the camera platform is located at an arbitrary position of the workspace can be
obtained while cable tension vector T is determined using Equation (14). As a result, the
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MCTs also depend on the positions of the camera platform, and the MCTs can be obtained
using the following formula:

Tmin(X) = min(T(X)) (15)

where min(•) is the smallest element in vector T and X represents the position of the
camera platform.

As stated previously, MCTs can be employed to investigate the stability of the camera
robot. As a result, three MCTDIs, which show MCTDs in some regions of the workspace,
are proposed. The three MCTDIs are denoted by <V , <H , and <A respectively, in which
<V and <H represent the MCTDs on the vertical midline and on the planes that are
parallel with the horizontal plane, respectively; furthermore, <A is presented to depict the
comprehensive MCTDs within the entire workspace. The three proposed MCTDIs can be
defined as follows:

<V =
Tvsp,min

Ttop,min
(16)

<H =
Twsp,min

Tcp,min
(17)

<A = <V ×<H (18)

where Tvsp,min is the MCT when the camera platform is located at an arbitrary specified
position of the vertical midline of the workspace; Ttop,min is the MCT when the camera
platform is located at the top of the vertical midline; Twsp,min is the MCT when the camera
platform is located at an arbitrary specified position; Tcp,min is the MCT when the camera
platform is located at the central position of the horizontal plane, which the specified
position is within. Therefore, the MCTDs over the entire workspace can be described with
the proposed three MCTDIs.

In more detail, since increasing the elevation of the camera platform position leads to
an increase in the angles between Ti and Vi, cable tensions have to increase to counteract
the gravitational force of the camera platform. Thus, the numerators of the three MCTDIs
are all less than their denominators, and therefore, preference will be given to the fact that
the values of the three MCTDIs lay between 0 and 1 without exception, which can be used
advantageously to construct the stability index in the further research.

3.2. SMCTW Generation Algorithm

One of the most important issues in cable robots is that of the workspace. A useful
workspace, the specified minimum cable tension workspace (SMCTW), is proposed in
this section, and it comprises all positions at which the camera platform is located at and
all cables that have specified MCTs; therefore, it can meet the predetermined stability
requirements. As a result, the SMCTW can be employed to provide theoretical support for
the motion trajectory design of the camera platform for a camera robot. With the definition
of the SMCTW, the generation algorithm for the SMCTW can be expressed as follows:

(1) Input the position of the camera platform, Xi (i = 1, 2, . . . , N. N is the total number of
positions); the MCT limit T∗min; external wrench f e(Xi); and the gravity of the camera
platform, f g(Xi).

(2) Determine the horizontal component of the cable tension, H, with Equation(14) using
the convex programming theory.

(3) Obtain cable tension vector T using Equation (9) and Equation (10).
(4) Calculate the Tmin(Xi) with Equation (15).
(5) Judge whether Tmin(Xi) exceeds T∗min. If it does, record and output the position of

camera platform Xi; if not, proceed to the next position.
(6) Judge whether Xi is the last position of the camera platform within the workspace. If

not, proceed to step (1) and solve T*(Xi+1) and Tmin(Xi+1) for the next position, Xi+1;
if it is, record and output position Xi and stop.
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4. Grey Relational Analysis Method for the CTSA

As mentioned before, cable tensions and the MCTs highly depend on the positions of
the camera platform. Moreover, the influence laws of the positions of the camera platform
on the cable tensions are investigated to determine the primary and secondary relationship
between the positions of the camera platform and cable tensions for the camera robots. By
giving priority to the greater influencing factor relative to the cable tensions, the fluctuation
of cable tensions and minimum cable tensions will reduce, ultimately contributing to the
promotion and improvement of the stability of camera robots. As a result, this section is
primarily with the influencing degree of the positions of the camera platform on the cable
tensions for the camera robots. Additionally, note that the importance of these influencing
factors on the cable tensions can be evaluated by using the CTSA. The CTSA for the
camera robots is used to quantitatively investigate the influencing degree of the influencing
factors on the cable tensions. The greater sensitivity the influencing factor on the cable
tensions relative to the camera robots, the greater the influence on the cable tensions and
vice versa. Therefore, via the CTSA, the most sensitive influencing factor relative to the
cable tensions can be identified and prioritized for the camera robots. As a result, a grey
relational analysis method for CTSA is developed in this section. In detail, the proposed
grey relational analysis method for the CTSA can be described by using the following
four steps [53–55].

(1) Determination of the cable tensions and influencing factor sequences
According to the grey correlation theory, the values of cable tensions for the camera

robots, in this section, are set as the reference sequence; meanwhile, the positions of the camera
platform (the displacement component of the x-axis, y-axis, and z-axis) are set as the comparison
sequences. We suppose that the reference and comparable sequences are, respectively, denoted
as G0 = [G0(1), G0(2), · · · , G0(k)]

T and Gi = [Gi(1), Gi(2), · · · , Gi(k)]
T , i = 1, 2, 3, where i

is number of influencing factors for the cable tensions; moreover, k is the changing number
of the cable tensions and their influencing factors for the camera robots. Therefore, the entire
sequence matrix for the CTSA of the camera robots is comprised two crucial sequences,
and it can be defined as follows.

G =


G0(1) G1(1) G2(1) G3(1)
G0(2) G1(2) G2(2) G3(2)
· · · · · · · · · · · ·

G0(k) G1(k) G2(k) G3(k)

 (19)

(2) Normalization of the sequence matrixes
In general, the raw data of the cable tension reference sequence and the influenc-

ing factor comparison sequence may differ from the others in terms of their range and
their measurement units; thus, the influence of some factors may be neglected. As a re-
sult, this leads to an incomparable condition and even incorrect conclusion. As a result,
the main procedure of the grey relational analysis for the CTSA of the camera robots is
firstly a normalization treatment on the initial data of the sequence matrixes to obtain
the grey correlation grades. Furthermore, these sequences can be transformed with the
following formula.

Gl
′(j) =

Gl(j)−minGl(j)
maxGl(j)−minGl(j)

, (l = 0, 1, 2, 3; j = 1, 2, · · · , k) (20)

(3) Grey correlation coefficient
After the normalization treatment for the sequence matrixes, the absolute difference

between the cable tension reference sequence and each influencing factor comparison
sequence, denoted by Θ0i = |G0(j)− Gi(j)| , can be obtained. Moreover, the maximum
difference denoted by Θmax = max

1≤i≤3
max
1≤j≤k

|G0(j)− Gi(j)| and the minimum difference



Actuators 2023, 12, 17 11 of 20

denoted by Θmin = min
1≤i≤3

min
1≤j≤k

|G0(j)− Gi(j)| can be obtained. Therefore, the grey relation

coefficients can be obtained as follows:

rij(j) =
Θmin + vΘmax

Θ0i(j) + vΘmax
(21)

where v is the distinguishing coefficient; the distinguishing coefficient is set as 0.5 in
this paper.

(4) Grey relational CTSAI
The correlation between the cable tension reference sequence and influencing factor

compared sequences can be represented by the grey relational degree. As a result, if a certain
influencing factor in the compared sequence is far more critical than other influencing
factors to the cable tensions, the obtained grey correlation degree of the influencing factor
will be higher than other grey correlation degrees. As a result, the grey correlation degree,
in this paper, is employed to measure the influence degree of camera platform positions
on cable tensions for the camera robots. Main factors and secondary influencing factors,
and the maximum and minimum influencing factors for the cable tensions of the camera
robots, can be obtained through the influencing factor correlation degrees. From the above,
a grey correlation analysis method for CTSA is proposed and measured with the grey
correlation degree in this section; hence, the CTSAI for the camera robots, after deriving
the grey relational coefficients, can be obtained as follows:

CTSAIi =
1
k

k

∑
j=1

rij(j) (22)

It is worth noting that three CTSAIs can be obtained for the camera robots, and they
denote the influence degree of the displacement component of x-axis, y-axis, and z-axis for
the camera platform on the cable tensions, respectively. Therefore, the three CTSAIs can be
employed to obtain the sensitivity of the camera platform positions on cable tensions and
rank their sequence.

5. Results and Discussion
5.1. MCTDIs and Their Application

The MCTs among the four cables, the proposed MCTDIs, and their applications for
investigating the stability of the robot are supported by performing some simulation studies
on a camera robot. And furthermore, the parameters of the used camera robot are shown
in Table 1.

Table 1. Parameters of the camera robot.

Parameters of the Robot Symbol Values

Cable diameter d 0.15 cm

Cable linear density ρ 0.1851 kg/m

Camera platform mass mp 20 kg

Lower boundary of T Tmin 100 N

Upper boundary of T Tmax 10000 N

Position of the 1st pulley (Figure 2) B1 (0,0,23)T m

Position of the 2nd pulley B2 (100,0,23)T m

Position of the 3rd pulley B3 (100,90,23)T m

Position of the 4th pulley B4 (0,90,23)T m
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The MCTs while the camera platform is located on different vertical planes within the
workspace are depicted in Figure 3, where “red +”, “blue +”, “green”, “red”, and “blue –” rep-
resent “800 N <= MCT <= 900 N”, “900 N <= MCT <= 1000 N”, “1000 N <= MCT <= 2000 N”,
“2000 N <= MCT <= 3000 N”, and “3000 N <= MCT <= 5000 N”, respectively. As observed,
the interior scopes where the camera platform is located at can hold larger MCTs than
the external scopes. It should be noted that Figure 3a,b show a section of the SMCTW
for the camera robot, respectively. As expected, further insights into the integral shape
of the SMCTW can be obtained from Figure 3. It is evident that the change laws of MCT
while the camera platform locates on the middle vertical plane YOZ with x = 50 m and on
the middle vertical plane XOZ with y = 45 m, which is that the upper-middle positions
where the camera platform locates possess bigger MCTs than the ones around them, are
consistent with each other. This is because the redundant cable tensions are distributed
more evenly among the four cables when the camera platform is located at the center
positions, and while the cable tensions are greater as the γ decreases to balance the gravity
of the camera platform when it is located at the upper positions of the workspace. It is
indicated in Figure 3a,b that MCTs on the horizontal plane of the workspace are a series of
elliptical equipotential lines, and it should be noted that these results are consistent with the
conclusion of Ref. [17]. From the results, it has been depicted that the four cable tensions
relative to the catenary cables are far greater than the cable tensions observed relative to the
massless straight-line cables in Ref. [17] for the camera robot. The direction of the MCTs, as
a matter of fact, is the weakest constraint direction when the camera platform is located at
the present position for the camera robot. The proposed stability of the robot reflects the
fact that the camera platform did not depart from the present position along the weakest
constraint direction while external disturbances are on. Hence, the MCTs can increase the
constraint of the weakest direction, further improving the stability of the camera robot.
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The proposed MCTDIs are obtained for the camera robot based on MCTs, and MCTDI
<A on the plane y = 45 m and <A on the plane x = 50 m are displayed in Figure 4a,b,
respectively. Note that Figure 4a,b are the sections of the proposed MCTDIs within the
workspace, respectively. Moreover, further insight into the integral shape of MCTDIs
within the workspace can be obtained from Figure 4. As can be seen from Figure 4, the
obtained results for the MCTDI, which are in the interval [0,1], are a set of equipotential
lines. Further, the MCTDIs while the camera platform is located on the upper-middle area
of the workspace are bigger than the ones outside, and this is because the positions where
the camera platform is located at hold bigger MCTs due to the uniformity of the four cable
tensions. As a result, the MCTs are larger than others while the camera platform is located
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on the upper-middle area of the workspace, thereby holding stronger constraints for the
camera platform. From above, it was obvious that the MCTs and the proposed MCTDIs,
which represent the weakest constraints for the camera platform, can be employed to
investigate the stability of the camera robots.

5.2. CTSA for the Camera Robot

As shown in Figure 5, the Cartesian trajectory of the camera platform for the cam-
era robot is selected to investigate the effects of the long-span cables on cable tensions
and the MCTs and the proposed CTSA method, and the spatial spiral is defined by the
following equation: 

x = R cos(ωt) + 50
y = R sin(ωt) + 45

z = vt + 10
(23)

where R = 10 m; ω = 0.2π rad/s; v = 1 m/s; the starting and ending positions of the trajectory
are (60, 45, 0)Tm and (60, 45, 10)Tm, respectively.
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Firstly, the cable tensions of the four cables along the spatial spiral trajectory with the
two models are shown in Figure 6. As can be seen clearly in the figure, the cable tensions
computed by the catenary cables are quite different the ones obtained by the massless
straight-line cables. In detail, it can be seen that cable tensions with the catenary cables are
about four times that of the straight-line cable model. It should be pointed that the cable
tensions obtained by the two cable models are smooth and continuous, and there will not
be an impact on the motion of the camera robot. Therefore, cable sags must be considered
for the camera robot.

Moreover, the influence degrees of the displacement component of the x-axis, y-axis,
and z-axis for the camera platform relative to the four cable tensions and the MCTs are
investigated in this section. As previously indicated, cable tensions highly depend on the
positions of the camera platform; however, the relationship between the cable tensions and
the positions cannot be described by functions. Thus, only the discrete numerical values of
cable tensions and the positions of the camera platform can be obtained by simulations.
One hundred sets of data about the positions of the camera platform and cable tensions
for the camera robot are obtained by simulation, and ten groups of the obtained data used
to perform approximate treatments are displayed in Table 2. Note that the presented data
about the z-axis displacement of the camera platform increase with equal differences, and
this is because the data were obtained by simulations using the equal step method.
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Table 2. Original data of cable tensions and positions of the camera platform.

Reference Sequence Comparison Sequence
T1(N) T2(N) T1(N) T2(N) MCT(N) x(m) y(m) z(m)
452.62 528.83 582.42 520.28 452.62 58.44 50.36 0.90
481.88 519.25 633.01 608.57 481.88 53.68 54.29 1.90
534.19 507.44 645.20 662.41 507.44 47.51 54.69 2.90
614.48 528.63 626.58 693.52 528.63 42.29 51.37 3.90
699.21 588.35 598.51 706.93 588.35 40.02 45.63 4.90
769.86 683.04 590.52 696.08 590.52 41.55 39.64 5.90
824.96 790.47 621.04 671.51 621.04 46.32 35.70 6.90
822.35 847.07 677.02 642.85 642.85 52.48 35.31 7.90
811.18 905.51 796.33 683.10 683.10 57.71 38.62 8.90
790.25 940.47 929.47 776.78 776.78 59.98 44.37 9.90

The point is that three CTSAIs for one cable tension can be calculated, and the sensitiv-
ity of each influencing factor can be obtained, therefore ranking their sequence. It should
be pointed that there, as a result, will be fifteen CTSAIs for the four cable tensions and the
MCTs altogether. Moreover, the original data for cable tensions and positions of the camera
platform, which are shown in Table 2, are handled and the 15 CTSAIs can be obtained.
Moreover, the results are displayed in Figure 7a,e while the distinguishing coefficient is set
as 0.5. It is worth noting that the change laws of the obtained CTSAIs for the four cable
tensions and MCTs consistent with each other. It is known that the CTSAI close to 1 means
the influence degree of this factor to cable tensions of the camera robot is great. From the
results in Figure 7, it has been depicted that the CTSAIs for the camera robot are greater
than 0.5 for T3, T4, and MCT; hence, this indicates that the displacement components of the
x-axis, y-axis, and z-axis for the camera platform have a key influence on for T3, T4, and
the MCT. Note that the CTSAIs of x-axis and z-axis displacement of the camera platform
are greater than 0.5 for T1 and T2, while the CTSAIs of y-axis are slightly less than 0.5. The
obtained results for the CTSA of the camera robot show that with respect to the selected
three influencing factors for the cable tensions, the importance is defined by the following
sequence: z-direction displacement of the camera platform > x-axis displacement > y-axis
displacement. The effects of the distinguishing coefficient on the CTSAI for the camera
robot are investigated in detail; moreover, the CTSAI for the MCTs is depicted in Figure 7f
when the distinguishing coefficient is set as 0.6. By observing the results, it is evident that
the influence laws of the displacement component of the x-axis, y-axis, and z-axis for the
camera platform on the MCTs, for different distinguishing coefficients, are consistent with
each other.

From the above results, the y-axis displacement of the camera platform has the least
amount of impact on the cable tensions and conversely, the z-axis displacement of the cam-
era platform has an important impact on them. As a result, it is necessary to strictly control
the motion accuracy of z-axis of the camera platform, which will reduce the fluctuation of
cable tensions, ultimately contributing to the promotion and improvement of the stability
for the camera robots.
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6. Conclusions and Future Work

Two main issues related to camera robots with long-span cables are addressed in this
paper: MCTDs within the workspace and the CTSA while considering the cable mass.
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The MCTDs within the workspace are investigated for the camera robot, and furthermore,
the CTSA on the positions of the camera platform is performed. In previous studies, as
the author knows, there are few quantitative analyses about MCTDs and the degree of
influence of the positions of the camera platform on the cable tensions, in addition to their
applications to stability analysis for the camera robot. The following conclusions have
been made:

(1) Cable tensions are investigated by a cable tension optimization model for the
camera robot with large-span workspaces. Furthermore, the MCTs and MCTDs when the
camera platform is located at an arbitrary position within the workspace are presented.
The MCT and MCTDs, to the best of our knowledge, are quite different from those in
Refs. [17,18], while large-span cables are considered as a catenary model with non-negligible
cable mass. Furthermore, the simulation examples depict MCTDs within the workspace.
The simulation results of the MCTDs show that when the camera platform of the robot is
located in the upper-middle area of the workspace, there are larger MCTs; thus, the cables
have stronger constraints on the camera platform, therefore guaranteeing the stability of
the camera robot.

(2) A quantitative method for CTSA and a CTSAI for the camera robot is proposed
with grey relational analysis; moreover, the CTSA for the camera robot on the positions of
the camera platform is analyzed based on numerical simulations and grey relation analysis.
It should be pointed that, to the knowledge of the authors, there are few studies in which
the CTSA for the cable robots are addressed. It is worth noting that the change laws of the
obtained CTSAIs for the four cable tension values and MCTs are consistent with each other.
The obtained results for the CTSA of the camera robot show that, with respect to the selected
three influencing factors for the cable tensions, the importance has the following sequence:
z-direction displacement of the camera platform > x-direction displacement > y-direction
displacement. Therefore, the z-direction displacement of the camera platform must be
controlled strictly during the operation to accurately control the cable tensions, thereby
guaranteeing the stability of the camera robot.

This investigation provides a profound insight into the cable tensions and the influence
law of the positions of the camera platform on cable tensions; hence, the investigated
MCTDs within the workspace and the proposed CTSA method were examined. In addition,
their applications to the stability analysis for the camera robots can be further adopted in
other cable robots with large-span cables. Furthermore, further research will be carried
out on the experimental verification of the proposed methods and the obtained results in
this paper.
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