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Abstract:   The return capsule needs to be launched to the moon and return back to earth in the third stage of the Chinese lunar explor-
ation project. Therefore, it is necessary to perform simulations on the ground. This paper presents an 8-cable-driven parallel manipulat-
or to achieve end-force output in a low-gravity environment. End-force output refers to the vector sum of the external force on the end-
effector. A model of end-force output  is established based on a kinematics model, a dynamic model, and a  force analysis of an 8-cable
driven parallel manipulator. To obtain end-force output in a low-gravity environment, the cable force has to be controlled to counteract
gravity. In addition, a force-position mix control strategy is proposed to proactively control the cable force according to the force optim-
al distribution given by the closed-form force distribution method. Furthermore, a suitable choice for an end-force output is obtained by
modeling the effect of cable force on end-force output. Experimental results show that the actual cable force agrees well with the calcu-
lated force distribution, indicating that it is feasible to realize end-force output in a low gravity environment.
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1   Introduction

1

6

Landing on  the  moon,  building  lunar  bases,  and  ex-

ploring lunar resources have attracted increasing interest

in space activities.  In order to achieve this,  it  is  import-

ant to launch the return capsule to the moon and ensure

that it returns back to earth. The gravity on the moon is

 of that on earth. Besides, the sustainer thrust and pose

of the rocket will have a high degree of coupling owing to

the complex  topography  and  soft  soil  on  the  lunar  sur-

face without fixed support. For a successful rocket launch

from  the  moon,  a  great  amount  of  analysis,  calculation,

and simulation need to be carried out on earth, which in-

volves  low-gravity  simulations  and  launching  the  return

capsule in any given direction.  The launch of  the return

capsule can be regarded as end-force output, which is the

vector sum of  the  external  force  on  the  end-effector,  in-

cluding  cable  force,  gravity,  and  other  forces  acting  on

the end-effector.

Available  technologies  such  as  plane  parabola,  water

tank,  rigid  parallel  manipulator,  single  cable  suspension

mechanism and real object launch can realize simulations

in  a  low-gravity  environment.  A  novel  dynamical  model

of parabolic  flight  was  established  by  Karmal  and  Shel-

hamer[1]. This  method  can  create  a  low  gravity  environ-

ment for a short time. However, due to the limited space

in  the  aircraft,  it  is  only  suitable  for  astronaut  training

and  scientific  research.  The  buoyancy  balance  method[2]

can  counteract  partial  gravity  by  means  of  buoyancy  of

liquid in water  tank,  but the requirements of  high-speed

motion  cannot  be  satisfied  in  the  process  of  simulating

launching the  return capsule.  The rigid  parallel  manipu-

lator[3, 4] can achieve a small workspace in which the force

is  limited.  A  single  cable  suspension  mechanism[5, 6] can

counterbalance  the  force  of  gravity  in  a  large  workspace

but confines the degree-of-freedom of motion. The techno-

logy of end-force output is not available in a non-vertical

direction. Because of the high costs of real object launch,

it is not a feasible way to achieve repetitive experiments.

The realization  of  end-force  output  will  be  of  consider-

able significance in the field of cable force control. Based

on  the  single  cable  suspension  mechanism,  this  study

presents an 8-cable-driven parallel manipulator which can

achieve end-force  output  in  any direction in  a  low grav-

ity environment.

Cable-driven  parallel  manipulators  (CDPMs),  which

use flexible cables instead of rigid connectors, can achieve

six  degree-of-freedom  motion.  In  the  1980s,  scientists

began to research CDPMs. Verhoeven[7] presented the re-

lationship  between  the  number  of  cables m and n de-
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grees  of  freedom.  The  system is  defined  by  incompletely

restrained positioning mechanisms (IRPMs) ,

completely  restrained  positioning  mechanisms  (CRPMs)

,  and  redundantly  restrained  positioning

mechanisms  (RRPMs) . In  recent  years,  re-

search  on  CDPMs has  achieved  rapid  development.  The

technology has been applied to various fields[8–16], such as

suspension, assembly,  large  radio  telescope,  macro  grav-

ity simulation,  search-and-rescue  operations  in  earth-

quakes, vehicle simulations, and gait training. The applic-

ations of  the  CDPMs  mainly  focus  on  the  position  con-

trol,  in which the cable is  required to be pulled and not

broken. However, few applications of CDPMs are applied

to end-force output. Compared with other equipment, the

advantages of using the CDPMs are large workspace, low

cost, high-speed motion and end-force output in any dir-

ection.

In the force distribution optimization design, Hiller et

al.[17] presented the method of force distribution optimiza-

tion in  any RRPM system and proved the  continuity  of

cable  force  in  some  trajectory.  Mikelsons  et  al.[18] im-

proved the above method. They presented a fast solution

method and time-optimal trajectories on the basis of con-

tinuity, which can be applied to a real-time system. Tang

et al.[19] discussed the relation between cable tension and

workspace.  Gosselin  and Grenier[20] adopted  the p-norms

cable force distribution method. Pott et al.[21] presented a

closed-form method to calculate  the cable  force  distribu-

tion,  which  greatly  improved  the  calculation  efficiency.

Compared with the existing cable force distribution meth-

ods,  the  closed-form  method  is  more  suitable  for  an  8-

cable-driven parallel  manipulator  due  to  its  high  effi-

ciency. In addition, scholars presented different optimiza-

tion algorithms[22–24] considering parameters such as min-

imum power and mean force. Lamine et al.[25] presented a

method  to  design  CDPMs  by  using  interval  analysis.

Zhang  et  al.[26] designed  a  position/force  hybrid  control

system for a gripper. Zhang et al.[27] analyzed the motion-

force transmissibility characteristics based on the parallel

machine.  Mostly,  the  methods  are  applied  to  numerical

simulation and  other  mechanisms.  Few  studies  have  fo-

cused on controlling the cable force and analysing the res-

ults of force optimization based on the CDPMs.

In this  study,  we  use  the  8-cable-driven  parallel  ma-

nipulator shown in Fig. 1 to simulate the low-gravity en-

vironment and achieve end-force output in such an envir-

onment. A  model  based  on  end-force  output  is  estab-

lished. Then, a force–position mix control strategy is pro-

posed to control the cable force according to the force op-

timal  distribution.  The  results  of  the  cable  force  control

and end-force output are verified by the experiment.

This paper is organized as follows. Section 2 presents

the kinematic and dynamic modelling of the 8-cable-driv-

en  parallel  manipulator  is  established.  In  Section  3,  the

processes  of  end-force  output  and  the  force  distribution

method are described. Then, Section 4 presents the simu-

lations performed  in  a  low-gravity  environment  and  ex-

periments of end-force output are performed, and the res-

ults are presented in Section 5. Finally, Section 6 presents

the conclusions of this study and discusses ongoing work.

2   Modeling

The 8-cable-driven parallel  manipulator  considered in

this study is  shown in Fig. 1. Eight cables are connected

in  parallel  to  the  end-effector  of  motors  mounted  on  a

fixed base  and  control  the  end-effector  by  exerting  ten-

sions  on  the  cables.  Four  connections  are  located  in  the

upper part of the end-effector and the other four connec-

tions are located at the bottom. The motors mounted at

the bottom of the fixed base are connected to the upper

four  cables  through  pulleys.  The  kinematic  architecture

and force system of the 8-cable-driven parallel manipulat-

or is shown in Fig. 2.

KO

KP

p = [xP yP zP ]
T

In Fig. 2,  is the base frame that is defined with its

origin at the middle point O of the bottom surface of the

fixed base. The frame  is fixed at a middle point P of

the upper surface of the end-effector. The position of the

end-effector  can  be  given  as  in  frame
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Fig. 1     Eight-cable driven parallel manipulator
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Fig. 2     Kinematic  architecture  and  force  system  of  8-cable-
driven parallel manipulator
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α x

β y γ z

X = [xP yP zP α β γ]T

. The orientation of the end-effector can be described

by a space-three rotation sequence of  about the -axis,

 about the -axis, and  about the -axis. The six vari-

ables  of  the  pose  of  the  end-effector  are  denoted  by

.

i (i = 1, 2, · · · , 8) i (i = 1, 2, · · · , 8)

ai
P bi ai (i = 1, 2, · · · , 8) P bi (i = 1, 2, · · · , 8)

KO

KP li (i = 1, 2, · · · , 8)

It is assumed that the cables are straight without con-

sidering  the  cable  sagging  effect  because  the  span  of

cables are limited. A  and B

are  the  two  attaching  points  of  the  eight  cables  on  the

base  and  end-effector,  respectively.  The  positions  of  the

two  attaching  points  are  represented  by  vectors  and

, where  and  are

constant  vectors  in  the  base  frame  and  end-effector

frame ,  respectively.  is  the  vector

along the cable and has the same length as the cable. Un-

der  kinematics  modeling,  the position of  the end-effector

can be denoted as

li = ai − p−R ·P bi, (i = 1, 2, · · · , 8) . (1)

The unit vector along the cable can be denoted as

ui =
li
|li|

=
ai − p−R ·P bi
|ai − p−R ·P bi|

, (i = 1, 2, · · · , 8) (2)

R

KP KO

where  is the rotation matrix of the end-effector frame

 relative to the base frame , which can be denoted as

R =R (z, γ)R (y, β)R (x, α) =cγcβ cγsβsα− sγcα cγsβcα+ sγsα

sγcβ sγsβsα− cγcα sγsβcα− cγsα

−sβ cβsα cβcα

 .

From (1),

l2i = [ai − p− bi]
T [ai − p− bi]

bi = R ·P bi. (3)

Differentiating (3) with respect to time, and then or-

ganizing the equations into matrix form, we obtain

l̇ = −AẊ (4)

l̇ = [l̇1 l̇2 · · · l̇8]
T

AT =
[ u1 · · · u8

b1 × u1 · · · b8 × u8

]

Ẋ =
[
ṗ
ω

]
= [ẋP ẏP żP ωx ωy ωz]

T .

ṗ

ω

In the above equations, vector  represents the linear

velocity of point P and vector  denotes the angular ve-

locity  of  the  end-effector.  For  the  8-cable-driven  parallel

manipulator  considered  in  this  study,  the  mass  of  the

cables can be negligible compared with those of the end-

effector  and  payload.  In  other  words,  each  cable  can  be

modeled as a massless string, which will simplify the dy-

namic modelling of this cable-driven robot. Under this as-

sumption,  the  dynamic  model  of  this  cable-driven  robot

with  respect  to  point P is  obtained  using  the  Newton-

Euler method as follows:

ATf + ωP + ωg = MẌ +NẊ (5)

which can be simplified to

ATf + ω = 0 (6)

f = [f1 f2 · · · f8]
T , fi > 0 (i = 1, 2, · · · , 8)

ω = ωP + ωg −MẌ −NẊ

Ẍ =
[
p̈
ω̇

]
= [ẍP ÿP z̈P ω̇x ω̇y ω̇z]

T

M =

[
mI −mc×

mc× I

]
, N =

[
0 −m(ω × c)×

m(ω × c)× − (Iω)×

]

ωP =
[
fP

τP

]
, ωg =

[ mg
c×mg

]
.

p̈

ω̇

f

fi = fiui =
fili
∥li∥

, (i = 1, 2, · · · , 8) fP

τP
m g

I

KO c

KP ( )×

In the above equations, vector  represents the linear

acceleration of point P and vector  denotes the angular

acceleration of the end-effector.  is a vector consisting of

eight  individual  cable  forces.  The  individual  cable  force

can  be  denoted  as . 

and  are  the  external  force  and  moment  applied  to

point P.  is the mass of the end-effector and load, and 

is the acceleration due to gravity.  is the moment of the

end-effector and  load  about  its  center  of  mess  with  re-

spect to the basic vectors of frame .  is the position

vector of  the center of  mass of  the end-effector in frame

.  is  an operator,  representing the transformation

from vector to matrix form.

(fi > 0)

From dynamic  (6),  one  can find a  set  of  cable  forces

at  any  given  motion  conditions.  Because  a  cable  has  to

maintain tension , the solution of (6) will  not al-

ways  be  feasible.  Moreover,  the  8-cable-driven  parallel

manipulators are redundantly actuated so that (6) is  in-

determinate. In other words, (6) will  have multiple solu-

tions.  Therefore,  a force optimal distribution is  required,

which will be addressed in the next section.

3   End-force output and force
distribution in low gravity
environment

3.1   End-force output in low-gravity envir-
onment

The end-force output is to produce a specified force by
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the end-effector along the designated direction, which has

to remain parallel to the normal direction of end-effector,

by controlling the cable force. Meanwhile, the end-effector

will be driven in accelerated motion because of the com-

bined  forces  of  cables  and gravity.  To simulate  the  low-

gravity  environment  and  obtain  the  end-force  output  in

such an  environment,  the  cable  force  should  be  con-

trolled to drive the accelerated motion of the end-effector

and  counteract  gravity  simultaneously.  As  shown  in

Fig. 3,  the  combined  force f of  the  8-cable-driven  force

can be defined into two parts as follows:

f = fg + fm (7)

F = G+ f = ma (8)

F = G
′
+ fm = ma (9)

G
′
= αmg, G = mg, fg = −(1− α)mg. (10)

fg f

G
′
= αmg

fm

F G f

G
′

fm

KO

[xP , yP , zP ]
T

a = [ẍP , ÿP , z̈P ]
T

a F

In the above equations,  is one component of  used

for counteracting part of gravity to simulate a low-grav-

ity  environment.  is  the gravity of  the end-ef-

fector  and  load  in  a  low-gravity  environment.  is an-

other  component  to  drive  the  motion of  the  end-effector

in low gravity.  denotes the combined force of  and .

It  is  also considered to be the combined force of  and

 in  a  low-gravity  environment,  which is  the  end-force

output of  the  end-effector  according  to  experimental  re-

quirement.  Let  the  position  of  point P in  frame  be

given  by .  The  acceleration  of  point P is

then given by . Further, the end-effector

is driven to move in acceleration  due to the force .

F

In the  movement  of  the  end-force  output,  the  direc-

tion  of  the  combined  force  is similar  to  that  of  velo-

city and acceleration of  the end-effector because the dir-

ection  of  the  end-force  output  has  to  remain  parallel  to

ω = 0
ω̇ = 0

the  normal  direction  of  the  end-effector,  which  implies

that the end-effector has to maintain a fixed orientation.

Thus, ideally, the angular velocity should be , and

the angular acceleration should be .

c = 0
N

For the  8-cable-driven  parallel  manipulator  con-

sidered  in  this  study,  weights  are  used  for  the  loads

mounted on the end-effector. It is assumed that the cen-

ter gravity of the end-effector and load overlaps at point

P,  i.e., , because the size of  the end-effector is  lim-

ited. The Coriolis force, which is denoted by  in the dy-

namic  (6),  can  be  ignored  in  the  movement  of  the  end-

force  output.  Besides,  there  are  no  external  forces  and

torques acting on the end-effector. Therefore, the dynam-

ic (6) can be simplified to

[ u1 · · · u8

b1 × u1 · · · b8 × u8

]f1

...
f8

+M
[
g − a

0
]
= 0. (11)

By substituting (11) into (9) and (10), we obtain

[ u1 · · · u8

b1 × u1 · · · b8 × u8

]fg1

...
fg8

+M
[
(1− α) g

0

]
= 0

(12)

[ u1 · · · u8

b1 × u1 · · · b8 × u8

]fm1

...
fm8

+M
[
αg − a

0
]
= 0. (13)

fg fm

f

From (12) and (13),  one has the components , .

The force of the eight cables  can be computed from (7).

For  the  simulation  of  the  end-force  output  in  a  low-

gravity environment, controlling the cable force is one of

the  most  important  process,  which  requires  an  optimal

cable force distribution. The method of cable force distri-

bution will be addressed in the next section.

3.2   Method of cable force distribution

fmin fmax

For the  8-cable-driven  parallel  manipulator  con-

sidered  in  this  study,  the  cable  force  distribution  is  to

compute  the  solutions  of  (12),  (13)  which is  satisfied  by

the requirements of the force control. The solution should

be in the feasible  region given by the bounds , 

to  avoid  cable  over-sagging  and  overload  of  the  motors.

The basic problem of force distribution can be written as

follows:

ATf + ω = 0, (f1, · · · , f8) ∈ [fmin, fmax] . (14)

Moreover,  the  8-cable-driven  parallel  manipulator  is

designed for end-force output. Therefore, the force distri-

bution  has  to  be  continuous  along  the  trajectory  of  the

end-effector  to  satisfy  the  real-time  control  requirement
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mg

x
y
z Fθ

fg
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Fig. 3     End-force output
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and reduce vibration.

The cable  force  distribution  satisfying  the  above  re-

quirements can  be  given  by  the  closed-form force  distri-

bution  method presented  by  Pott  et  al.[21].  The  problem

of force distribution (14) can be converted to a solution of

two-norm optimization as follows:

min ∥fv∥2 = min ∥f − fm∥2

s.t.
{
ATfv = −ω −ATfm

fmin ≤ fi ≤ fmax, i = 1, 2, · · · , 8
(15)

f=fm+fv fm,i =
fmin + fmax

2
, (i = 1, 2, · · · , 8)where , .

The  result  of  (15)  can  be  obtained  using  Moore-Penrose

generalized inverse, yielding

f = fm −A+T
(
ω −ATfm

)
. (16)

f

fmin fmax

The resulting force distribution  is the final result if

it is in the force range given by the bounds , .

me = 0.5 kg ml = 5 kg
fmin = 10N fmax = 100N

F
1

20

(
α =

1

20

)
F = ma = 5.5 kg × 0.2m/s2 = 1.1N
F β = 5◦

a = 0.2m/s2

The geometrical properties of the 8-cable-driven paral-

lel  manipulator  are  listed  in Table  1.  The  mass  of  the

end-effector  is ,  and  the  load  is .

The  force  bounds  are , .  The  8-

cable-driven  parallel  manipulator  is  used  to  output  an

end-force  in a  gravity environment  along

the trajectory shown in Fig. 3. The magnitude of the end-

force  is , and the  dir-

ection of  is  between the z-axis and vertical dir-

ection in the XPZ plane. The acceleration of the end-ef-

fector is . As shown in Fig. 4, the force distri-

bution can be obtained using the closed-form force distri-

bution method in this situation.

4   Optimization of pre-tightening force

for end-force output

4.1   Modeling of the effect of the cable force

on end-force output

In  practical  cases  of  end-force  output,  the  results  of

the end-force output will deviate from the ideal value un-

der  error  control  of  cable  force.  As  shown  in Fig. 5,  the

cable forces differ from the ideal value so that the direc-

tion of composition of the cable forces f and gravity mg

could not remain in the ideal direction, which is along the

normal direction of the end-effector. Furthermore, the ac-

celeration  error  of  the  end-effector  will  be  influenced  by

 

Table 1    Geometrical properties of the 8-cable-driven parallel
manipulator

Cable i End-effector vector Pbi (m) Base vector ai (m)

1 (0.045, 0.045,0) (0.790, 0.520,0)

2 (0.045, –0.045, 0) (0.790, –0.520, 0)

3 (–0.045, –0.045, 0) (–0.790, –0.520, 0)

4 (–0.045, 0.045, 0) (–0.790, 0.520, 0)

5 (0.045, 0.045, –0.085) (0.790, 0.520, 1.780)

7 (–0.045, –0.045, –0.085) (–0.790, –0.520, 1.780)

8 (–0.045, 0.045, –0.085) (–0.790, 0.520, 1.780)
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Fig. 4     Force  distribution  by  closed-form  force  distribution
method
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the  bias  of  composition  force.  We  can  choose  the  pose

and acceleration value of the end-effector to describe the

situation of end-force output in practical cases.

On  using  Newton-Euler′s  laws,  the  equations  of  the

practical motion of the end-effector can be written in the

following form:



AT(X)f = MẌ =



mẍP

mÿP

m (z̈P + g)

I


α̈

β̈

γ̈




X0 = X∗

t ∈ (0, T )

(17)

X = [xP yP zP α β γ]T

f

X
X0

X∗ = [x∗
P y∗

P z∗P α∗ β∗ γ∗]T

where  is the practical pose of

the end-effector.  is a vector consisting of eight practical

values  of  cable  forces.  Equation  (17)  is  a  differential

coefficient equation group involving .  The initial  value

 of  the  end-effector  in  the  movement  of  end-force

output is  given by . T is

the total time of end-force output movement.

ti

X(ti)

The numerical  solution  of  equation  (17)  can  be  ob-

tained by a discrete model in time. At any given time 

in  the  process  of  end-force  output,  the  practical  pose  of

the end-effector can be given by . The total time of

movement T can be divided into small time intervals giv-

en by

∆ti = [ti, ti+1] , i = 0, 1, · · · , N − 1. (18)

∆ti
t ∈ [ti, ti+1]

Xi(t) ∆ti

X

For  the  time  interval ,  the  practical  pose  of  the

end-effector at any moment  can be described

as . Therefore, in any time interval , a differen-

tial  coefficient  equation  group  involving  can be  de-

scribed as



AT(X(t))fi = MẌ(t)

Xi
0 = Xi−1(ti), (i = 1, 2, · · · , N − 1)

Xi
0 = X∗, (i = 0)

t ∈ (ti, ti+1)

(19)

fi = fi(Xi)

∆ti

fi

∆ti
∆ti Xi

0

Xi(ti+1)

ti+1

where  is  a  vector,  consisting  of  eight

individual  cable  forces  according to  the pose  of  the end-

effector  at  the  given  time  interval ,  which  can  be

solved  using  the  close-form  cable  force  distribution

method  mentioned  in  Section  2.  The  cable  forces  is

constant  during  the  time  interval .  Let  the  initial

value  of  the  time  interval  be  given  by .  By

obtaining a discrete solution to the differential coefficient

equation given by (19), one can obtain the pose 

of  the  end-effector  at  moment  in  the  time  interval

∆ti = [ti, ti+1]

Xi+1
0 ∆ti+1

X̄ = [X(t0),X(t1), · · · ,X(tN ), ]

T ∆ti

X̄

,  which can be used as the initial value of

 in  the  time  interval .  Therefore,  the  discrete

solution  is  obtained  in

the total time of movement . If the time interval  is

sufficiently small,  could be regarded as the solution to

the dynamics equation given in (17).

4.2   Optimization of pre-tightening force
for end-force output

Fpre

Fpre

Fpre

Fpre

fm

For  the  8-cable-driven  parallel  mechanism  considered

in this study, the cable force distribution is a multi-solu-

tion problem. The pre-tightening force  is defined as

the  minimum  of  each  cable  force  distribution.  The  pre-

tightening  force  differs  under  different  results  of

cable  force  distribution.  To  obtain  a  good  effect  of  end-

force output, a major issue in real control is to choose a

reasonable pre-tightening force . The cable force dis-

tribution under different values of  can be calculated

using the  closed-form  force  distribution  method  men-

tioned in  Section  2  by adjusting  the  value  of ,  which

represents the  boundary  condition  of  the  two-norm  op-

timization problem given by (15).

Fpre

m = 5.5 kg
a = 0.2m/s2

(0◦, 5◦, 0◦)

F = ma = 5.5 kg × 0.2m/s2 = 1.1N
F

In actual control, the practical cable force usually fluc-

tuates according to the ideal cable force. The fluctuating

error  can  be  simplified  into  sine  waveforms.  Under  the

same  fluctuating  error,  the  cable  force  distributions  for

different  values  of  are  shown  in Fig. 6.  The  total

mass of  the load and end-effector is . The ac-

celeration  of  the  end-effector  is . The  atti-

tude angle of the end-effector is . The value of

the  end-force  is .  The

direction  of  is along  the  normal  direction  of  the  sur-

face of the end-effector. The calculation of cable force dis-

tribution is according to the ideal end-force output. In ac-

tual control, the practical cable forces will approach that

ideal value.

a X

Using the effect of cable force on end-force output ad-

dressed in Section 3.1, the practical value of acceleration

 and pose  of the end-effector are shown in Fig. 7.

a Fpre

a

β Fpre

η = 0.5

Fpre

As shown in Fig. 7, the error in the value of accelera-

tion  becomes larger  with the  increase  in ,  but  the

error in the attitude angle becomes smaller. Using the er-

ror index shown in (20), we can evaluate the error condi-

tions of the practical value of acceleration  and attitude

angle  for different values of  shown in Fig. 8, which

indicate  the  effect  of  end-force  output.  Let ,  the

suitable value of  is obtained as shown in Fig. 8.

ε = ηεacc + (1− η)εangle,β

εacc =
max(δa)

|a0|
, εangle,β =

max(δβ)
β0

. (20)

Fpre

5 kg Fpre = 15N Fpre

From Fig. 9,  we know that  the suitable  value of 

for a total mass of  is . The value of 

varies  under  different  loads.  As  the  load  increases,  the
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Fpresuitable  value  of  becomes  larger,  which  obtains  a

better effect of end-force output.

5   Cable force control and experiment

results

In  the  simulation  experiment  of  end-force  output  in
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fi

F

the low environment, the end-effector has to be driven in

specified motion by cables. At the same time, each cable

force  has to be controlled to counteract part of gravity

and make the combined force  acting on the end-effect-

or to satisfy the experiment design. In this paper, the 8-

cable driven parallel manipulator mentioned above is ap-

plied to that simulation experiment.

5.1   Experiment equipment description
and cable force control strategy

As shown in Fig. 10, the experimental system consists

of an  8-cable-driven  parallel  manipulator,  a  control  sys-

tem, and a measuring system. The Turbo Programmable

Multi-Axis  Controller  (PMAC)  in  the  control  system  is

used  to  control  the  motors  under  motion  program.  The

measuring  system  consists  of  force  sensors  (DJSX-44-

100 kg) and linear wire encoders, which are used for meas-

uring the cable force and position of the end-effector, re-

fi

spectively.  Based  on  the  measuring  feedback,  each  cable

force  is  controlled by the control  system. The control

frequency  is  100 Hz,  and  the  measuring  frequency  is

200 Hz.

f f0

f0 − f > 0

The  force-position  mix  control  strategy  is  applied  to

cable  force  control.  As  shown  in  the  control  strategy

block  in Fig. 11,  the  motors  drive  the  variation  of  each

cable length under the motion program by using the con-

trol system.  Meanwhile,  each  cable  length  will  be  adjus-

ted  per  control  cycle  by  comparing  results  between  the

measuring force  and force distribution . For example,

the cable  will  be  pulled in  unit  length based on the  ori-

ginal  length  given  by  the  motion  program if .

Therefore,  the  force-position  mix  control  strategy  can

control the motion of the end-effector and vary the cable

force according to the results of force distribution simul-

taneously.

5.2   Simulation experiment of low gravity
environment

1

20

1

20

First, the  8-cable-driven  parallel  manipulator  is  ap-

plied  to  simulate  the  low-gravity  environment  and

achieve the  specified  motion  in  that  environment.  Be-

cause the  end-force  can  be  applied  accurately  by  con-

trolling  the  cable  force,  the  end-effector  can  move  in

space  with  a  given  acceleration.  For  instance,  when  the

end-effector moves with a horizontal projection motion, a

low  gravity  environment  is  created  because  part  of  the

gravity  is  counteracted  by  the  component  of  the  cable

force. The experiment is designed to simulate an environ-

ment whose gravity is  of that on earth. In that envir-

onment, the end-effector, which has a horizontal velocity,

will  move  under  the  gravity with  horizontal  projec-

tion. The total mass of the end-effector and load is 5.5 kg.

The  horizontal  velocity v0 is  0.01 m/s.  The  end-effector

has a –10° rotation about the y-axis. The motion state of

the end-effector is  shown in Fig. 12. The actual displace-

ment of  the  end-effector  measured  using  cable-type  en-

coders is shown in Fig. 13.

As  shown  in Fig. 13,  the  end-effector  is  driven  to
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0.504m/s2

1
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1
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1

20

achieve  horizontal  projection  under  gravity.  The

change  of  actual  displacement  with  time  is  consistent

with the theoretical value. When taking the second order

derivative  of  the  fitting  curve  of  vertical  displacement,

the vertical acceleration of the end-effector is ,

which  is  very  close  to  gravity.  Therefore,  the  end-ef-

fector  can  be  regarded  to  be  in  the  gravity environ-

ment. In other words, the 8-cable driven parallel manipu-

lator  can  successfully  simulate  the  gravity environ-

ment. Further, the 8-cable driven parallel manipulator is

redundantly actuated,  which can control  the pose of  the

end-effector  to  achieve  6-DOF  motion.  This  can  also  be

applied  to  a  simulation  experiment  of  landing  in  a  low

gravity environment.

5.3   Simulation experiment of end-force
output in low gravity environment

F
1

20

F = ma = 5.5 kg × 0.2m/s2 = 1.1N F

β = 10◦

Based  on  the  simulation  experiment  of  a  low gravity

environment,  the  8-cable  driven  parallel  manipulator  is

applied to output an end-force  in a  gravity environ-

ment. As shown in Fig. 14, the magnitude of the end-force

is , and direction of 

is  between the z-axis and vertical direction in the

XPZ plane.  The  acceleration  of  the  end-effector  is
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Fig. 11     Force-position mix control strategy
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a = 0.2m/s2.  The theoretical  force distribution satisfying

the  above  experiment  design  can  be  computed  by  the

closed-form  force  distribution  method.  Each  cable  force

will be controlled according to the results of force distri-

bution with the force-position mix control strategy.

F

ui

According to (8),  is a vector of cable force and the

gravity of the end-effector and load, which is a force that

is not directly measured by sensors. Since the gravity is a

constant,  the  result  of  end-force  output  is  equivalent  to

the  result  of  the  cable  force.  The  actual  unit  vector 

along the cable can be obtained by the displacement and

pose of the end-effector measured by cable type encoders.

The actual state of cable force control is shown in Fig. 14.

The cable  forces  are  measured by force sensors  and pro-

cessed  by  a  low-pass  filter.  From Fig. 15, the  actual  res-

ults of cable force agree well with the calculated force dis-

tribution, which illustrates that the actual results of end-

force output agree well with the theoretic values. This in-

dicates  that  the  cable  force  can  be  controlled  effectively

with  the  force-position  mix  control  strategy.  The  error

between the theoretical  value and actual  value is  caused

by friction loss and dimension error. The experiment res-

ult shows that the 8-cable driven parallel manipulator can

be used to output the end-force in a low gravity environ-

ment.

6   Conclusions

In this paper, the process of end-force output and the

low gravity environment simulation are studied,  and the

experiments are carried out using the 8-cable driven par-

allel manipulator. The force-position mix control strategy

is applied, so that the cable force can be controlled pro-

actively along the force distribution to realize a superpos-

ition output  of  the  end-force  and a  low gravity  environ-

ment.  Further,  the  modeling  of  the  effect  of  the  cable

force on the end-force output is presented. A study of the

suitable choice for end-force output is obtained from that

modeling.  The  experiments  of  end-force  output  and  the

low  gravity  environment  simulation  indicate  that  the

cable force can be controlled effectively with the force–po-

sition mix control strategy, and the 8-cable driven paral-

lel manipulator can be used to output end-force in a low

gravity environment.

Further,  the  realization  of  cable  force  control  is  the

basis  for  introducing  the  distribution  acting  on  the  end-

effector, which will  contribute to the dynamic character-

istic research of  the cable-driven mechanism, such as  vi-

bration  and  rigidity  of  the  mechanism.  Combining  the

end-force  output  and  introduction  of  distribution,  the

simulation of a more complex situation in rocket launch-

ing will be the subject of the future work.
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