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Abstract: The 6DOF (degrees of freedom) Parallel Manipulators have some advantages that are high

power, high rigidity, high precision for positioning and compact mechanism compared with conventional

serial link manipulators. For these Parallel Manipulators, it can be expected to work in the new fields

such that the medical operation, high-precision processing technology and so on. For this expectation, it

is necessary to control the action reaction pair of forces which act between the Parallel Manipulator and

the operated object. In this paper, we analyze the dynamics of the 6DOF Parallel Manipulator and

present numerical simulation results.
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1. Introduction

Fig. 1 is a type of the parallel manipulator that
is called "Stewart Platform"". Tt consists of a top
plate, a bottom plate, and 6 cylinders attached to
the top and bottom plates. The top plate is called
"platform”, and the bottom is called "base".

The platform can be achieved six degrees of

freedom motion by six cylinders stretching. The
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characteristic of this manipulator is that the work
space is narrow compared with conventional serial
link manipulators. However, Stewart Platform has
many advantages that are high power, highrigidity,
positioning accuracy and compact mech-anism*”.
Then it can be expected to work in the fields by
For these

taking advantages of these features.

purposes, the force control for manipulator of
Stewart Platform type is necessary®”. Thus, we
analyze about the dynamic forces of this
manipulator.

This paper consists of 6 sections. This sectionis
In 2nd

par-allel manipulator is discussed. In 3rd section,

introduction. section, kinematics of the
we consider the forces which act on the platform.
And then, in

dynamic of parallel manipulator. In section 5, we

section 4, we will analyze the

show the numerical simulation results. Finally,

summary is described in section 6.

SR EHIAISEYX] M19# Hex, 20154 128 5



Dynamic Force Analysis of the 6—DOF Parallel Manipulator

Platform

-

Cylinder

Fig. 1 Parallel manipulator

2. Kinematics of the Parallel
manipulator

Fig. 2 is a relationship diagram for the vectors
of the parallel manipulator®”. This manipulator has
two reference frames. The one is the motion frame
and the other is the base fixed frame. The motion
frame is located at the centroid O’ of the platform,
while the base fixed frame has its origin at the
centroid O of the base of the manipulator. The
attitude of the platform is specified by the
orientation of the motion frame and the position of
the centroid O’ is located with respect to the base
fixed frame. The right part of Fig. 2 focuses the
vectors related to the i-th cylinder (i=1,...,6). The

position of the centroid O’ is represented by vector

T
R=(x,y,z) with respect to the base fixed frame.

The vector Aidenotes the attachment point of the
cylinder on the platform and the vector Bi denotes
attachment point on the base of the manipulator
with respect to the base fixed frame. Then, the

cylinder length vector L can be calculated by

I =AuT+R-B; 1)
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Bi
i=1,.,6

Fig. 2 Vector diagram of parallel manipulator
where An  describes the attachment point of the
cylinder on the platform relative to the motion
frame and T is the oriental matrix of the platform
which can be represented by

1 0 0
T=|0 cos¢g sing
0 —sing cos¢

cos@ 0 -—sin@ || cosy siny O
x| 0 1 0 —siny cosy O
sind 0 cosé 0 0 1 ?2)
with  roll-pitch-yaw angles as#¢and ¥ .These

angles are around the basis vectors of the motion

frame.
3. The forces act on the
platform
Fig. 3 is the force analytical model of the

parallel manipulator. As shown in this diagram, the
platform are acted three types of force, cylinder

force F"(i = 1’---’6), an external forceL and gravity

force M. We consider these force vectors having
coordinates Fl(FiA,F‘I‘Jr‘, Fi,i= 1,...,6) R L(Lx, Lv,Lz) and
M(0,0,—mg) with respect to the base fixed frame,

respectively. Where 72 is the mass of the platform

and 8 is the gravity acceleration.
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Fig. 3 Analytical model of parallel manipulator

If the motion frame and base fixed frame are

. T T 3
ex-pressed by (vix) and (e"ez’“) , respectively,
the relations among two frames can be described

as
(l,j,K)T = T(en, e, es)T

where, T =T 'is given because the oriental
matrix T is orthogonal transformation matrix. Then,

for the cylinder forceFi, the following relationships
(Fuy Fuy Fe) = (Fuy Fioy )T 3)

can be obtained, where (F'HF'%F'B) is a coordinate

of the vector Fi with respect to the motion frame.

Furthermore, when the coordinate of the i-th

cylinder vector lis represented by (1'%10»,1":) with

respect to the base fixed frame, we obtain a

relation.
F:

(Fus Fog ) J22 422412 (luylo ) p7 @)

By Eq.3 and 4, the coordinate

(RI9RZ9E3) can be written by

Young—Bog Ham

Fi
(Fil, Fiz, F,s) - 1”5 + lj_ + lZ (lu,lu-, li:) TT (5)

4. Analysis for the platform
dynamics

In order to analyze the platform dynamics, the
motion of the platform is considered to be divided
into two parts. The one is the translational motion
and the other is the rotational motion. First, the
translational motion of the platform is discussed.
4.1 Analysis for the translational
motion

The equation for the translational motion of the

centroid O'of the platform is represented as

R,
m =2F +L+M
i=1

dt (6)

with respect to the fixed frame. By using the Eq.
4, which represents the components of the cylinder

force vector relative to the base fixed frame,

following three dynamical equations can be

obtained from Eq.6.

dzx i lix
i L —
e TALALL
dzy 6 Ly
I YL
N L
d’z 6 Iz

=Y—F—Fi+L:—-mg
m in 2 2 2
at T @)

4.2 Analysis for the rotational motion
Next, let us consider about the rotational motion
of the platform. The equation for this motion is

given by

dH 6
—+oxH=YA, xF
dr = ®)
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Where o

denotes the angular velocity vector for the platform

with respect to the motion frame.

andHis an angular momentum vector. The ® is
o = wi + 02 + w3k )

with respect to the motion frame.

Where, @1, @2and @sin  Eq.9 can be described

with Euler angle ¢.0,% and these derivatives
9.0,y as
wr = ¢— ysin @

2 = 0cos ¢ + yr cos Osin ¢

s = —0sin ¢+ y7 cos O cos ¢ (10)

The vector H can be derived as

H: In Tve Io | o
H=|H:|=|1n [I2 Is| o
H; Is In In| o (11)

where 7ili./=1,2,3) denotes the moment of inertia of
the platform. Note that we considered the rotating
frame of ® as the motion frame which is fixed
the platform and the square matrix for the inertia

in Eq.11 is diagonalizable and we obtain following

equation
In 0 0 | o
H=(0 I» 0 || o
0 0 Is| o (12)

Therefore, Eq.8 can be rewritten as

i i j k
dH1 dH. dHs il+lo @ o
dt dt dt k H:' H: H;
i j k
6
=X|ar ao as
=
Fin Fio Fis 13)

an, aiz gnd ais are the components of the vector Am
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which denotes attachment point of the cylinder on
the platform relative to the motion frame. The

elements for Eq.13 can be de-scribed as

1 I
L—+ (- )ows = ZﬁF1+Lx
@ TR E,
dw: 6 Iy
12 +(I|713)a)3a)|:Z > > 2F1+L‘-
dt B HE SF,
dw: 6 liz
Is +(L-ow: =% Fi+ L:

For above equations, let us rewrite £, F2 and
Fisto the cylinder force Fiwith the relation in Eq.5,

the following equations can be obtained.

dan

I + (I - 12)ow:

dt

i alz(lixTSI +1yT32+ liZT33) F
CRN
i ai3(lixT21 + 1T+ liszs)

= = = Fi
= NI I+

dw>

1> + (11— 1) osan

dt
6 azz(l,,\—Tn +lyT12+ lzlez)
Z 2 2 2 Fi
= VL + I+
i ail(lixTSI + T3+ li:Tsz)

p 2 2 2 F
- li:( + lt)r + li:

dws

I

+ (- )wo:
dt

ail(lixTZI +1yT2+ li:TZK)
=X Fi
N A

i aiS(lilel + T+ li:TlS)

|
= 2 2 2
A A (15)

Ti(i, j = 1,2,3)

in Eq.15 is the element of the

oriental matrix T .
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Therefore, the dynamics of the 6DOF parallel
manipulator can be described by six differential

equations in Eq.7 and 15.

5. Simulation

In this section, we provide the numerical
simulation based on our analysis. Fig. 4 shows the
6DOF parallel manipulator used in the simulation.
(a) is appearance of experimental apparatus and (b)
is top view of 6-cylinders arrangement. The main
of the

calculation are given in Table 1.

specifications mechanism used for the

) : Cylinder Number

(b) Arrangement of
6-cylinders

(a) Appearance of
parallel manipulator

Fig. 4 6DOF hydraulic parallel manipulator

Fig. 5 shows the calculation results for the surge

motion (x =#90mm) a5 an example in transitional
motion of the platform.

Fig. 6 shows the calculation results for the yaw
motion (¥ =%30deg.) as an example in rotational
motion of the platform.

In Fig. 5 and 6, (a) denotes the amount of the
cylinder stretch and (b) denotes the cylinder force
Where, "Cylinder
cylinder of the parallel

amount for six cylinders.

number"  denotes
manipulator in Fig.4, and the lateral axes of both
diagrams in Fig. 5, 6 indicate the movements for

the centroid O'of the platform.

Table 1 Main specification of the mechanism

X :mm +90 Ajp:mm (50.5,167.5.-60.0)
y: mm +90 Ajzmm (-170.3,40.0,-60.0)
Z: mm +50 Ajymm (-170.3,-40.0.-60.0)
¢: deg +18 Ajs:mm (50.5,-167.5,-60.0)
0: deg +18 Ajgmm (119.8,-127.5,-60.0)
¢ deg +30 Bi:mm (221.4,40.0,50.0)
m:kg 4.0 Bi:mm (-76.0,211.7,50.0)
I;1:kgmm’ 44100 Bis:mm (-145.3,171.7,50.0)
Tpo:kgmm? 44100 Biymm (-145.3,-171.7,50.0)
I33:kgmm’ 88200 Bis:mm (-76.0,-211.7,50.0)
Ajp:mm (119.8,127.5.-60.0) Big:mm (221.4,--40.0,50.0)
E 50
Enla al
< 0 i
230 b
5 20 A5} A
3
£ 10 " e
[ el | e
= PE.
© 10
5 20 W}/
$ 30
-100 -80 60 40 -20 0 20 40 60 80 100

Surge (x) [mm]

(a) The amount of the cylinder stretch

20

)
15 [ P=y =]
\’\\k =3
10 T
T |
- PSS
i /Z//‘d
0 L= s
£z ||
5 <y

-10
-100 -80 60 -40 20 0 20 40 60 80 100
surge (x) [mm]

Cylindernumber 016 —+25 —034
(b) The cylinder force for six cylinders.
Fig. 5 The calculation results for the surge motion

(x = £90mm)

Fig. 7 shows the thrust forces of each cylinders
in motional sinusoidal frequency 1Hz. (a) is the
surge sinusoidal motion; (b) is the yaw sinusoidal
motion, respectively. Fig. 5(b) and Fig. 6(b) shows
0.5Hz in motional sinusoidal frequency.

From Fig. 5(b) and Fig. 7(a), Fig. 6(b) and Fig.
7(b), when movement of platform is running fast,
the thrust forces of each cylinder is can be seen

that it is necessary to larger force.
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(a) The amount of the cylinder stretch

0 -20 -10 0 10 20 30
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Cylindernumber — 1,35 —24.6
(b) The cylinder forces for six cylinders
Fig. 6 The calculation results for the yaw motion

(y = £30deg.)
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(a) Surge motion
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(b) Yaw motion
Fig. 7 Thrust forces of each cylinders in motional

frequency 1Hz
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6. Summary

In this paper, we analyzed the dynamics force of
the 6DOF parallel manipulator and showed the
numerical simulation results.

From simulation results, it has become possible
to predict each cylinder force required for dynamic
movements of the platform.

By this analysis method, dynamic force analysis
of a variety of multi-degree- of-freedom parallel
manipulator becomes possible, and can be used as
a future of design support tool.

In our future work, we'll confirm our analysis
by experiment for the actual. Experiment is
required to confirm the validity of the simulation
results.

And moreover, we'll utilize our analytical result
to the force control in order that the parallel
manipulator can be useful in many fields such that
the medical

operation, high-precision processing

technology and so on.
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