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In this paper. we present the dynamical analysis of a six-de-
gree-of-freedom robot end-effector built to study telerobotic
service and maintenance of NASA hardwares in space. The
design of the end-effector is based on the concept of closed-
kinematic chain mechanism capable of performing precise
motion in a small workspace. After presenting a closed-form
solution for the inverse kinematic problem, we employ the
Lagrangian approach to derive a set of equations of motion for
the end-effector where the generalized coordinates are selected
to be the Cartesian coordinates. Computer simulation study
shows that the centrifugal and Coriolis terms can be neglected
for slow motion. Effects of system parameters on the end-ef-
fector dynamics are also studied using computer simulation.
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1. Introduction

Realizing that space operations such as servic-
ing and maintaining spacecrafts are dangerous,
NASA has focused its attention on the research of
telerobotics, a combination of teleoperation and
robotics [1]. During the trade control mode of a
telerobotic operation, using teleoperation the hu-
man operator performs some portion of a task and
then let the telerobot perform some other portions
of the task autonomously. A telerobot system
mainly consists of a master arm and two slave
arms each of which is usually an open-kinematic
chain (OKC) manipulator possessing 6 degrees of
freedom (DOF) or more (Fig. 1). Robotic assem-
bly such as fastening and mating of parts requires
very high precision motion. Therefore, in order to
achieve a successful assembly task, it is envisioned
that during a traded control mode, the operator
uses the master arm to move the slave arms into
the assembly workspace and then an end-effector
which is to be mounted to the end of each slave
arm and capable of performing precise motion,
will take over and perform the assembly task
autonomously.

The cantilever-like structure of OKC manipula-
tors causes the manipulator arm to have low stiff-
ness, which results in a serial accumulation of the
link errors. Consequently, although OK.C manipu-
lators have large workspace and high dexterity,
they are not utilized in tasks requiring high preci-
sion positioning. Drawbacks of OKC manipula-
tors has motivated researchers to seek an alterna-

tive type of manipulators whose design is based on
the concept of closed-kinematic chain mechanism
(CKCM). Compensating for a relatively small
workspace and low maneuverabilityy, CKCM
manipulators are capable of high precision posi-
tioning due to their high structural rigidity and
noncumulative link errors. In addition, CKCM
manipulators have higher strength-to-weight ratios
as compared to OKC manipulators because their
actuators share the payload proportionally. Imple-
mentation of the CKCM concept first appeared in
the design of the Stewart platform mechanism [2],
originally implemented as an aircraft simulator.
Later the Stewart platform concept was con-
sidered in many robotic applications [3}-[5]. Mod-
ified versions of the Stewart platform were devel-
oped in [6] and [7]. Application of linear algebra
elements to screw systems was considered in [8] to
describe the instantaneous link motion of a single
closed-loop mechanism. Research in [6] focused
on the structural kinematic problem of in-parallel
manipulators. Application of Stewart platform into
the implementation of a passive compliant robot
and-effector was considered in [9]. The authors in
{10] and [7] investigated the kinematic problem
and practical construction of the Stewart plat-
form, respectively. Inverse dynamic problem of
platform-based manipulators was studied in [11]
and analysis of kinematics and dynamics of paral-
lel manipulators was conducted in [12]. Using
Lagrangian formulation, dynamical equations were
derived for a 3 DOF CKCM manipulator in [13]
and for a 2 DOF CKCM manipulator in [14].

MASTER SYSTEM
(HUMAN OPERATOR)

SLAVE SYSTEM
(DUAL ARM)

Fig. 1. A dual-arm telerobot system with CKCM end-effectors.
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Fig. 2. The CKCM end-effector.

Research work in [15] analyzed the kinematics
problem of a 6 DOF CKCM end-effector whose
workspace determination was also investigated.

Based on the fact that CKCM manipulator can
provide high precision motion in a limited
workspace, a 6 DOF robot end-effector whose
design is based on the Stewart platform mecha-
nism, was built to serve as a testbed for studying
telerobotic assembly of NASA hardwares in space
[9]. This paper presents the dynamical analysis of
the above end-effector. We first describe the con-
struction of the end-effector in the next section.
After that, a closed-form solution to its inverse
kinematic problem is presented. We then apply
Lagrangian approach to derive the dynamical
equations which are later simplified by neglecting
centrifugal and Coriolis effects by using computer
simulation. Finally, effects of system parameters
on the end-effector dynamics are studied by com-
puter simulation.

2. The 6 DOF CKCM End-effector

In order to study the performance of au-
tonomous assembly of parts in a telerobotic oper-
ation, a 6 DOF end-effector whose size is about

ten times that of the end-effector which is to be
mounted to the slave arms of the telerobot sys-
tems was designed and built at the Goddard Space
Flight Center (GSFC) [9] and is currently located
at the Center for Artificial Intelligence and
Robotics * (CAIR). As shown in Fig 2, the end-
effector is a modified version of the Stewart plat-
form, and mainly consists of an upper payload
platform, a lower base platform and six linear
actuators. The movable payload platform is sup-
ported above the stationary base platform by six
axially extensible rods where recirculating bal-
lIscrews are used to provide the extensibility.
Stepper motors were selected to drive the bal-
Iscrews to extend or shorten the actuator lengths
whose variations will in turn produce the motion
of the payload platform. Each end of the actuator
links is mounted to the platform by 2 rotary joints
whose axes intersect and are perpendicular to each
other. Therefore, the system has 24 rotary joints, 6
prismatic joints, and 14 links including the 2 plat-
forms. Number synthesis [4] can be employed to
prove that the CKCM end-effector possesses 6
degrees of freedom.

* To test control schemes developed under a research grant.
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3. Dynamical Modeling of the End-effector

In this section we first present the inverse
kinematic solution for the end-effector and then
derive the equations of motion by applying the
Lagrangian formulation.

3.1. The Inverse Kinematics

Inverse kinematics deals with the determination
of a set of joint variables, which yield a set of
Cartesian variables, usually composed of Carte-
sian position and orientation of the end-effector
with respect to some reference frame. For the
CKCM end-effector, the lengths of the links can
be adjusted by the actuators, and therefore are
chosen to be the joint variables. To define the
Cartesian variables we proceed to assign two coor-
dinate frames {4} and { B} to the movable and
base platforms, respectively. As Fig. 3 illustrates,
the Origin of Frame {A} is chosen to be the
centroid A of the payload platform, the z-axis is
pointing upward and the x-axis passes through the
joint attachment point A4,. The angle between A4,
and A, is denoted by 6,, and in order to obtain a
symmetrical distribution of joints on the payload
platform the angles between A4, and A, and be-
tween A, and A are set to 120°. Similarly,
Frame { B} has its origin at the centroid B of the
base platform. The x-axis passes through the joint
attachment point B, and the angle between B,
and B, is denoted by 6. Also the angles between
B, and B, and between B, and Bj are set to 120°

Fig. 3. Platform frame assignment.

so that a symmetrical distribution of joints on the
base platform can be achieved. The Cartesian
variables are chosen to be the relative position and
orientation of Frame {4} with respect to Frame
{ B} where the position of Frame { 4} is specified
by the position of its origin with respect to Frame
{B}. Now if we denote the angle between AA,
and x, by A, and the angle between BB, and x4
by A, for i=1,2,...,6 then by inspection, we
obtain

A;=60(i —1) deg; A, =60(i—1) deg.,
fori=1,3,5 (1)

and

A=A, +85deg,; A=A, _,+6,deg.,
fori=2,4,6. (2)

Furthermore, if Vector “a, = (a,a;,a,.)" de-

scribes the position of the attachment point 4,
with respect to Frame {4}, and Vector “p,=
(b; b;,b;.)" the position of the attachement point
B, with respect to Frame { B}, then they can be
written as

‘a,=[rycos(X;) rysin(A,) 0] (3)
and
Bp, = [rzcos(A;) rysin(A,) 0] (4)

for i=1,2,...,6 where r, and r; represent the
radii of the payload and base platforms, respec-
tively.

We proceed to consider the vector diagram for
an /th actuator given in Fig. 4. The length vector
%= (4 4;, 9:;;)", expressed with respect to
Frame { B} can be computed by

B‘L':Bai—gbi (5)

where Vector %a; and Vector d describe the posi-
tion of 4, and A, respectively both.in terms of
Frame {B). Vector °d contains the Cartesian
coordinates x, y, z of the origin 4 of Frame {4}
with respect to Frame { B} such that

Bi=(xyz) . (6)

Let 2R be the Orientation Matrix, which repre-
sents the orientation of Frame { A} with respect to
Frame { B} and can be expressed as

m N2 Iy
ER={m "2 s (7)

rhn Iy Iy
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Z Base Platform

a,
Payload A
X, Platform {4} '

Fig. 4. Vector diagram for the /th actuator.

for i=1,2,...,6 then ®a, can be computed by
ba,=8R%, +"d. (8)
Now substituting (8) into (5) yields

by =8R",+%d—"b; fori=1,2,....6, (9)

1
which can be rewritten as

qix rn(l,x+l’ua,»y+rl3a[_‘+x—bu
=14 | =| matrma, rpa.ty- b,
4i: /’31a,x+r3zai>,,+r33ai:+z-b,__

(10)

Furthermore, the length of Vector %, /, can be
computed from the vector components as

L=(gi+a’+a:)” (11)
Employing (10), Equation (11) can be rewritten as
IP=x+y 422+ al (rh +ri +1f)
+a,»2},(r122 + rzz2 + rgzz)
+a,2:(r]23 + rf; + rf;) + b,-zx + b,»zy + b,2
+2a,.a,,(ryny + gt )
+2a;,a;, (rars )
+2a,,a,,(rpr; + rars + rprss)
+2(rpa,, + rpa,, +rpa ) (x—by,)
+2(r21alx + rpa;, t+ r23aiz)(y - biy)
+2(rya,, + rpa,, + rysa; )z — b,.)
—2(xb,, +yb,, +zb,,) (12)

for i=1,2,...,6. From the properties of the

orientation matrix we have

T I T R R R - B S
ittt =t =t =1

(13)
and
Fiyl iy g =0
riprs iy gy =0 (14)
Fiafiy + rafyy + =0,
Also from (3) and (4) we note that
a,.=b.=0 (15)
and
a’l +al +al=r; (16)
bl + b+ bl 41, (17)
Therefore, (12) can be simplified to
P=x>+yi+zi+rl+ry
+2(rpa, +rpa, ) (x—b,)
+2(rpa, +rpa, )y —=5,)
+2(rya, +rna,, )z —2(xb, +yb,, ).
fori=1,2,....,6. (18)

Equation (18) presents the solution to the in-
verse kinematics problem in the sense that for a
given Cartesian configuration, composed of the
position and orienation specified by (6) and (7),
respectively, the actuator lengths [/, for i=
1,2,...,6, can be computed using (18). We ob-
serve that nine variables are needed to describe
the orientation of Frame { 4} in Equation (7) and
six of them are redundant because only three are
needed to specify an orientation [16]. There exist
several ways to represent an orientation by three
variables. But the most widely used one is the
Euler Angles Z — Y — X, [17] which represent the
orientation of Frame { 4}, obtained after the fol-
lowing sequence of rotations from Frame { B }:

1. A rotation of an angle « about the z g-axis,
2. A rotation of an angle 8 about the new yg-axis,
3. A rotation of an angle y about the new xj-axis.
The orientation represented by «, B, and y is
given by
R, (a. B y)
CaCB  CaSBSy — SaCy CaSBCy+ SaSy
= | SaCB  SaSBSy+ CaCy SaSBCy - CaSy | (19)
- SB CBSy CBCy
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where for compactness we have defined Sa = sin «
and Ca = cos a.

3.2. Differential Motion Analysis

First to compactly represent the dynamical
equations derived in the next section, we introduce
the following convention:

(a) Cartesian Coordinates Vector:

D= () b by by D5 0)

T
=(x X, x3m3m,m3) =(xyzap 'Y)T (20)
(b) Cartesian Coordinates Velocity Vector:

$= (¢1 ‘i’z ‘1;3 9.54‘1'55 ¢6)T
= (% % ks i iny)' = ($926B) (1)
(¢) Cartesian Translational Velocity Vector:
Po= (%%, 45)" = (432)" (22)
(d) Angular Velocity Vector
BQ:(‘% Wy ‘*’3)T=(°~’xwy wz)T (23)

where w; is the angular velocity around the
ith axis.
(e) Moment of Inertia:
I 17 1 x
= moment of inertia around the x-axis
L=1

)
= moment of inertia around the y-axis
L=1I

z

= moment of inertia around the z-axis
(24)
(f) Cartesian Force / Torque Vector:
(FFFFEFE) =(FFEMMM,)
(25)

where F, is the Cartesian force (torque) along
(about) the ith axis.

We proceed to compute the linear and angular
velocities of the manipulator. The linear velocity
of the ith link is obtained by differentiating /, in
Equation (18) with respect to time as

6

;= Zcik(i’k fori=1,....6 (26)
k=1

Fig. 5. Link projection on the base platform.

where

1 =qix/1; (27a)
€= qiy/li (27b)
¢3=9;./1; (27¢)
Cig = [" (rna; +rpa;, )(x—b,,)

+(rllaix+r12aiy)(y—'b,’y)]/li (274)
Cis = [Ca(’ﬂaix +rypa,)(x—b;)

i

+ Sa(rya;, + r32ai_v)(y - biy)

- (CBa,, + SBSva,,)z| /1, (27¢)
Cie = aiy{rm(x = b ) tra(y—by)+ rBSZ]/li'
(27f)

If the angle formed between Link i and its
perpendicular ‘projection on the base platform
surface is denoted by 6, (Fig. 5) then

tan 0, = 9i2/9ip (28)

where g;,, the perpendicular projection of Link i
on the base platform can be found from Fig. 5 as

)2 (29)

qip = (ql2x + qt2y

Differentiating (28) with respect to time and utiliz-
ing (10), the angular velocity of Link i, 0; is com-
puted by

6
b= Y t,¢, fori=1,...,6 (30)
k=1
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where ¢,, is given by

th=—(cnc3)/q, (31a)
ta=—(cn3)/4;, (31b)
tha=01-ck)/4, (31¢)
tia=—(Cx¢a)/qp (31d)
ts=[—(a,CB+a,SBSY) +cpcis| /a,  (31e)
tio=la,,r—ciacl/a,- (31f)

The angular velocity vector ®2 can be ex-
pressed in terms of the Euler angle velocities &, £,
and y as [17]

—Saf + CaCBy
PQ=| Cafi+ SaCBy (32)
i~ SBY
whose components can be computed by

6
w, = Y v, fork=1,2,3 (33)

n=1

where v, is the (k, n) element of V defined by

|0 —Sa CaCB
V= omi 0 Ca SaCB|. (34)
10 -SB

Differentiating w, given in (33), the angular accel-
eration is obtained as

6

[ 6
‘bl\ = Z L7Ar1(.¢;rz+ Z Z Qk.nlq‘)nd.)[ (35)

n=1 n=11i=1

where g, ,, denotes the (n, 1) element of @, for
k=1, 2, 3, which are given below

( 10 —Ca —SaCB
Q,=|0,1 0 0  —CaSB| (36a)
L 100 0
[ 10 —Sa CaCB
Q,=|0,,;10 0 —SaSB|, (36b)
L P00 0
I F0 0 0
Q:=|0y5; 0 0 —-CBI (36¢)
I 10 0 0

With the results derived in the above develop-
ment, we are now equipped with sufficient infor-
mation to develop the equations of motion of the
end-effector.

3.3. Equations of Motion

The Lagrangian formulation describes the
behavior of a dynamic system in terms of work
and energy stored in the system rather than in
terms of forces and moments of the individual
members involved [18]. Using this approach, the
closed-form dynamical equations can be derived
systematically in any coordinate system. The gen-
eral form of Lagrangian equations of motion for
an n-degree-of-freedom robot end-effector is pre-
sented by

E=d/dt(8L/qu)—8L/8q/ (37)
where the Lagrangian L is computed by
L=K-P, (38)

g, and F; are the generalized coordinates and the
generalized force/torque, respectively, K and P
denote the kinetic energy and the potential energy
of the end-effector, respectively.

Since no closed-form solution exists for the
forward kinematics problem of the CKCM end-ef-
fector [15], we cannot express Cartesian position
and orientation of the payload platform in terms
of the lengths of the links. Consequently, the
generalized coordinates are selected to be the
Cartesian coordinates ¢, for j=1.2....,6.

The total kinetic energy K of the end-effector
consists of the kinetic energy created from the
translational and rotational motion of the payload
platform with respect to Frame {B} and the
kinetic energy produced by the rotational motion
of the links about the ball joints and the transia-
tional motion of the links along the prismatic
joints. Thus K can be computed by

6 o
K=1 Y (mi2d2+mi2) +1 T Mil
i=1 k=1

3
+3 ) Lt (39)

where /,;, the distance between the center of grav-
ity of the ith link and the attachment point B, is
given by

[('1 = dO + dllt (40)
with

dy=1/2 (41)
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and
dy=m,/2m. (42)

where

m = total mass of Link i

M = mass of the moving payload platform

my = mass of the moving part of Link i

[, =length of the stationary part of Link i.
Above for simplicity, we assume that all links are
identical so that they have the same total mass
and the same mass for moving parts.

Similarly, the total potential energy P of the
end-effector consists of the potential energy of the
payload platform and the links, and is computed
by

6
P=Mgz+mg). [, sin6, (43)
i=1
Utilizing (37) — (43), we obtain after some
mathematical manipulations the following equa-
tions of motion for the CKCM robot end-effector:

6 . 3l
+{ Y mizd 2 —82'— +mlc,»£ =
= | ™ g, at | 94,

. 08, L,
+2mlci0i——-— ci c: a
0¢; ¢

.ol
—~m120§i —mi ———c—'}

(4] la¢ (41 a¢j
3 dw, 0,k
g [Ikwkdt( 3¢ ) —'Ikwk'a—@

6 09,

Z ia¢j:l

+Mg— 0z }

{5

for j=1,2,...,6. (44)

Equation (44) represents the relationship be-
tween the Cartesian forces/torques F; for j=

02

ci

1, 2,...,6 applied to the moving platform and the
Cartesian position and orientation of the payload
platform ¢; for j=1,2,...,6. Our ultimate goal is
to obtain closed-form dynamic equations which
are presented in an explicit input-output form
where F, and ¢, for j=1.2,....6 are considered
as input and outputs, respectively.

We proceed to compute the partial derivative
terms in (44) and express them in terms of ¢,, ¢,,

and ¢, for j=1,2,...,6 which vields

6

Z D, + Z Z

= m=1n=1

mnqsm(i)n + Gj (45)

for j=1,2,...,6, which can be decomposed into
the following terms:
(a) Inertial terms:

o
li
™o

2
[mlcztrjtzm

+ dlzcijc,-m + eim] , (46)

Jm

where ¢,,, denotes the (m, n) element of E given
by

M 0 0 0 [Ip;(—Sa) L (CaCB)
E~| 0 M 0 0 Lp(Ca) Iy, (SaCh)
0 0 M Iy 0 Iy, (— SB)
O3
(47)

(b) Centrifugal and Coriolis terms:

6
= X m[ L2t R + 7S+ Litih),
i=1

+dyCimSiy + 24yl 4t imCin
dyl ¢ timtin— 1timh
crrry citim n_]
2
—dlcimsnj]

3
+ Z [Ikvquk,mn_lkvkmpk,nj] (48)
k=1

where
hin= [qizp(ujnci3 + ¢ Uz, — 2€,,C;3C,)

~Li(cinli — gi,u3, )] » (49)
$jn = (Wjn = €;5€0) /15 (50)
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Pi.n; and u,, are the (n, j) and (j, n) elements
of P, and U, respectively, given by

03><6
_____ el
P = |~ Ca SaCB (51a)
Oyl 0 —CacB
L p0 0
i 03><6
T T T e T T T A )
j - | Sa  CaCP , (51b)
0., O —SaSB
] L0 0
~03><6
____——_zf_
P.= , Sic
’ 0.5 —Ca (51¢)
0
and
1 0 0 —(ary+da,rn) (a,CaSB—a,rnpCa) a,ra
U={0 1 0 (a,m ta;,r) Sa(a;cryn+a;,r)  drn|.

0o 0 1 0 ~(a,,CB+a;SBSY) a,.ry

(52)

(c) Gravity terms:

6
G=2 [mgc,j sin 6, + mgl ;t,; cos 0,] + Mgu.
=1
(53)

where

1 ifj=3

,L=az/a<p/={0 if j#3. (54)

Reader who interests in the detailed development
of the above equations can refer to [18].

4. Computer Simulation Study

In order to gain some insight of the manipula-
tor characteristics, the kinematics and dynamics
developed in previous sections are now studied
using computer simulation. Simulation study of
the CKCM end-effector is performed in two parts.
In the first part of the study, since robotic assem-
bly often occurs in a slow motion mode, we first
study the dynamics of the end-effector in this
case. In particular, we will show that for slow
motion, the derived dynamical equations can be
greatly simplified. In the second part, we will
study the effects of system parameters on the
dynamics so that optimization of the system
parameters for the hardware implementation of
the end-effector can be achieved.

In the above computer simulation studies, com-
puter programs written in Fortran, software
packages such as System Simulation Language
(SYSL) and Matlab will be employed to study the
case in which the end-effector is to track an ellipse
on a horizontal plane below the base platform,
which is specified by [ Fig. 6]

(x/5) +(y/2.5)° =1 (in cm). (55)

4.1. Simplification of the Equations of Motion

The computer simulation study is described by
the block diagram given in Fig. 7. In the figure,
first the actuator lengths, as joint variables re-
quired for tracking the Cartesian path specified by
(55) are computed using the inverse kinematic
solution given by (18). The required actuator
lengths are then applied to the dynamic equations

4
2t — |
g - N
L 0 >
e h 7
—2t T
B R
_4 1 I L n
-5 -4 -3 -2 -1 0 1 2 3 4 5

Fig. 6. The path to be tracked by the end-effector.
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Desired

Cartesian Required
Position and Actuator
Orientation INVERSE Lengths
_— >

KINEMATICS

END-EFFECTOR
DYNAMICS

Cartesian Joint
Forces . Forces

Fig. 7. Block diagram of the computer simulation studies.

given by (45) to find the Cartesian forces, which in
turn are transformed to corresponding joint forces
via the Jacobian transpose by

.=J'F for j=1,2,...,6. (56)

Most existing CKCM manipulators with ball-
screw actuators and driven by either dc motors or
stepper motors have a linear velocities range from
1.5 cm/sec to about 8.5 cm/sec [14], [9]. There-
fore, using the procedure shown in Fig 5, we
compute the actuating forces, the inertial forces,
the centrifugal and Coriolis forces, and the gravity
forces for the cases in which the maximum actu-
ator velocities fall between 0.7 cm/sec to 17
cm/sec in order to cover the maximum actuator
velocities limited by the applied motors as speci-
fied above. The computation results for two ex-
treme velocities 0.7 cm/sec and 17 cm/sec are
tabulated in Tables / and 2, respectively.

Table 1 shows that the end-effector needs 3
seconds to track the desired path with a maximum
velocity of 0.7 cm/sec where in Table 2, 0.5 sec-
onds are required for the maximum velocity of 17
cm/sec. In both tables, we observe that the force

contribution from the Coriolis and centrifugal
terms remains about 1% of the toral forces while
the contribution from the inertial terms jumps
from 1% in Table I to about 100% in Table 2.
Since the centrifugal and Coriolis effects are very
minimal, the desired dynamical equations in (45)
can be simplified by neglecting the centrifugal and
Coriolis terms such that
6

F}' = 21 ‘Djm¢m + Gj (57)
which ensures that the maximum error in total
force computation is about 1%. The simplified
model (57) will be employed in the second part of
the simulation study. System parameters used in
the above simulation are given below:

m=20kg, m,=44kg, M=30kg, r,=0.7 m,
rg=08m, 8, =30°, 6, =94°. (58)

4.2. Effects of the System Parameters

In this section, computer simulations are per-
formed to study the effects of the system parame-

Table 1 Comparison between Dynamic Forces

Vmax = 0.7 cm/sec

Time Inertial Velocity Products Gravity Total
(sec) (Forces in Newton)

0.0 0.000 0.000 2.006x10""  2.096x10"
0.5 -2.827x10”" -1.869x107 1.972x10""  1.284x10""
1.0 -2.403x10"" -1.743x1073 1.657x10""  1.632x10""
1.5 -1.748x10"" -1.286x10"° 1.183x10""  1.168x10""
2.0 -9.140x102 -6.475x10™ 5.973 5.881

2.5 4.270x10™*  -5.454x107 -a.287x10"" -4.283x10”"
3.0 9.220x1072 2.735x107 -6.778 -6.685
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Table 2 Comparison between Dynamic Forces

Vmax = 17 cm/sec
Time Inertial Velocity Products Gravity Total
(sec) (Forces in Newton)
0.0 0.000 0.000 2.096x10""  2.096x10""
0.1 -3.696x10""  -2.616x10" 5.973 -3.125x10""
0.2 9.671x10"" -9.213x1072 -1.701x10""  7.961x10""
0.3 9.687x10"" -7.359x10"" -1.689x10%"  7.924x10""
0.4 -3.661x10"" 7.624x1072 6.827 -2.970x10""
0.5 -1.198x10" -6.558x10"" 2.096x10"" -g.950x10""

ters on the end-effector dynamics. The four study
cases presented below investigate the case in which
the end-effector tracks the path specified in (55)
and unless otherwise specified, the system parame-
ters given in (58) are used.

Case 1. Effect of the total mass of the links
Keeping all system parameters as in (58), except
the link mass m. computer simulations are per-

formed to compute the actuating forces in six
links for various link masses. The results in Fig. 8,
show that the forces are increased with increasing
link masses.

Case 2. Effect of the link centroid

While keeping all system parameters as in (58),
except m; which is changed in order to change the
centroid /., the distance between the center of

Force (Nt)

Time (sec)

Figs. 8a—c. The effect of link masses on actuating forces.
(8a). For Links 1 and 2.
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Force (Nt)

-20 1 1 L n L 3 L L L

Time (sec)

(8b). For Links 3 and 4.

mass of the link and the attachment point B, as centroid closer to the base frame reduces the
described in (40) and (42), we conduct computer actuating forces in the links.

simulations to study the effects of [, on the Case 3. Effect of the angles between ball joints A,
end-effector dynamics. The results of the study Keeping all system parameters as in-(58), except

presented in Fig. 9 show that moving the link 0,, the angle between ball joints 4;, computer

Force (Nt)

Time (sec)

(8¢). For Links 5 and 6.
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Time (sec)
Figs. 9a—c. The effect of center of mass on actuating forces.
(9a). For Links 1 and 2.
simulations are performed to compute the actu- Case 4. Effect of the angles between ball joints B,
ating forces in six links for various 8,. The simu- Keeping all system parameters as in (58), except
lation results reported in Fig. 10 show that reduc- 05, the angle between ball joints B,, computer
ing #, reduces the actuating forces. simulations are conducted to compute the actu-
z
8
8
<
-20 b L L 1 i 1 1 1 1 L
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

(9b). For Links 3 and 4.
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Force (Nt)

~-60 L L L s 2 L L s

Time (sec)

(9¢). For Links S and 6.

ating forces in six links for various 5. The results
in Fig. 11 show that increasing 8, will reduce the
actuating forces.

The hardware requirements for the implemen-
tation of the end-effector in terms of power, weight
and sizes of the actuators can be optimized by the

60 r T -

Force (Nt)

-80 L A L L

Time (sec)

Figs. 10a-c. The effect of angle between ball joints A, on actuating forces.
(10a). For Links 1 and 2.
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Force (Nt)

Time (sec)

(10b). For Links 3 and 4.

Force (Nt)

6 7 8 9 10

(10c). For Links 5 and 6.
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Force (Nt)

1 2 3 4 5 6 7 8 9 10

Time (sec)

Figs. 11a—c. The effect of angle between ball joints B; on actuating forces.

(11a). For Links 1 and 2.

Force (Nt)

100

Time (sec)

(11b). For Links 3 and 4.
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Force {Nt)

Time (sec)

(11c). For Links 5 and 6.

following general guideline obtained through the

above simulation studies:

1. The power, weights and sizes of the end-effec-
tor actuators can be minimized if the link
masses are reduced or the link centroids are
moved closer to the base platform.

2. Appropriate selection of the angles 4, and 4,
can minimize the power, weights and sizes of
the end-effector actuators. Optimization of ac-
tuators can be achieved if we keep 6, as small
as possible and 8, as large as possible.

5. Conclusions

In this paper, we presented the dynamical anal-
ysis of a 6 DOF robot end-effector mounted to the
slave arms of a dual-arm telerobot system to per-
form telerobotic assembly of NASA hardwares in
space. The end-effector was designed using the
concept of closed-kinematic chain mechanism and
is a modified version of the Stewart platform [2].
A closed-form solution for the inverse kinematic
problem was obtained so that actuator lengths as
joint variables can be computed for a given Carte-
sian configuration composed of position and
orientation. Using the Lagrangian approach and
selecting the Cartesian position and orientation as

the generalized coordinates, we derived the equa-
tions of motion for the end-effector. Based on
performed computer simulation studies which
showed that the centrifugal and Coriolis effects
are negligible in the dynamical equations, we sim-
plified the derived equations of motion while as-
suring that the force computation errors caused by
the simplication are under 1% of the total force.
Also through computer simulation study of the
effects of system parameters on the end-effector
dynamics, a general guideline was provided to
minimize the power requirements, weights and
sizes of end-effector actuators. Kinematic and dy-
namical equations derived in this paper can be
applied to special cases of 3 DOF manipulator
[13] and 2 DOF end-effector [14]. Workspace and
forward kinematic problems of this end-effector
were investigated in [15]. Future research can be
extended to study feedback control schemes such
as adaptive [20] or learning for the trajectory
and /or force control [19] of the 6 DOF end-effec-
tor.
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