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Workspace Analysis of 66 Cable-Suspended
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Abstract— In this paper, the effect of the moving platform size
on the workspace volume of 66 cable-suspended parallel robots is
investigated in details for different geometric configurations and
orientations of the moving platform. The obtained hints can be used
as a rule of thumb in designing this type of robot.
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I. INTRODUCTION

N, Cable Driven Parallel Robots (CDPRs), the moving

platform is connected to the base platform by a number of
cables. CDPRs have several advantages compared to
traditional serial or parallel robots. They have high ratio of
payload to robot weight and a much larger workspace which
make them appropriate for high speed applications [1], lifting
heavy loads [2], camera positioning in sports stadiums [3],
service robot [4] and many others. Based on the number of
cables (M) and the number of degrees of freedom (n), there are
three categories for the CDPRs [5], [6], i.e. the incompletely
restrained cable robots (m<n+1), the completely restrained
cable robots (M=n+1) and the redundantly restrained cable
robots (m>n+1). There have been some works in
implementation of the incompletely restrained six cable robot
such as NIST Robocrane [2] and the large scale FAST system
[71.

The static equilibrium workspace of the cable robot is
defined by the set of points where the mass center of the
moving platform (MP) can be positioned while all the cables
are in tension [8]. To this end, at each point within a search
volume, the equation describing the force in each cable is used
to check if tension is obtainable or not. Some authors
attempted to tackle some aspects of the optimal design of
incompletely restrained six cable robots by presenting the
accuracy and workspace volume of the robot for several
geometric configurations, various sizes and orientations of the
base and the MPs [8]-[12].

In 2004, Pusey et al. [8] concluded that for any geometry of
the base and MPs, the largest workspace volume occurs when
the MP is the same size as the base platform (BP). In other
words, for a fixed size of the BP, as the ratio of MP/BP
increases, the workspace volume increases as shown in their
Fig. 5.
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In 2016, Bahrami and Nikkhah-Bahrami [11] pointed out
that Pusey et al. [8] actually demonstrated the true effect of the
BP size on the workspace volume instead of their mentioned
intention to present the effect of the MP size. Although Pusey
et al. [8] presented the true effect of the BP size on the
workspace volume as mentioned by Bahrami and Nikkhah-
Bahrami [11], to the best knowledge of the authors, there is
still no work which presents the true effect of the MP size on
the average workspace volume including non-zero orientations
of a 6-6 cable-suspended parallel robot. Moreover, unlike
prior works, the possible collision between a physical BP and
MP is also considered in the present study. For these two
major reasons, this work attempts to present the effect of the
MP size on the average workspace volume of this type of
cable robot while considering the possible collision between a
physical BP and MP. The obtained hints and values are highly
important in designing this type of cable robot and similar
configurations.

II. KINEMATIC MODELING

The 6-6 cable-suspended parallel robot has a fixed platform,
an MP and six cables each connected to a connection point on
the MP A; and one of the connection points on the fixed
platform B;, allowing six degrees of freedom as shown in Fig.
1. Or is considered as the origin of the fixed frame XYZ
which is located at the center of the BP and Ow is considered
as the origin of the body frame xyz attached to the mass center
of the MP. rIpase is the radius distance from Of to the
connection points on the base platform B; and renq is the radius
distance from Op to the connection points on the moving
platform A;. Figs. 2 (a) and (b) show the y angle of the BP
(Ybase) and the MP (yenq), respectively. The applied diagram of
the model is shown in Fig. 3. This expression can be obtained
from Fig. 3:

1, =p+RMa, b,

i L1=12,3,..,6 (1)
where bi is the position vector of the connection points on the
base platform B; in the fixed frame XYZ, Ma; is the position
vector of the connection points on the moving platform A; in
the body frame xyz, p is the position vector of the point Ow, li
is the cable length vector from B;j to A;j ,and R is the rotation
matrix of the MP with respect to the BP with three rotation
angles v, 0, ¢ about the fixed axes of X, Y and Z , respectively
which can be defined as:
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Fig. 1 The model of a 6-6 cable parallel robot
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Fig. 2 The y angle for (a) the BP and (b) the MP
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The cable length g; can be defined as:
g =[L|=0"1)"? Li=1,23,..6 3)
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Fig. 3 The vector polygon diagram of the robot

The Jacobian matrix J relates the twist of the MP

t=[p' o] to the cable velocity vectorg=[g & & G G Gl

s

written as:

q=1Jt @)

where @' is the angular velocity vector of the MP with respect
to the fixed frame XYZ. The Jacobian matrix J is represented
such that its ith row is:

where,
Ba, =RMa, (6)

The relation between the cable tensions and external wrench
on the MP can be defined as:

T,
=F,
J's ext (7)
where s is the vector of cable tensionss=[s; s, s; sq s5 S »
and Fext is the vector of external wrench applied to the MP,
Fe=[0 0 -mg 0 0 o] . For calculating tension in the cables,

(7) can also be written as:
s=JTF,, (®)

The static equilibrium workspace is defined by the number
of points where the mass center of the MP can be placed while
all the cables must be in tension [8]. Therefore, at each point
within the search volume if all the elements of the vector of
the cable tensions obtained from (8) have nonnegative values
si >0, that point belongs to static equilibrium workspace

volume.
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III. RESULTS

A MATLAB program is created for analyzing the
workspace volume of the 6-6 cable suspended robot which
tests the points within the search space to define whether they
belong to the static equilibrium workspace volume of the robot
or not. The program input includes the size and the geometry
of both platforms (Ivase, Fends Ybase» Yend), the position and
orientation of the MP, the desired search volume, and
incremental step size for the search. To keep consistency, the
values of the step size along all three axes, the search volume
for possible workspace volume, and the geometry of both
platforms are taken from Pusey et al. [8] as:

e The search volume is a cube with the dimensions: -10<
Z<0 m, -8 m<Y<8 m, -8 m<X<8 m.

e The step size for the search is 0.4 m for all X, Y, and Z
axes.

e The geometry of the BP is the same as the MP:
Y=Ybase=Yend-

By setting these values of the parameters and using (8), one
can obtain the number of points as the workspace volume
index.

BP/MP
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Fig. 4 The effect of the ratio of BP/MP on the workspace volume for
orientation y = 0 = = 0, Fend=6 M
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Fig. 5 The effect of the ratio of MP/BP on the workspace volume for
orientation y =@ = ¢ = 0 , Mbase=6 M

Fig. 4 demonstrates the variation of the workspace volume
with respect to the ratio of BP/MP in case of zero rotation for
different geometric configurations 7 . It can be observed that

for a fixed size of the MP, as the size of the BP increases, the
workspace volume increases for all geometric configurations.
Fig. 5 shows the effect of MP/BP on the workspace volume in
case of zero rotation for different geometric configurations y .

It can be observed that for a fixed size of the BP, as the ratio
of MP to BP changes, the workspace volume remains constant
in case of zero rotation for all geometric configurations.

In attempting a broader range of studies besides the case of
zero rotation y =60 =¢ =0, 637 different orientations are

considered. The workspace volume is evaluated for all 637
constant orientation combinations of y,0, and @ defined in

Table I of [8] as:
o -30<y <30, Ay =10
e -30<0<30,A0=10
e -60<¢<60,A¢$=10

Due to the vast amount of information involved, the
individual workspace volume shapes at every constant
orientation are not presented. To reduce the amount of data
pertaining to 637 orientations observed, averages of the
workspace volume are used. All the obtained workspace
volume values for 637 different roll, pitch and yaw angles are
averaged for different geometric configurations, the BP and
the MP sizes.
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Fig. 6 The effect of the ratio of MP/BP on the average workspace

volume (Ibase=6 m)

The variation of the average workspace volume is presented
in Table I and Figs. 6 and 7. It is noticeable that the trend seen
in Figs. 6 and 7 is nearly similar to the case of zero rotation
presented in Figs. 4 and 5. The obvious difference is that when
the size of the BP is constant, as the size of the MP increases,
the average workspace volume increases.

1945



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:12, 2016

BP/MP

Otk I | |
0 200 400 600 800 1000 1200 1400 1600 1800
Average Workspace Volume

Fig. 7 The effect of the ratio of BP/MP on the average workspace
volume (Fend=6 m)

TABLEI
AVERAGE WORKSPACE VOLUME WITHOUT THE EFFECT OF POSSIBLE
COLLISION FOR DIFFERENT SIZES OF THE MP

MP/BP ¥ =0 15 30 45
0.2 15386 6029  161.6  18.0
04 15955 6333 1760 183
0.6 1646.1  657.8  188.0 212
0.8 16813 6747 1960 244

1 17040 6829 1989 252
TABLEII

AVERAGE WORKSPACE VOLUME WITH THE EFFECT OF POSSIBLE COLLISION
FOR DIFFERENT SIZES OF THE MP

MP/BP 7 =0 15 30 45
0.2 1535.2 602.9 161.6 18.0
0.4 1578.6 633.0 176.0 18.2
0.6 1610.8 655.6 187.9 21.1
0.8 1615.5 666.9 195.2 243

1 15943 665.4 196.4 25.0
12 1551.7 650.2 193.4 254
1.4 1478.5 621.6 186.4 23.0
1.6 1404.7 588.4 173.9 19.5
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Fig. 8 Average workspace volume with the effect of possible
collision for different sizes of the MP (rbase=6 m)

The average workspace volume difference between the
smallest and largest sizes of the MP is about 10%, 13%, 23%,
and 40% for the geometric configurations y =0, 15, 30, 45,

respectively as presented in Table I. It should be mentioned
that the possible collision between a physical BP and MP was
not considered in [8] and our initial calculation. It is evident
that as the size of the MP increases, the average workspace
volume decreases due to an increase in the possibility of
collision between two platforms for any small rotation of a
larger MP near the BP. In other words, the average workspace
volume difference would be less considering the possible
collision which will be shown later in Fig. 8 and Table II.

Table II and Fig. 8 show the variation of the average
workspace volume with respect to the size of the MP when the
possible collision between a physical BP and MP is taken into
account in the calculation. The z coordinate of all the MP
vertices should be below the BP to avoid any possible
collision formulated as:

k(p+RMa)<0 ,i=12,3,..,6 )

It is noticeable from Fig. 8 that there exists an optimal MP
size for any geometric configuration where the average
workspace volume reaches its maximum value in this case.
The average workspace volume reaches its maximum value at
the MP/BP ratios of 0.73, 0.80, 0.93, and 1.20 for the
geometric configurations ¥ =0, 15, 30, 45, respectively. As a

result, the optimal size of the MP increases with increasing the
geometric configuration ¥ . Moreover, it can be deduced from

Tables I and II that the effect of the possible collision on the
average workspace volume is more significant for the
geometric configuration y =0 while the effect is less

significant for the geometric configuration ¥ =45. These hints

can be used as a rule of thumb in designing this type of robot
and similar configurations.

IV. CONCLUSION

This paper presents the effect of the MP size on the
workspace volume of 6-6 cable-suspended parallel robots
considering  different geometric  configurations and
orientations of the MP. The following conclusions were
drawn:

e For a fixed size of the BP, as the ratio of MP/BP
increases, the workspace volume remains constant for all
geometric configurations in case of zero rotation of the
MP.

e For a fixed size of the MP, as the ratio of BP/MP
increases, the workspace volume increases for all
geometric configurations in case of zero rotation of the
MP.

e For a fixed size of the BP, as the ratio of MP/BP
increases, the average workspace volume increases for all
geometric configurations.

e The size of the MP has the least effect on the average
workspace volume for the geometric configuration y =0
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while it has the greatest effect on the average workspace
volume for the geometric configuration y =45.

There exists an optimal MP size for any geometric
configuration where the average workspace volume
reaches its maximum value when the effect of the possible
collision between the BP and the MP is taken into
account.

The optimal size of the MP increases with increasing the
geometric configuration y .

The effect of the possible collision on the average
workspace volume is more significant for the geometric
configuration ¥ =0 while the effect is less significant for

the geometric configuration y =45.
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