
Tension Vector and Structure Matrix
Associated Force Sensitivity of a 6-DOF
Cable-Driven Parallel Robot

Qinglin Chen1,3, Qi Lin 2, Guowu Wei3, and Lei Ren4

Abstract

This paper investigates the force sensitivity of 6-DOF cable-driven parallel robots (CDPRs) in order to propose a

better force measurement device. Kinematics and dynamics for a CDPR of n-DOF are deduced and formulated, and

algorithms for calculating the cable tension are developed. Then, by defining geometrical parameters related to the

dimensions and configurations of the CDPRs, optimal methods for determining force sensitivity with respect to the

structure matrix and twist vector of the 6-DOF CDPRs with two different moving platforms (i.e. a cubic-shaped, and a

flat moving platform) are proposed. By using numerical examples integrated with external twists obtained from wind

tunnel tests, numerical simulations and analysis for the two type of 6-DOF CDPRs are carried out. The simulation

results help identify the optimal dimensions that can be used to design 6-DOF-CDPR-based force measuring devices

with high force sensitivity. Experiment validation is also carried out to verify the method proposed in this paper.
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the A-TPAD12 system for improving walking stability of
patients with Parkinson’s disease. In these applications and
development, the associated issues for CDPRs including
design and modelling, kinematics and dynamics, control and
planning, and structure optimization have been considered,
addressed and investigated in certain depth.

Besides the above applications of CDPRs, CDPRs have
also been used as a new type of suspension tool for wind
tunnel tests13–15. In this type of application, it was found
that the active cable-driven system can help reduce influence
on the air fluent stemming caused by the suspension system,
and hence the aerodynamic forces could be directly deduced
from the cables tension in the wind tunnel test16. However,
one of the drawbacks of CDPRs is the driving cables can only
apply tensile forces, which means the structure of a cabled
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Introduction

Cable-driven parallel robots (CDPRs) is a type of parallel 
robot that is constructed by replacing the rigid limbs (legs) 
of the traditional rigid-link parallel robot with flexible cables 
that provide controllable variables for the robots. In recent 
years, CDPRs have been extensively investigated due to 
their advantages of producing large reachable workspace, 
high payload-to-weight ratios, easy disassembly/reassembly, 
and a light-weight structure; compared with the rigid-
link parallel robots. With these advantages, CDPRs have 
found a broad range of applications in various areas 
such as space exploration, construction, 3D printing 
technology, and rehabilitation. These include, to mention 
but a few, the SkyCam1 system for high-speed photography 
tacking; the FAST2 as a large spherical radio telescope 
for space exploration and orbit object detection; the 
RoboCrane3 for in port cargo carrying, bridge construction 
and welding; the multiple mobile-crane design for large 
object transportation4; the SPIDERobot5 for automatic 
architecture construction; the hybrid-driven-based 3D printer 
with large workspace for form-based structure printing6; 
the CaTraSys7 and C-ALEX8;9 for human working gait 
tracking, retaining and rehabilitation; the Sophia-310 and 
CAREX11 for upper limb post-stroke rehabilitation; and
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set of geometry, which indicated the best geometry of 6-DOF
measuring devices should be calculated before application.
However, the sensitivity matrix proposed is too complicated
and cannot provide a direct efficient index22.

When the CDPRs were used as suspension systems of
aircraft in wind-tunnel flight testing, the set-up usually
permits three rotational degrees of freedom with the bearings
providing free roll and pitch, and the yaw motion generated
by the cable actuation system. Forces exerted on the moving
platform were measured through hydraulic actuators. The
research focused on the motion of the moving platform
but did not discuss the cable tension sensed by load
cells. The work showed the merit of reducing aerodynamic
interference by using CDPRs compared with the traditional
sting-mounted wind-tunnel testing models15.

In order to further investigate the advantages of using
CDPRs in wind-tunnel flight tests, we proposed a new cable-
driven parallel suspension device13. With this device, for
proof of concept, various of aircraft models were used as
moving platform for the tests. The moving platform were
driven by eight controllable cables passing through the
pulleys mounted on the supporting frame. The cable tension
can be measured by force sensor integrated in the cable as
shown in Figure 1. The motivation for CDPRs in wind-tunnel
flight tests is to make the cable tension change accordingly,
and the voltage inside the force sensors could be computed
to transfer the aerodynamic force when the incoming flow
acts on the supported aircraft model. Through experiments,
aerodynamic parameters of the aircraft model are obtained
and characterised with the mathematical model that provides
the mapping between the readings and the cable tension.
However, in most of the cases the tension and its difference
on each cable are too small, and hence the test results can be
affected by other disturbance such as test errors or the delay
of data acquisition.

In order to amplify the difference in the cable tension
so as to make it easier to be detected and identified
by the force sensors, this paper attempts to provide an
improved algorithm based on tension vector and structure
matrix from the kinematics and dynamics of the n-DOF
CDPR. The proposed method can be used to raise the force
sensitivity and hence results in a better characterization of
the relationship between cable tension and external wrench
exerted on the moving platform.

The outline of this article is as follows. The next section
describes the modeling of a m-cable, n-DOF, spatial CDPR
including the kinematics, dynamics and distribution of cable
tension. The section after presents two kinds of moving
platform and the objective to enlarge the force sensitivity.

robot will fail to function effectively as long as the cables 
lose tension. Tension-ability is an essential property for the 
CDPRs such that all cables need to remain in tension under 
any external load at the presence of an extra force/impact.

Due to the tension-ability feature, methods for distributing 
cable tension were proposed to avoid slackness and excessive 
tension in cables. Abdolshah and Rosati17 proposed a 
method by using stiffness, and system dynamics and error 
values as indices to dynamically change the minimum 
tension in cables, which led to less power consumption 
and better performance accuracy. Gouttefarde et al.18 

presented a self-contained and versatile tension distribution 
algorithm for an n-DOF CDPR driven by n+2 cables, it 
could process various singularity with the optimal cable 
tension distributions. Pott19 proposed an improved force 
distribution algorithm for CDPRs that could extend the 
closed-form solution to theoretically maximum wrench-
feasible workspace. The improved closed-form solution 
provides the real-time capability with respect to the 
workspace (especially near the boundary) while maintaining 
an acceptable computation time for the implementation in a 
real-time controller. Boumann and Bruckmann20 presented 
an efficient method for calculating cable forces of a  CDPR 
by considering the case that the robot worked outside its 
wrench-feasible workspace. All the above work is relative 
to the cable force distribution and is fundamental for 
CDPRs. Researchers have tried to find o ut a  relatively 
optimal dimensions for CDPRs when different external 
loads could be exerted on the moving platform. The 
investigations also tried to find the effect of a wide range of 
geometries/dimensions in the proposed CDPRs on the tensile 
force of each cable in the robot. The instantaneous change of 
force on each cable is defined as force sensitivity of CDPRs.

The sensitivity of force/displacement was studied in 
some literature. A contact force measurement device was 
developed for detecting contact force during grasping by 
describing sensitivity as the relationship between the contact 
forces and the infinitesimal movement of a parallel platform. 
Through augmented stiffness matrix, a pair of parameters, 
which were the distance between the connecting points on 
the base and moving platform, were derived to simplify the 
analysis21.

Another displacement measurement device was designed 
based on a modified S tewart p latform s tructure a nd the 
sensitivity analysis on the device was converted from 
geometrical characteristics to displacements amplitude. A 
sensitivity matrix established by 36 parameters presented the 
performance of each leg when external displacement was 
applied. Its value increased if the device chose a particular
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Figure 1. Prototype of the force measuring device.
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Figure 2. Geometry and wrench of a general cable-driven
parallel robot.

local coordinate system attached to the moving platform.
The orientation of frame {P} with respect to frame {O} is
represented by a rotation matrix R. Vector p = (X,Y, Z)

is the position vector of the reference point P presented
in the global coordinate system {O}. Orientation of the
moving platform with respect to the base is given in a set
of Z − Y −X Euler angles α, β and γ making up the
set ψ = (α, β, γ), which can be obtained from a wireless
3D gyro-compass. Thus the pose of the moving platform
with respect to the reference frame {O} can be described
by q = (p,ψ) ∈ SE(3). In addition, referring to Fig. 2,
vector bi = (Bi,X , Bi,Y , Bi,Z)(i ∈ 1, 2, · · · ,m) is position
vector of the point-shaped hinge for the cable and pulley
expressed in the global coordinate system. Vector ppi =

(pxi,x,
p yi,y,

p zi,z)(i ∈ 1, 2, · · · ,m) is the position vector
for a point Pi on the moving platform expressed in the
local coordinate system {P}. Both vectors bi and ppi are
constant in frames {B} and {P}, respectively. pi = p+ ri

is the position vector for a point Pi on the moving platform
expressed in the globe coordinate system {O}. Based on all
these vectors, the vector that represents the ith cable can be
written as24, 25

li =
−−→
PiBi = bi − pi = bi − p− ri (1)

where i = 1, · · · , m, and ri = Rppi is the vector of
−−→
PPi

expressed in the global reference frame.

From Eq. (1), li squared leads to

l2i = [bi − p−Rppi]
T

[bi − p−Rppi] (2)

with i = 1, · · · , m.

Taking derivative of Eq.(2) with respect to time and
rearranging the equation in matrix form yields24

L̇ = −AT q̇ (3)

In the results and discussion, parameterise structure matrix 
is used to calculate the force sensitivity through algorithms 
based on the penalty function23 and the improved close-form 
method. Experiment validation is also presented to verify the 
effectiveness and efficiency of the proposed method.

Dynamics of the n-DOF CDPR and
Optimization for Cable Tension

Kinematics and dynamics of the n-DOF CDPR

As shown in Figure 1, a 6-DOF CDPR studied in this 
paper mainly consists of a moving platform and a supporting 
frame in cubic shape which are connected and actuated 
by eight cables. For extending the study, kinematics and 
dynamics of an n-DOF CDPRs in a general configuration are 
deduced. Unlike the traditional rigid-body parallel robot, the 
general kind of cable-driven parallel robot has incomplete 
symmetrical configurations of the cables hinged on versatile 
spindles. The moving platform and the base (supporting 
frame) are connected by m limbs, i.e. m cables, integrated 
with force sensors. When a wrench is exerted on the moving 
platform, the variation from the force sensors can be used to 
find the relative position of the moving platform with repect 
to the fixed base, and correspondingly, to the change of cable 
lengths.

A schematic diagram of an n-DOF CDPR with the 
associated coordinate systems and wrench is illustrated in 
Fig. 2. Through m cables, the moving platform is connected 
to the base. Frame {O} represents the global coordinate 
system attached to the base and frame {P} represents the
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where L̇ = [l̇1, l̇2, · · · , ˙lm] denotes the velocity vector in
the cable length space. A = [a1, · · · ,ai, · · · ,am] ∈ R6×m

is the structure matrix related to the positions of the
moving platform and base, with ai = [ui, ri × ui]

T (i =

1, 2, · · · ,m) being the cable vector in whichui = li/‖li‖2 is
the unit direction vector of the ith cable, where ‖ · ‖2 stands
for the Euclidean norm of its vector argument.

q̇ = [ṗT ψ̇T ]T = [Ẋ Ẏ Ż α̇ β̇ γ̇]T denotes
the Cartesian velocity of the moving platform in R6 which
includes both the linear and angular velocities of the moving
platform. The angular velocity can be written as ω = Hψ̇

with ψ̇ = [α̇ β̇ γ̇] and

H=

 cβcγ −sγ 0

cβsγ cγ 0

−sβ 0 1



Referring to Figure 2, the equations of motion26 for the n-
DOF m-cable system expressed in the body-attached frame
can be written as

AT = W (4)

where T = [T1 T2 T3 · · · Tm]T ∈ Rm is
the vector of cable tensions, q̈ = [p̈T ψ̈T ]T =

[Ẍ Ÿ Z̈ α̈ β̈ γ̈]T denotes the acceleration
vector in R6 which includes both the linear and
angular acceleration of the moving platform, and
W = −[M(q)q̈ + C(q, q̇)q̇ + G(q) +Wext(q)] ∈ R6 is
the wrench exerted on the moving platform.

In the wrenchW , the term

M(q) =

[
mcI3×3 03×3

03×3 HT IGH

]

is the mass inertia matrix, mc is the mass of the moving
platform, 03×3 and I3×3 are the zero matrix and identity
matrix, IG is the 3× 3 inertia tensor of the moving platform
about point P in frame {P}, the term

C(q, q̇)q̇ =

[
03×3

ω × (IGω)

]

is the centrifugal and Coriolis force vector,

G(q) =

[
mcg

c×mcg

]

of the moving platform, and

Wext(q) =

[
fe

τe

]

is the external wrench, where τe and fe represent the
external moment and force exerted to at point P of the
moving platform, respectively.

Based on Eq. (4) and considering the case that the platform
is subjected to only the gravity and cable tension, the static
equilibrium equation can be given as

AT0 = −G(q) (5)

where T0 = [T0,1 T0,2 T0,3 · · · T0,m]T ∈ Rm is the
spatial force system of the cable tension to balance the
gravity.

Another situation is the moving platform has no linear
and angular accelerations due to low velocity with neglect
of inertia effect of the moving platform, but there exits an
external wrenchWext, in this case it has

ATw = −G(q)−Wext(q) (6)

where Tw = [Tw,1 Tw,2 Tw,3 · · · tw,m]T ∈ Rm is
the spatial force system of the cable tension to balance the
gravity and the external wrench. As a force measurement
device, the purpose is to test the external wrench Wext =

[fT
e τT

e ]T which can be derived through subtracting Eq.
(6) from Eq. (5) as

Wext = [fT
e τT

e ]T = A(T0 − Tw) = A∆T (7)

Obviously, if the difference ∆T = T0 − Tw is very small
and close to zero, there will be difficulty to test the external
wrench, which may cause the force measurement device to
lose its functionalities. Also, it should be noted that the
derivation of Eq. (7) assumes that the additional wrench
does not deform the system, i.e. the additional wrench does
not change the geometric structure of the cabled robot and
structure matrix A is assumed to be constant, which means
the moving platform should hold at the same position in
the whole process of control. For keeping the position, the
inverse kinematics delivers the corresponding tendon lengths
described as position of the platform, usually this is available
from sensors, and the feedback control is used to guide the
platform, especially for low speed cases27;28. As a solution
to this problem, this paper proposes the force sensitivity
through the detection of compromising dimensions with

is gravitational vector, g ∈ R3 is the gravity acceleration 
vector, c ∈ R3 is the position vector of the centre of mass
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Chen et al. 5

by getting the force sensitivity from the various ∆T = T0 −
Tw through parameterize structure matrix A with the same
feasible algorithm for cable tension. The cubic structure of
moving platform would be applied to the analysis for most of
the existing CDPRs commonly have this shape, which would
be discussed in the next section. The other is by getting the
force sensitivity from the various ∆T = T0 − Tw through
two different optimal algorithms for cable tension with the
same dimension of the moving platform. All the connections
between the moving platform and the base are in the identical
plane which also would be discussed in the next section.
Any of the above effective solution should satisfy Eq. (4)
and two of them are selected to demonstrate the methods for
finding out the factors that influence the force sensitivity of
the CDPRs.

According to the penalty function method23, a non-linear
optimization problem can be formulated to find the minimize
of cable tension of CDPRs as

Minimize√
(T1 − Tmin)

2
+ (T2 − Tmin)

2
+ · · ·+ (Tm − Tmin)

2

s.t.

{
Tmin ≤ Ti
AT = W

where Tmin is an initial parameter for the optimization,
the variables to be optimized are the elements of
structure matrix including ui(i = 1, 2, · · · ,m) and ri(i =

1, 2, · · · ,m). Based on the penalty function method, it can
find the smooth and continuous force for control but it
needs more time to complete the iterations compared to the
improved closed-form method. In the experiment, the force
from the penalty function method should be calculated and
distributed in advance. The above objective function and
constraints are bound by the following equation,

Minimize√√√√ m∑
i=1

(Ti − Tmin)
2

+ λ

{
|ATi −W |2 +

m∑
i=1

min [Ti, Tmin]
2

}

where λ is the coefficient for the penalty function method,
which can make the acceleration of the calculation to find the
minimum and feasible tension.

According to another optimal algorithm, the improved
closed-form19, a non-linear optimization problem can be
formulated to judge the minimum cable tension as

Minimize

√
m∑
i=1

Ti
2

difference ∆T and structure matrix of the cable-driven 
parallel mechanism.

Algorithms for calculating the cable tension of
the n-DOF CDPR

Comparing with the rigid link, CDPRs require additional 
actuator to make cables not loose because of the unilateral 
pulling performance of cables, which means the number of 
cables, m, required to drive a n-DOF CDPM is at least n+1, 
i.e. m≥ n+129. For 6-DOF CDPRs, driving the platform with 
n+2=8 cables rather than with n+1=7 cables leads generally 
to a larger workspace. It also makes the integrate of the 
robot into a workshop or a warehouse easier since symmetric 
cable arrangements in a cuboid supporting frame can be 
used. Therefore, 6-DOF CDPRs driven by eight cables are 
common in many applications and this paper also focuses on 
the redundantly actuated CDPRs driven by n+2=8 cables18. 
The additional cable tension results in a non-trivial null space 
for the n by m structure matrix. For each pose of CDPRs, 
the solutions for balancing the cable tension are infinite. 
The solutions of cable tension, which should be calculated 
by feasible algorithm, must maintain the cable tension and 
stay between the upper and lower limits. The upper limit 
for cable tension is determined by the torque capacity of 
the actuators, the maximum load limit of cables and the 
requirement of control. The lower limit for cable tension is a 
positive magnitude for enduring an unpredictable flab.

Generally, the feasible algorithm for cable tension is 
fundamentally and broadly studied and its objective function 
can be differed from the 1-norm30;31 to ∞-norm32, but these 
wide range of choices are inclined to interruption cable 
tension when the moving platform is expected to contract 
the desired trajectory31. Hence, the p-norm should be more 
than 1 and no greater up to ∞, particularly the 2-norm 
has the various merits33 to compute such optimal tension 
distributions. With regard to the workspace coverage while 
maintaining an acceptable computation time for usage in 
a real-time controller, one of the algorithms can achieve 
but might only work for robot with arbitrary degree-of-
redundancy. Depending on the CDPR type (suspended or 
fully constrained) and on the required characteristics (real-
time capable or continuous solution for control), the desired 
cable tension distribution is not always the same.

In terms of Eq. (7), the value of ∆T = T0 − Tw will 
change with the different structure matrix A as long as 
the additional wrench Wext keeps constant. There are two 
approaches for getting close relationship for the sensitivity 
between the ∆T = T0 − Tw and structure matrix A. One is
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s.t.


1
2Tm ≤ Ti ≤

√
2+1
2 Tm

Tm = 1
2 (Tmin + Tmax)

AT = W
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Figure 3. A 6-DOF CDPR with a cubic-shaped moving
platform.

parameters are the length ratios between the supporting
frame and the cubic-shaped moving platform denoted as k1,
k2, k3. Here k1 stands for the ratio between length l of the
moving platform and length L of the supporting frame as
k1 = l/L, k2 is the ratio in the width direction as k2 = w/W

with w being the width of the moving platform and W being
the width of the supporting frame, and k3 the ratio in the
height direction as k3 = h/H with h and H being heights of
the moving platform and the supporting frame, respectively.
The other two geometrical and physical parameters of the
robot are the mass mc of the moving platform and the
position vector p denoting the original point P of the moving
platform, which are also importantly found out to affect the
force sensitivity. For simplicity but no changing the general
purpose, the variation of the original position of point P only
allows to change the coordinate value Z , keeping the other
2 coordinate value constant. The four geometric parameters
above are gathered as

k1 = l/L, k2 = w/W, k3 = h/H,p = [X,Y, Z]T

The range of the proportion ki (i = 1, 2, 3) makes the
dimension of quadrangle variable, which is formed by
two cables and two solid links as shown in Figure 3.
The proportion ki shifts from 0.025 to 0.5 in order to
change the dimension of the quadrangles in terms of the
applications. The dimension of the moving platform will be
equal to that of the base if ki = 1 (i = 1, 2, 3). Generally, the
geometrical configurations of moving platform or the base
is confirmed by the condition of measurement. Accordingly,

where Tmax is the maximum cable tension and an initial 
parameter for the optimization, the variables to be optimized 
are the elements of structure matrix including ui(i = 
1, 2, · · · , m) and ri(i = 1, 2, · · · , m). Based on the closed-

form and the improved closed-form algorithm, the above 
objective function can help to find the upper value close to 
medium which can enlarge the value of ∆T , although there 
is no formal proof that it holds true in general.

Sensitivity Analysis of 6-DOF CDPRs with
Various Configurations

The main objective of this section is to identify how the 
relationship between the different magnitude of external 
forces and the geometry configurations affect the sensitivity 
of CDPRs. Two different configurations, i .e. a  C DPR with 
a cubic-shaped moving platform and a CDPR with a flat 
moving platform are considered in the analysis.

CDPR with a cubic-shaped moving platform

As mentioned in the previous section, commonly, eight 
cables were used in a CDPR so as to obtain a larger 
workspace and symmetrical control34. With eight cables, 
though a specified d evice w ith a  c ubic-shaped moving 
platform has limitation in angular workspace that the 
orientation angle is of no more than 40 degree, there is 
no necessity to set cross cables35. For a CDPR with a 
cubic-shaped moving platform driven by eight cables, it has 
16 adjustable points, eight attaching points on the moving 
platform and eight points at the pulleys mounted on the 
supporting frame as shown in Figure 3. Each of these 
points can change the structure matrix A independently. 
Hence, there are 48 parameters, each cable gives three 
position coordinates, and three orientation angles of the 
moving platform, that can together determine the force 
sensitivity of the robot. Moreover, the robot is supposed 
to be symmetrically configured, f or s implicity, w ith regard 
to the X-Z plane, in such case the number of parameters 
can significantly d ecrease t o 2 4. E xplicitly, t he x , y  a nd z 
coordinates of the positions of the eight points denoted as 
P1 throughout P8 have 24 parameters.

Accordingly, using the rig presented in Figure 3, five 
geometrical and physical parameters of the robot are taken 
into consideration for the experimental tests. Related to 
the positions of the eight points, three of the geometrical
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Chen et al. 7

the proportion ki is set to be less than 0.4. Parameters of the
vector bi and vector ppi are listed in Table. 1.

Table 1. Parameters of cubic structure of the robot.

Fixed
points

Positions of Connection
points on the base

Positions of onnection points
on the moving platform

1 b1=( 1
2
L, 1

2
, H) pp1=( k1

2
L, k2

2
W , k3

2
H)

2 b2=( 1
2
L, 1

2
W, 0) pp2=( k1

2
L, k2

2
W , − k3

2
H)

3 b3=( 1
2
L, − 1

2
W,H) pp3=( k1

2
L,− k2

2
W , k3

2
H)

4 b4=( 1
2
L, − 1

2
W, 0) pp4=( k1

2
L,− k2

2
W , − k3

2
H)

5 b5=(− 1
2
L, 1

2
W,H) pp5=(− k1

2
L, k2

2
W , k3

2
H)

6 b6=(− 1
2
L, 1

2
W, 0) pp6=(- k1

2
L, k2

2
W , − k3

2
H)

7 b7=(− 1
2
L, − 1
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In Eq. (7), ∆T can be denoted as T∆ which balances the
external wrench that satisfies AT∆ = Wext from which it
has T∆ = A−1Wext, and thus the elements T∆i in T∆ can
be obtained. From this the force and moment exerted on the
moving platform can be formulated as

m∑
i=1

T∆iui = fe (8)

and
m∑
i=1

T∆iri × ui = τ e (9)

These two equations can be further written as


∑m

i=1 T∆iuix = fex∑m
i=1 T∆iuiy = fey∑m
i=1 T∆iuiz = fez

(10)

and 
∑m

i=1 T∆i (riy · uiz − riz · uiy) = τex∑m
i=1 T∆i (riz · uix − rix · uiz) = τey∑m
i=1 T∆i (rix · uiy − riy · uix) = τez

(11)

Then, using the Eqs. (10) and (11) and the parameters
in Table.1, the vectors ri and ui can be obtained and the
difference T∆ could be calculated in terms of Eq. (7) when a
constant external wrench is applied on the moving platform.
In addition, sensitivity S of the CDPR can be formulated and
calculated as

S =

√√√√ m∑
i=1

(
∆Ti
m

)2

(12)
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Figure 4. A 6-DOF CDPR with a flat moving platform.

of a CDPR can be determined by checking whether the
following equation is solvable:

Maximize S (T∆, k1, k2, k3)

s.t.

{
AT∆ = Wext

0.025 ≤ k3 ≤ k2 ≤ k1 ≤ 0.4
(13)

Thus, during the working process of CDPRs, each pose
will constitute a special structure matrix which is defined
by the parameters. Actually, the simultaneous equations
do not have a specific expression. For this complex non-
linear optimization problem, there is no effective numerical
method. In order to get the result for force sensitivity with
respect to the structure matrix, one method can statistically
solve the problem is repeatedly changing the iterative step,
and ultimately find the maximum value through contrasting
each figure.

CDPR with a flat moving platform

Compared to CDPRs with cubic-shape moving platform,
there are also CDPRs that have more than two of the eight
cables connected at a same point on the moving platform and
all these points locate on the same place16;33;36. In such a type
of CDPRs, with the general configuration indicated in Fig.
4, each of the four attaching points on the moving platform
is connected with two cables and these four points make a
quadrilateral, which is named as flat moving platform. This
section discuss sensitivity of a CDPR with configuration
illustrated in Fig. 4. Though the moving platform can be
in other shapes such as a triangle or a rhombus, the same
analysis can be conducted according to the methodology
proposed herein. Similar to the previous section, in order to

with i = 1, · · · , m. With the same feasible algorithm for 
AT∆ = Wext, force sensitivity is obviously decided by the 
structure matrix A and consequently become larger if each 
element of the ∆T increase. Therefore, the force sensitivity
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characterize the force sensitivity, related to the positions of
the eight points, two of the geometrical parameters denoted
as K1 and K2 are defined. K1 is the ratio between length l
of the moving platform and length L of the supporting frame
denoted as K1 = l/L, and K2 the ratio between w and W
denoted as K2 = w/W . The height of the base is H, it can
change but there is no contrast to the moving platform for
its height can be neglected. Together with position vector of
the reference point P in the moving platform, the geometric
parameters for this case are

K1 = l/L, K2 = w/W, p = [X,Y, Z]T

Similarly, all these parameters can make change to the
structure matrix A of CDPRs and thus the force sensitivity,
in the case that the following equation is solvable:

Maximize S (T∆, K1, K2, H)

s.t.


AT∆ = Wext

40 ≤ K1 ≤ K2 ≤ 100

0.5 ≤ H ≤ 3

(14)

           

A

   

W

   

Sensitivity
（relationship between T w - T 0    

         

�� ൌ �

෍
�ൌ1

�

ሺ�� െ �௠ሻ� ൅ � ൝��� ൌ ��� ൅෍
�ൌ1

�

�� ሾ�� , �௠�௡ሿ�ൡ

T0 , Tw

k1,k2, k3, X, Y, Z , α,β ,Ȗ

k �, X, Y, Z� αˈβ ˈȖˈW ext˅
and k 1, k �,

-G(q), -G(q)-Wext

Figure 5. Flowchart for calculating the sensitivity of the CDPRs.

Numerical simulation for the CDPR with a
cubic-shaped moving platform

For the CDPR with a cubic-shaped moving platform, an
initial geometric configuration of the device can be obtained
intuitively, which serves as a starting point to begin the
dimensional determination. The architecture is presented in
Figure 3 in which the dimensions of the base frame are
assigned as L = 2,W = 1.2, H = 1.4, p = [0 0 0.5H]T

and the mass of moving platform is set as 5kg. In reality, the
lower and upper tension limits are set at 35N and 1000N,
respectively. For each geometric configuration, the force
sensitivity is calculated when external forces are applied on
three different directions according to the reference system
shown in Fig. 2. The magnitudes of these external forces
fe are, respectively, 19.041N, 32.183N, 48.327N, 60.949N,
70.043N and 75.706N, which were obtained through the
wind tunnel tests16. Then according to the configuration
shown in Fig. 3 and the geometric parameters shown in
Table 2, 960 times of tests were implemented on the robot.
Taking some samples, Fig. 6 and Fig. 7 present the effects
of difference combinations of all the cable tension on the
sensitivity, computed on the external forces exerted along
the x direction and y direction with respect to the geometric
configurations associated with variables k1, k2, and k3.

From Fig. 6(1), it can be found that the highest sensitivity
for the external force along the x -axis occurs when k1 =

0.15. Figure 7(1) shows that in the y-axis the sensitive
configurations are decreasing, especially, the sensitivity in
the case when k1 = 0.1 is in the zag. This means that the
geometric dimension is not suitable for testing the external
force along the y-axis.

As illustrated in Fig. 6(2), concerning the geometric
dimension of the width, it can be found that for the
external force along the x -axis, the sensitive configurations
decrease without zag, which is overwhelmingly suitable for

Other different analysis on the CDPR with a flat moving 
platform is that two different algorithms for cable tension 
distribution would be used to identify the efficient method 
to find o ut t he c able t ension d ifference o f t he CDPRs, 
with regard to the same structure matrix A. Although there 
are many algorithms for cable tension, the two algorithms 
mentioned above are the penalty function method and the 
improved closed-form method. With the same minimum and 
maximum values of cable tension, T∆ can be distinctly 
calculated and the force sensitivity of the CDPRs would be 
found out. However the challenge will be put on the control 
system if T∆ is large, which will lead to the discontinuous 
problem of the serve motors.

Numerical Simulation, Results and
Discussions

Based on the formulation and algorithms proposed in the 
previous sections, in this section numerical examples are 
used to simulate and evaluate the feasibility of the proposed 
approach. In the light of the previous sections, a flowchart 
for calculating sensitivity of the CDPRs is presented in Fig. 
5. Figure 5 depicts the details of the iterative method used 
to find the relationship between the geometric configuration 
and the external force, and thus sensitivity of the CDPRs.
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Table 2. Geometrical characteristics of the robot.

Geometrical configuration k(ki, i = 1, 2, 3) Z (m)

1 0.025
2 0.05
3 0.075 0.1
4 0.1 0.2
5 0.125 0.3
6 0.15 0.4
7 0.175 0.5
8 0.2 0.6
9 0.225 0.7
10 0.25 0.8
11 0.275 0.9
12 0.3 1.0
13 0.325 1.1
14 0.35 1.2
15 0.375
16 0.4
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Figure 6. Sensitivity S for the external force along the x -axis
(geometric dimension of the length).The plot(1) shows the value
of the determinant for k1, plot(2) shows the value of the
determinant for k2 and plot(3) shows the value of the
determinant for k3.

In the practical measurement, the vector of the external
force is not invariably along the x - or y- axis. Figures 10
and 11 unfold the sensitive behavior for the highest sensitive
of the unbalance external force, varying deflection distance
from origin of force to the reference point P. Figure 10 shows
the range of deflection distance is from−0.3m to 0.3m along
the y-axis. The sensitivity is symmetry and hits the peak at
the zero deflection distance, which means the test device is
keenness to the external force with no deflection distance
along the x -axis. Similarly, Fig. 11 has the same tendency
as that indicated in Fig. 11. However it is not quintessential
to the influence of the unbalance loading. These last two

determining the geometric dimensions. From Fig. 7(2), it 
can be seen that in the cases that k2 = 0.075 and k2 = 0.3, 
there exist the highest sensitivity, and there can be used for 
minimizing the structure of measurement device.

In Fig. 6(3) and Fig.7(3), it can be noticed that the 
geometric dimension of the height increases, the sensitivity 
of the device increases. Especially, the sensitivity is different 
when k3 = 0.05 and k3 = 0.075. The geometric dimension 
of the width has less influence o n t he s ensitivity f or the 
external force along the x -axis than that along the y-axis. In 
general, it can be noticed that the increase of the magnitude 
of the external force results in the increase of the sensitivity 
of the device.

The above figures s how t hat t he o ptimal geometric 
dimensions for length, width and height of the moving 
platform are k1 = 0.15, k2 = 0.075 and k3 = 0.075 or 0.1, 
respectively.

Figures 8 and 9 show the sensitivity performance for the 
external force along the x - and y- directions of the local 
coordinate system, varying with respect to the Z -coordinate 
of the reference point P . In particular, Fig. 8 presents the 
sensitivity for the external force along the x -axis; it can 
be seen that a considerable decrease occurs in the range 
from Z =0.3m to Z =0.6m. The figures bottom out at Z =0.7m 
and there is an upward trend in the interval of Z =0.7m to 
Z =1.1m. The apparent consideration can be taken for the 
sensitivity of the external force along the y-axis, shown 
in Fig.9, has a distinct trend. Actually, Fig. 9 unfolds that 
the sensitivity not only increases with the increase of the 
magnitude of the external force but also with the decrease 
of the displacement in the Z -axis, the later means that the 
sensitivity increases if an outrange geometry of the device is 
adopted.
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Figure 8. Values of resultant sensitivities as the external force
along the x -axis applied on the moving platform when an
increasing Z -coordinate of the reference point P .
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Figure 9. Values of resultant sensitivities as the external force
along the y-axis applied on the moving platform with an
increasing Z -coordinate of the reference point P .
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Figure 10. Values of resultant sensitivities as the external force
along the y-axis applied on the moving platform with an
increasing deflection with respect to the reference point P along
the x -axis.

of the cable tension are set as 35N and 300N respectively,
and the mass of moving platform is set as 0.64 kg. In terms
of the limited space of the circumstance of the test29, the
length of the base (L = 1m) has restriction, which results
in K1 being constant. Further, the shape of four connected
points of moving platform presented in Fig. 3 is an isosceles

Figure 7. Sensitivity S for the external force along the y-axis 
(geometric dimension of the width) The plot(1) shows the value 
of the determinant for k1, plot(2) shows the value of the 
determinant for k2 and plot(3) shows the value of the 
determinant for k3.

figures show the effective test is for the external force with 
no deflection displacement.

Numerical simulation for the CDPR with a flat
moving platform

Follow the flowchart i n F ig. 5 , n umerical s imulation of 
the CDPR with a flat m oving p latform c an b e similarly 
conducted, while the parameters k1, k2 and k3 are replaced 
by K1, K2 and H . The algorithm for identifying the cable 
tension includes both the penalty function method and the 
improved closed-form method. The upper and lower limits
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Figure 11. Values of resultant sensitivities as the external force
along the x -axis applied on the moving platform with an
increasing deflection with respect to the reference point P along
the y-axis.

trapezoid, which means the width, P5P7 6= P1P2. Thus,
the width of P5P7 was assigned as w1 and the width of
P1P2 was assigned as w2 (w1 = 0.01m and w2 = 0.04m).
Accordingly, the ratio K2 was switched into K21 = W/w1

(W = B1B3, width of front base) and K22 = W/w1(W =

B5B7, width of back base). The length of moving platform is
set as l = 0.03m and the position is set as p = (X , 0 , 0 .5H ).
The other parameters are given in Table.3 and the external
wrench were calculated according to three different speeds
which are 17.27 m/s, 25.51 m/s and 41.42 m/s respectively13.
The external wrench has six components including three
forces(drag, sideslip and lift) and three moments (roll, pitch
and yaw). The simulation results are illustrated in Figs.12 to
15.

Table 3. Geometrical characteristics of the base.

Geometrical
configuration

K21 K22 H (m) X (m)

1 46 25 0.52 0.5
2 51 28 0.57 0.55
3 56 31 0.62 0.6
4 61 34 0.67 0.65
5 66 37 0.72 0.7
6 71 40 0.77 0.75
7 76 43 0.82 0.8
8 81 46 0.87 0.85
9 86 49 0.92 0.9
10 91 52 0.95
11 96 55 1
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Figure 12. Values of resultant sensitivities as the external
wrench applied on the moving platform with an increasing width
of front base.
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Figure 13. Values of resultant sensitivities as the external
wrench applied on the moving platform with an increasing width
of back base.
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Figure 14. Values of resultant sensitivities as the external
wrench applied on the moving platform with an increasing
height of base.

implemented to the coordinate value on the X -axis of the
reference point P in Figs.14 and 15, which means the
optimal solution for H is in the middle point of the tunnel.
From the above analysis, a vital conclusion could be drawn
is some parameters have no impact on the force sensitivity.

Figs.12 and 13 show that the width of the front base can be 
set to 0.51m(K21 = 51) and the width of the back base can 
be set to 1.12m(K22 = 28), which will significantly increase 
the force sensitivity. The similar effect is demonstrated 
at the point when H = 0.67m as shown in Fig.14, but 
there is almost non effective rewarding when the increase
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Figure 16. A flat moving platform inside the aircraft in the wind
tunnel test.

test point. Then, the stable output data from tension sensors
were obtained after a short time of turbulent caused by the
wind impact. Compared with the simulation results, it can be
found that the maximum absolute error is about 1N, which is
quite significant for the requirement in the wind tunnel test.

Another kind of test was to verify the two algorithms
with the specific parameters for the non-sensibility of the
cable forces. One of the set of specific parameters picked
out is K21 = 61, K22 = 34, H = 0.72m and x = 0.5m and
only one external force (in the case that v = 41.42m/s) was
applied on the moving platform. In the improved close-form
algorithm, the objective is to let all cables tension close to the
medium at the cost of satisfying the Eq.(4). The minimum
and the maximum of the cable tension is set as Tmin =

35N, and Tmax = 285N respectively, which is different with
the sets above. Then the medium is Tm = 160N and cable
tension is set within the range of 80N to 200N based on the
improved close-form algorithm.

In this kind of test, all the cables tension was calculated
and distributed in advance through a wide range of iterations.
The cables tension collected by sensors are shown in Fig.17
and Fig.18. Since the minimum value of the cable tension
under the two algorithms are clearly different, it can be
found that the force sensitivity are extraordinarily manifest.
However, it is formidable to make the control smoothly for
the jumping value of cable tension. Moreover, it also is
struggle to find the suitable difference for cable tension from
two algorithms. But the methodology above mentioned are
efficient for those parameters that have non sensitive to the
force.

Figure 15. Values of resultant sensitivities as the external 
wrench applied on the moving platform with an increasing
X -coordinate of the reference point P .

Experiment validation

Experiments were conducted on the physical prototype, as 
shown in Fig.16, a CDPR consists of frame, pulleys, cables, 
servo motors, motion control card, monitor, transmission 
system, a SDM aircraft model (the fuselage diameter is 53.9 
mm, the maximum length is 377.6 mm, and the wingspan 
is 244.1 mm), and tension sensors, as well as the vision 
measurement system, which uses a camera to capture the 
real-time pose of moving platform. The prototype with a 
flat p latform i nside t he a ircraft w as p laced i n a  low-speed 
wind tunnel. The entrance and exit ends of the tunnel are 
in octagonal shape, with the side length of 356 mm and 
396 mm, respectively. The axial length of test section is 
1075 mm. By regulating the fan speed through frequency 
modulator, the incoming flow speed can be adjusted i n the 
range of 0–51 m/s. In order to monitor the actual pose of 
aircraft model and the cable tension, a camera and eight force 
sensors are used. As to the aircraft pose, six mark points are 
set on the surface, which would be captured by the camera 
through an infrared light source. After the camera calibration 
and image process, the position and attitude information 
could be derived. The measurement precision of attitude is 
0.1 ◦, and that of position is 0.5 mm. As to the cable tension, 
the force sensors were set on the slide block, which moves 
along the ball screw.37

Due to the practical application, the experiments only 
focus on the CDPR with the flat platform inside the aircraft 
and was divided into two kinds of tests. One was to test the 
optimised parameters increasing the sensibility of the cable 
forces, which were K21 = 51 and K22 = 28. That meant the 
width of the front base was set as 0.51m and the width of the 
back base was set as 1.12m. By monitoring camera when the 
aircraft is driven by the wind, the control system keeps pose 
of the aircraft static in the process of moving it to another
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Figure 17. Values of all cable tension distributed by the penalty
function with an increasing time keeping the moving platform
under the constant external wrench.
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Figure 18. Values of all cable tension distributed by the
improved close-form, switching from the penalty function with an
increasing time keeping the moving platform under the constant
external wrench.

Conclusions

This paper presented and formulated the force sensitivity of
a CDPR through identifying feasible geometric dimensions.
Kinematics and dynamics of the 6-DOF CDPR were derived
heading to the structure matrix. Based on the structure matrix
and using optimal algorithms, sensitivity of the CDPR was
investigated resulting in the optimal geometric parameters
for the CDPRs.

Based on the cubic moving platform, results show that
the best dimensions for length, width and height of the
moving platform with the promising sensitivity, are k1 =

0.15, k2 = 0.075 and k3 = 0.075 or 0.1, respectively. The
lower the location of the reference point on moving platform,
the better the sensitivity for the instantaneous change of
the cable tension. On top of this, the results show that
the parameterising structure matrix for force sensitivity is
effective. However, for the flat-type moving platform, the
parameterising structure matrix is less effective than that of
the cubic-shape moving platform.

Experiment validation in the wind tunnel test was carried
out on the CDPR with a flat moving platform. The maximum
absolute error is about 1N compared to the simulation results
with the optimized parameters, which indicates that the
proposed method is effective and efficient.

The modeling, analysis and sensitivity for cable tension
investigated in this work hence have provided the designers
with important pieces of information for choosing the
best geometric parameters for developing measurement
equipment based on CDPRs.

Future work will be firstly directed to verify the
relationship between the stiffness and the sensitivity, which
are both influenced by the geometric dimensions, positions
of the hinges and cables tension. In addition, the algorithms
for distribution of cables tension still need to be improved to
be overwhelmingly quick to promise the real-time control of
the cables tension.
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Appendix

Nomenclature

α the roll angle

β the yaw angle

τe the external force

τe the external moment

ai element of the Jacobean matrix

bi the position vector of the point -shaped hinge in the
global coordinate system

c the position vector of the centre of mass of the
moving platform

li the vector of the ith cable

p the position vector of the reference point P in the
global coordinate system {O}

pi the position vector of the Pi in the globe coordinate
system

q the pose of the moving platform

T the vector of cable tensions

T0 the spatial force system of the cable tension to
balance the gravity

Tw the spatial force system of the cable tension to
balance the gravity and the external wrench

ui the unit direction vector of the ith cable

W the wrench exerted on the moving platform

∆T the difference of the cable tension to balance with no
external wrench and with external wrench

L̇ the velocity vector in cable length space

q̇ the Cartesian velocity of the moving platform

γ the pitch angle

A the Jacobean matrix

C(q, q̇)q̇ the centrifugal and Coriolis force vector

G(q) the gravitational vector

M(q the mass inertia matrix of the moving platform

Wext(q) the external wrench

03×3 the zero matrix

I3×3 the identity matrix

IG the inertia tensor

R the rotational transformation matrix

{O} the global coordinate system

{P} the local coordinate system

ppi the position vector of the Pi in the local coordinate
system

H the heigt of the base relate to the flat-type moving
platform

k1 the ratio of length between the cubic moving
platform and base

k2 the ratio of width between the cubic moving
platform and base

k3 the ratio of heigth between the cubic moving
platform and base

K1 the ratio of the length between the plat-type of the
moving platform and base

K21 the ratio of width between the flat-type moving
platform and front base
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K22 the ratio of width between the flat-type moving
platform and back base

K2 the ratio of the width between the plat-type of the
moving platform and base

mc The mass of the object

Pi the connection point of cable and moving platform

S sensitivity of the CDPR

Tm the midium cable tension

Tmax the maximum cable tension

Tmin the minimum cable tension
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