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Symmetric Motion Control for Adaptive Structure Based
Construction of Large Space Structures
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The con� guration of adaptive structures and the deformation docking used for constructing large space struc-
tures is examined. The symmetric adaptive structure, which has symmetric distribution of mass and inertia, is
proposed for the deformation docking. In addition, a symmetric motion control is presented. The concept, for-
mulation, and advantages of the symmetric motion control are described. It is shown that there is a reduction of
computer requirements, as well as the possibility of obtainingclosed-form solutions of workspace, a distribution of
singularity points, and a measure of the deformation docking possibility. Numerical and experimental simulations
using a four-link structural model are conducted to validate the concepts presented.

Nomenclature
ci = constant; see Eq. (8)
D = measure of the deformation docking;

see Eq. (42)
g = gravitational acceleration,m/s2

Ii = inertia of moment of the i th link, kg m2

Jp; sym = Jacobian matrix for symmetric motion control;
see Eq. (14)

J T = transpose of matrix J
Jv; sym; J!; sym = components of the Jacobian matrix Jp; sym;

see Eqs. (15) and (17)
JX ; JY = components of the Jacobian matrix Jv; sym;

see Eq. (16)
JXi ; JY i = components of the Jacobian matrix JX ; JY in the

reference frame; see Eq. (11)
J † = pseudoinverseof matrix J as J T .J J T /¡1

` = total length of the link structure, m
`i = length of the i th link, m
`¤ = offset link length, m; see Eq. (3)
M = total mass of the link structure, kg
Mi = mass related dimensionlessquantity; see Eq. (4)
m i = mass of the i th link, kg
n` = number of links in the link structure, 2N or

2N C 1
PE = position (and attitude) vector of the end effector

speci� ed in the inertial frame; see Eq. (9)
Pi = position vector of the i th joint (0 · i · n` ) of

the link structure
PT = position vector of the docking target point
P0 = point on the end effector of the link structure,

(X0; Y0 )
q = joint displacements of the link structure;

see Eq. (10)
Pqc = joint rate command; see Eq. (43)
ri = position vector of the center of mass of the i th

link
si = length ratio specifying the position of the center

of mass of the i th link
u ¢ v = inner product between the vectors u and v
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u £ v = outer product between the vectors u and v
u==v = vector u is parallel to vector v
Ve = expected speed of the end-effector,m/s;

see Eq. (43) and Table 1
V ¤ = functional for the variational workspace

problem; see Eq. (22)
kvk = Euclidean norm of v
X i ; Yi = components of the i th joint speci� ed in the

reference frame
XY = reference frame
x; y = normalized components of the position .X; Y /,

2X=`; 2Y=`
1P = PT ¡ PE ; see Eq. (43)
1T = sampling time, s
"i = normalized length of the i th link, 2`i=`;

see Eq. (20)
"¤ = offset normalized link length, 2`¤=`;

see Eq. (21)
µi = relative angle between the i th and the .i ¡ 1/th

link
¸ = Lagrange multiplier, or constant in Eqs. (19)

and (39)
½i = nondimensionalizedmass of the i th link
’i = angle of the i th link with X axis

Introduction

S INCE the last decade adaptive structures have attracted enor-
mous research interest. In previous work,1;2 the authors have

proposed an application of the adaptive structure concept to the
construction of large space structures. The key element is the no-
tion of deformation docking, which means the docking of adaptive
structures by the rigid-body motion and the geometrical change of
the whole structure along with a berthing mechanism as a docking
device. Both the construction time and the impact of docking can
be effectively reduced using adaptive structures.3

Many control methods used for robot manipulators4¡8 are ap-
plicable to the deformation docking control of adaptive structures;
however, we also require some new control strategies particular to
deformationdocking.The reasons are as follows. 1) In space the re-
liability of computers is much less than on ground due to the effect
of cosmic rays on the electronics.2) In general,an adaptivestructure
has a more complex con� guration and has many more degrees of
freedom than a space robot manipulator. Thus, a space manipula-
tor control formulation applied to these structures results in rather
complex equations, which entail high computation cost and large
memory usage. 3) Typical robot control methods are developed for
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dexterousanddedicatedtasks,but suchcontrolof adaptivestructures
may be more dif� cult because of their large and massive structure.
4) Because in the future many large space structures may be peri-
odic and symmetric in shape, it is meaningful to develop a control
method around this symmetric nature. 5) Although we can use the
conservation laws of linear and angular momentum for control in
the case of no external disturbances, for the general case we must
treat the nonholonomic constraint due to the angular momentum
conservation.This constraintmakes the motion more complex. For
simple control, it is desirable to avoid the nonholonomicconstraint.

The objective is to investigate a deformation docking control
method that solves the statedproblems.The authorsproposethat the
appropriate adaptive structure for the deformation docking should
be a symmetric structure that has a symmetric distribution of mass
and inertia. The formulation of the symmetric motion control and
the many advantagesof this control, includingcomputationalreduc-
tion, as well as the possibility of obtaining analytical solutions for
the workspace, the singularitypro� le, and a measure of the docking
possibility is explained in detail. Numerical simulations and exper-
iments using a four-link structural model are conducted to con� rm
the validity of symmetric motion control. In these experiments, the
drag-free, zero-g characteristics of space are achieved using ball-
bearing supports and an in-plane vibrating table.9

Symmetric Motion Control
Concept

Symmetric motion refers to motion with respect to the symmetric
planeof a symmetric structure.The structureshouldfollowsymmet-
ric motion so that the trajectoryof the dockingdevice is restricted to
a plane determined by the relationship between the positions of the
docking device and the target. As such, its behavior will be simpler
in the sense that the conservation law of angular momentum does
not need to be considered in the formulation, and thus the nonholo-
nomic constraint does not appear. This idea makes it possible to
reduce the number of equations of motion, and thus the computa-
tional cost of the control is also reduced. In particular, for adaptive
structures with very large degrees of freedom, it is desired that the
given mission be accomplished with as few degrees of freedom as
possible.

Of course, the symmetric condition for the structure can be a
very severe restriction. The proposed method, however, exhibits
signi� cant robustnessas shown later by numericaland experimental
simulations.

Formulation
The model used to explain symmetric motion control is a simpli-

� ed model of the symmetric variable structure, as shown in Fig. 1.
The simpli� ed link structure can be regarded as a reference used in
the control of the corresponding adaptive structure. The structure
is controlled so that its docking device will move in a plane, and
only the motion projected onto the plane is considered along with
the projected mass and inertia.

We consider a link structure with n` D 2N .even/; 2N C 1.odd/
links, as shown in Fig. 2, equipped with docking devices at both
ends. We � rst assume that there are no external forces and that the
initial linear and angular momenta are zero. The coordinate XY ,
which includes the motion plane, is de� ned in Fig. 2, where the

Fig. 1 Reduced link structural model.

Fig. 2 Analytical model of the link structure.

origin is located at the center of mass of the structure. Y is the
symmetric axis of the structure, and the X axis is perpendicular to
the Y axis. We call this coordinate frame the reference frame. The
symmetric condition is expressed as `i D `n` C 1 ¡ i ; ½i D ½n` C 1 ¡ i

for each i th link (1 · i · N ), where

½i D 2m i

M
;

n`

i D 1

½i D 2

If the center of mass of the i th link ri is located on the centerlineof
the link, we can set ri D .1 ¡ si /Pi ¡ 1 C si Pi ; where 0 · si · 1.

Since the center of mass of the whole system is located at the
origin, the following equation must hold:

n`

i D 1

½i ri D 0 (1)

The X component of the equation is identically true because of the
symmetric condition. We can derive the following equations from
Eq. (1):

X0 D
N

i D 1

`i cos ’i C `¤; Y0 D
N

i D 1

Mi `i sin ’i (2)

`¤ D
0 if n` D 2N
1
2
`N C 1 if n` D 2N C 1

(3)

Mi D 1 ¡
i

j D 1

½ j C si ½i (4)

’i D ’N C
N ¡ 1

j D i

µ j .1 · i · N ¡ 1/ (5)

’N D
1
2 µN if n` D 2N

µN if n` D 2N C 1
(6)

Differentiatingwith respect to time yields

P’i D
N ¡ 1

j D i

c j
Pµ j .1 · i · N / (7)

c j D 1 .1 · j · N ¡ 1/ (8)

cN D
1
2

if n` D 2N

1 if n` D 2N C 1
(9)

DifferentiatingEq. (2) gives the following:

PX0 D
N

i D 1

JX i
Pµi ; PY0 D

N

i D 1

JY i
Pµi (10)
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where

JX i D ¡ci

i

j D 1

` j sin ’ j ; JY i D ci

i

j D 1

M j ` j cos ’ j (11)

Hence, a linear relationship between the rates of the controlled
structure’s joint variables Pq, and the end-effector linear and angular
inertial velocities PPE can be written as follows.

1) Direct kinematics:
PPE D Jp; sym Pq (12)

2) Inverse kinematics:
Pq D J †

p; sym
PPE (13)

where

q D .µ1; µ2; : : : ; µN /T ; PE D .X0; Y0; ’1/T

Jp;sym D
Jv;sym

J!;sym
(14)

Jv;sym D
JX

JY
(15)

JX D [JX1; JX2; : : : ; JX N ]; JY D [JY 1; JY 2; : : : ; JY N ] (16)

J!; sym D [c1; c2; : : : ; cN ] (17)

The symmetric motion control uses the Jacobian matrix Jp; sym of
Eq. (14) or Jv; sym of Eq. (15) for a roughcontrol,which may be more
appropriate for the deformation docking. The resolved motion-rate
control4¡6 or the resolved acceleration control7 is also applicable.
It is clear from Eq. (14) that the computationalcost of the symmet-
ric motion control is drastically reduced in comparison with that
of conventional control methods.5;6 This reduction occurs because,
in the analysis, it is not necessary to consider the conservation of
angular momentum. Yet even considering the initial linear and an-
gular momentum, a simpler control is obtained, and the system is
holonomic instead of nonholonomic,as is the case for conventional
control methods.3

Characteristics of the Symmetric Motion Control
Symmetric Workspace

Generally it is possible to obtain the workspace of a space ma-
nipulator only numerically,not analytically.For the symmetric link
structure under symmetric motion control, however, we can derive
a closed-form solution of the workspace mapped out by the end
effector. The boundary of the workspace is obtained by searching
the maximum value of Y0 with the constraint that the value of X0 is
� xed. To clarify the shapeof theworkspace,thenondimensionalized
forms from Eq. (2) are used:

x D
N

i D 1

"i cos ’i C "¤ (18)

y D
N

i D 1

Mi "i sin ’i (19)

where
n`

i D 1

"i D 2 (20)

"¤ D
0 if n` D 2N
1
2 "N C 1 if n` D 2N C 1

(21)

Hence, the workspace problem � nally becomes the following vari-
ational one: maximize the functional V ¤ D V ¤.’i ; ¸/, where

V ¤ D
N

i D 1

Mi "i sin ’i C ¸ "¤ C
N

i D 1

"i cos ’i ¡ x j� x (22)

Necessary conditions are Eq. (18), as well as the following:

Mi cos ’i ¡ ¸ sin ’i D 0 .1 · i · N / (23)

where ¡¼ · ’i · ¼ without loss of generality. Substituting
Eq. (23) into Eqs. (18) and (19) produces the solution

x D
N

i D 1

¸

M 2
i C ¸2

"i C "¤ (24)

y D §
N

i D 1

M2
i

M 2
i C ¸2

"i (25)

where ¸ ¸ 0: The trajectory of the point .x; y/ is the boundary
of the workspace in the symmetric motion control. As such this
workspace is called a symmetric workspace. Note that considering
the symmetryof the structure,the boundaryof theoverallworkspace
can be regarded as the combined trajectory of the points .x; y/ and
.¡x; y/.

Three characteristic solutions are presented. The � rst is homo-
geneity:

½i D "i D

1=N .1 · i · N / if n` D 2N

2=.2N C 1/ .1 · i · N C 1/ if n` D 2N C 1

for two cases. The case where operation only hinge(s) at midpoint
(one degree of freedom). Here, if n` D 2N , then reducing to N D 1
into Eq. (25) yields

x2 C 4y2 D 1 (26)

This equation is an ellipse with a major to minor axis ratio of 2:1 as
shown in Fig. 3a. Or if n` D 2N C 1, then for x ¸ 0,

x ¡ 1

2N C 1

2N

2N C 1

2

C y
2N .N C 1/

.2N C 1/2

2

D 1

(27)

For the case of in� nite degrees of freedom: n ! 1, N ! 1,
after taking the limit, we have

x D ¸ sinh¡1.1=¸/; y D .¸=2/[cosh.x=¸/ ¡ x] (28)

Note that the equations can be derived directly from the model of a
string.1

The second solution is for concentratedmass at the midpoint:

½i D

1 ¡ ½N

N ¡ 1
.0 · ½N · 1; 1 · i · N ¡ 1/ if n` D 2N

1 ¡ ½N C 1=2
N

.0 · ½N C 1 · 2; 1 · i · N / if n` D 2N C 1

"i D 1=N .1 · i · N / if n` D 2N
2=.2N C 1/ .1 · i · N C 1/ if n` D 2N C 1

As the center of mass increases, the symmetric workspace ap-
proaches a circle as shown in Fig. 3b:

x2 C y2 D 1 (29)

where

½i ! 0
.1 · i · N ¡ 1/; ½N ! 1 if n` D 2N

.1 · i · N /; ½N C 1 ! 2 if n` D 2N C 1

"i ! 0 .1 · i · N or N C 1/

and

N ! 1
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a) Uniform mass distribution

b) Concentrated mass at the center

c) Concentrated mass at the both ends

Fig. 3 Symmetric workspaces.

The third solution is for concentratedmasses at both ends:
½i D

1 ¡ ½1

N ¡ 1
.0 · ½1 · 1; 2 · i · N / if n` D 2N

1 ¡ ½1

N ¡ 1=2
.0 · ½1 · 2; 2 · i · N C 1/ if n` D 2N C 1

"i D
1=N .1 · i · N / if n` D 2N

2=.2N C 1/ .1 · i · N C 1/ if n` D 2N C 1

Figure 3c shows that as the end masses increase, the workspace
gradually becomes slender and � nally approaches the following
equation of a line:

y D 0 .¡1 · x · 1/ (30)

where
½1 ! 1; ½i ! 0 .2 · i · N or N C 1/

"i ! 0 .1 · i · N or N C 1/

and

N ! 1
It is clear from Fig. 3 that in space the form of the workspace is

strongly dependent on the distribution of mass. This distribution is
different from that on the ground. It is also noteworthy that since
the symmetric workspace can be calculatedwith knowledgeof only
the position and attitude of the reference frame, or the symmetric
plane, the workspace can be easily determined even in the case of
existence of momentum and external forces.

Figure 3a shows that the symmetric workspace rapidly converges
to that of the in� nite degree-of-freedomstructure,and the difference
in the area is very small. Hence, in general the ellipse with N D 1
is a very good area approximating the symmetric workspace. This
ellipse can be obtained by letting ’i D const for all i.1 · i · n/ in
Eq. (25) such that

.x ¨ "¤/2 C
y2

N
i D 1 Mi "i

2
D 1 (31)

where the sign ¡ and C are used to denote x ¸ 0 and x < 0,
respectively. In other words, the area of the symmetric workspace
obtained from Eq. (25) as

4
1

0

N

i; j D 1

"i " j M
2
i M 2

j M 2
i C ¸2 ¡1=2

M2
j C ¸2 ¡3=2

d¸ (32)

may be satisfactorilyapproximatedby the area of the correspondent
ellipse of Eq. (31) as

¼

N

i D 1

Mi "i (33)

This hypothesishasnotyet beenanalyticallyprovenexceptfor some
special cases such as the homogeneous mass distribution case and
the concentratedmass case. However, a considerablenumber of nu-
merical simulationshave been made to support the hypothesis.This
result plays an important role in the determination of the docking
possibility to be explained later.

Singularity
For reliability, it is important to characterizethe controller singu-

larities. We are concernedwith the position, and not the attitude, of
the end effector, so that we can use the Jacobianmatrix Jv; sym of Eq.
(15). The singular point is found from the characteristic equation

det Jv; sym J T
v; sym D 0 (34)

The left-hand side of the preceding equation becomes

det Jv;sym J T
v;sym D kJX k2kJY k2 ¡ .JX £ JY /2

D kJX £ JY k2 (35)

Hence, a singularity occurs when

JX D 0; JY D 0 (36a)

JX==JY .JX 6D 0; JY 6D 0/ (36b)

Since ci > 0; `i > 0 .1 · i · N /, letting ¡¼ · ’i · ¼ from the
condition of the left-hand equation of Eq. (36a) yields

’i D 0; §¼ .1 · i · N / (37)

Similarly, since Mi > 0 .1 · i · N /, letting ¡¼ · ’i · ¼ from
the right-hand equation of Eq. (36a) produces

’i D §¼=2 .1 · i · N / (38)

The second condition of Eq. (36b) leads to the following equation:

Mi cos’i ¡ ¸ sin ’i D 0 (39)

for all i.1 · i · N /.
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Fig. 4 Singularities in joint space.

The singular points of Eqs. (37) and (38) are related to the link
mechanism and are identical to that of the � xed-base condition.
These points can be easily avoided, however, because they are lo-
cated discretely at the joint space, as shown in Fig. 4 for the case
of N D 2 and ¡¼ · ’2 C ’1; ’2 ¡ ’1 · ¼ . On the other hand,
Eq. (39) is identical to Eq. (23). Namely, both ends of the structure
are on the boundary of the symmetric workspace. The singularity
exists continuously in the joint space, as shown in Fig. 4. Thus, we
will never cross the singularitycurve if we apply a control using the
Jacobian Jv;sym of Eq. (15). Note that this is a predictable result.

Therefore, we can conclude that as far as the symmetric motion
controlmethod is concerned,we do not encounterthe singularpoint
in a practical sense. This result has remarkable merit because it
is dif� cult to obtain similar analytical results for the conventional
control methods.

Measure of the Deformation Docking Possibility
Before attempting to dock with a target, it is important to deter-

mine whether the deformationdockingis possible.We can apply the
symmetric workspace from the preceding section to the determina-
tion of dockingpossibility.As long as the target is in the workspace,
the docking is certainly possible. We have the closed-form solution
of the symmetric workspace, as shown in Eq. (25), which includes
two transcendentalequations with the parameter ¸. The determina-
tion of whether the target is included in the area is not so easy. Thus,
it is appropriate that we use the approximate workspace, namely,
the ellipse, of Eq. (31) in the dimensional form, i.e.,

.X ¨ `¤/2 C
Y 2

N

i D 1
Mi `i

2
D `2

4
(40)

Now it is a very simple matter to determine whether the target is
included in the area. Given .X t ; Yt / as the position of the target ex-
pressedin the referenceframe, the followingscalar D can be de� ned
as a measure of the deformation docking:

D.X t ; Yt / D `2

4
¡ X t ¨ `¤ 2 ¡

Y 2
t

N
i D 1

Mi `i
2

(41)

The docking possibility is then determined as follows:

D
>0: docking possible

·0: docking impossible
(42)

The measure D gives a good, safe evaluation of the docking possi-
bility because the ellipse of Eq. (40) is a good, conservativeapprox-
imation of the area of the symmetric workspace.

Simulations of the Symmetric Motion Control
Numerical Simulations

Numerical simulations are performed using a four-linkstructural
model, as shown in Fig. 5. Model speci� cations are given in Table 1.
A small shift from the symmetric distributionof mass and inertia is
imposed to test the robustnessof the symmetric motion control. It is
assumed that no external forces exist and that the initial linear and
angularmomentum are identicallyzero. Although the link structure
has three degrees of freedom, the symmetric motion control uses
two degrees of freedom of the structure, considering the position
of the end effector. Thus, the control is expressed as follows, using
Eq. (15) with the resolved motion rate control4:

Pqc D J ¡1
v;sym.q/

1P
k1Pk

Ve (43)

where 1P D PT ¡ PE is measured at every sampling time, as in
vision feedbackcontrol.The ellipse of Eq. (40) is used as a measure
of docking possibility in the simulations.

To estimate the performance of the symmetric motion control,
we compare it to both the conventional control6 and the semisym-
metric motion control in the case that the structure is forced to
follow symmetric motion by the conventional control. In both con-
trol methods, the control performance is generally expected to
be better than that of the proposed symmetric control because
all of the kinematic information of the structure is used, but the
computation cost is higher. Figure 6 shows results of the dock-
ing simulations. In Fig. 6a, 1) initial shows the initial positions
of the structure (µ1 D µ3 D ¡120; µ2 D 120 deg) and the tar-
get, 2) conventional shows the results using the conventional con-
trol, 3) semisymmetric shows the results using the semisymmet-
ric motion control, and 4) symmetric shows the results using the
symmetric motion control. Figure 6b shows a plot of the mea-
sured speed of the end effector. For the symmetric motion con-
trol, there is a difference between the measured speed and the
expected value Ve, due to the shift of mass and inertia distribu-
tion. This difference is small and, in addition, the behavior is as
smooth as that for the conventionalcontrol. Similar results are seen
for many other simulations when the target is located near the end
of the major axis of the ellipse. It was also con� rmed that as long as
the target is located in the ellipse, the docking is possible. Thus, the
ellipse can be used as a measure of docking possibility. Note that
even in the case that the initial posture is asymmetric, regardless of
the initial condition, the symmetric motion control can be success-
fully applied with the help of vision feedback and that the ellipse,
however, can not be used as the measure in general.

Table 1 Speci� cation of parameters

Link 1 Link 2 Link 3 Link 4

Length `i , m 0.300 0.300 0.300 0.300
si 0.410 0.500 0.500 0.427

Mass mi , kg 1.235 1.011 1.168 1.182
Inertia Ii , kg m2 0.0272 0.0232 0.0255 0.0263

Sampling time 1T , s 0.4
Speed of end effector Ve, m/s 0.03

Fig. 5 Description of the link structure.
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1) Initial

2) Conventional

3) Semisymmetric

4) Symmetric

a) Trace of sensed motion

b) Velocity of the end effector

Fig. 6 Numerical simulations: ——, conventional; ¢ ¢ ¢ ¢ ¢ , semisym-
metric; and ¢ ¢ ¢ ¢ ¢ , symmetric.

Experimental Simulations
Experimental simulations of the deformation docking were con-

ducted to verify the preceding results. A gravity compensationsys-
tem using the sliding compensationmethod with an in-planevibrat-
ing table is applied.9 The sliding compensation uses the fact that
the effective coulomb friction is diminished using a vibrating table,
namely, by the dither effect.

Figure 7 shows an outline of the link structuralmodel used in this
experiment. Speci� cations are the same as for the numerical simu-
lations and are given in Table 1. The link structure with � ve ball-
bearing supports has three degrees of freedom in rotation. Figure 8
shows a block diagram of the experimental setup. The testbed is
composed of an in-plane vibrating table (1200 £ 1200 mm), a posi-
tion sensorconsistingof infraredlightemittingdiodesand a camera,
and a personal computer to drive the A/D and D/A converters.The

Fig. 7 Experimental model
of the link structure.

Fig. 8 Schematic view of the experimental setup, position sensor sys-
tem.

a) Trace of sensed motion

b) Velocity of the end effector

Fig. 9 Experimental results.

frequency and amplitude of the vibrating table are measured by an
optical displacement gauge and a fast Fourier transform analyzer.
The errors of sensed positions due to the orientation of the cam-
era and other parameters are corrected by an iterative least squares
method. The positionsare sensed by a camera suspendedat a height
of 3 m, and the maximum position error is 9 mm (Ref. 3).

The control law is the same as Eq. (43) in the numerical simula-
tions. The ellipse of Eq. (40) is also used as a measure of the dock-
ing possibility. Figure 9 shows the experimental results. Figure 9a
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a) Trace of sensed motion

b) Velocity of the end effector

Fig. 10 Experimental results, asymmetric initial posture.

Fig. 11 Experimental results, moving target.

represents the trace of sensed motion of the structure where the
curve of black points indicates the trajectory of the center of mass
of the whole structure. Figure 9b represents the trajectory of the
end effector with respect to the initial position. The trajectory is
expected to be a straight line under the control of Eq. (43). Consid-
ering the estimation error of the position by the camera (§2¡§5
mm on average) and the shift of mass and inertia distribution of
the structure, we can conclude that this is a good result. Many ex-
periments show that as long as the target is located in the ellipse,
docking is possible. Figures 10 and 11 show that even in the case

that the initial posture is asymmetric or that the target is moving
(velocity approximately0.015 m/s), the deformationdocking using
symmetric motion control is successfullyperformed with the aid of
vision feedback.

Summary and Conclusions
The authors propose that an appropriate adaptive structure for

deformationdocking should be a symmetric structure that has sym-
metric distributionof mass and inertia, and that the docking control
method should be a symmetric motion control.

The concept, formulation, and advantages of the symmetric mo-
tion control are outlined. The behavior of the structure under sym-
metric motion control becomes simpler in the sense that the conser-
vation law for angular momentum does not need to be considered
in the formulation; therefore, the nonholonomiccondition does not
appear.The method makes it possibleto reduce the numberof equa-
tions of motion, and thus the computational cost of the control is
also reduced.The closed-formsolutionsof workspaceof the end ef-
fector can be obtainedby the variationalmethod, and the singularity
pro� le of the workspace can also be determined analytically. It is
shown that under symmetric motion control the system does not fall
into the singular point in a practical sense. The authors show that
the a given ellipse is a good, conservativeapproximationof the area
of the workspace, and propose a measure of deformation docking
possibility using this ellipse.

The validity of symmetric motion control was successfully con-
� rmed by the results of numerical and experimental simulations
using a four-link structural model with the aid of vision feedback.
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