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Prediction Tools for Active Damping and Motion
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Three novel predictive tools are developed for motion planning and active damping of long-reach flexible manip-
ulator systems. One of these, the momentum coupling map, is an enhancement of the previously proposed coupling
map concept, extended to general flexible-link or flexible-joint manipulator systems. It is a graphical tool and can
be used to optimize the motion of the flexible manipulator to minimize the vibration excited during a point-to-point
maneuver. The other two, the accelerative damping map and the modal inertia map, were motivated by the active
damping problem of macro-micro manipulators. They are designed to predict the optimal micromanipulatorcon-
figuration for damping vibrations in the supporting (macro-) arm. The performance of the maps is illustrated by
using two example manipulator systems: a simple two-link robot and the experimental macro-micro manipulator
constructed at the University of Victoria. For motion planning, the paths predicted with the maps are compared
with those calculated by the global optimization procedure. For active damping, the maps are compared and eval-
uated against the experimental results for the macro-micro arm. It is demonstrated that the observed damping
performance is in very good agreement with the predictions of the maps.

I. Introduction

MACRO-MICRO manipulatoris a specializedrobotic system

comprisinga large flexible arm with a short-reachrigid manip-
ulator attached to its end. The macroarm provides large reach capa-
bility, whereas the small arm is used for fine dextrous manipulation.
Two prominent examples of macro—micro manipulator systems are
the space station remote manipulator system in combination with
the special purpose dextrous manipulator (SSRMS/SPDM) and the
light duty utility arm (LDUA). The SSRMS is being used in the
construction of the International Space Station (SPDM is expected
to be launched in 2004), whereas LDUA was designed for nuclear
waste remediation. Note that the terms macro and micro used to
describe these configurations primarily are intended to differentiate
the functionality rather than the dimensions of the two robots.

The problem of motion planning for robotic arms with struc-
tural flexibility, and more specifically, macro—micro manipulators,
involves determining the optimal path and speed in joint space
that minimizes vibration excitation and residual vibrations. Active
damping of macro—micro manipulators can be viewed as a comple-
mentary problem where the issue is how to use the microrobot to
damp out the vibrationsin the macroarm.

Both problems have been considered previously, and several so-
lutions are available. For example, a few authors attempted some
variation of a global optimizationsolutionto determine optimal mo-
tion of a flexible manipulator with respect to a particular vibration
objective. The procedure has been applied to optimize either the
speed along a given joint path,! or joint accelerations for point-to-
point tasks,>3 or parameterized point-to-point joint trajectories *
The objectives considered include residual vibration energy,' the
energy of the higher harmonics in the required joint torques,>* the
norm of the elastic coordinates and rates,* and the global vibra-
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tion energy.’ Also for motion planning, one predictive technique,
the coupling map, has been applied successfully to an experimen-
tal space manipulator® The coupling map is a graphical tool and
contains local information on the degree of coupling and directions
of least coupling in joint space. It allows the user to plan heuristi-
cally the motion of the small robot to minimize the excitation of the
flexible supporting structure.

A few solutions to the active damping problem have been
described in literature. In an early work, Book and Lee’ developed
a dual-timescale approach with a “slow” controller used for the
rigid coordinates and a “fast” controller dissipating elastic vibra-
tions. Subsequently, they extended the theory and increased the ef-
ficiency of the algorithm for real-timeimplementation ® Experimen-
tal results were obtained with the Georgia Institute of Technology’s
RALF/SAM macro—micro manipulator. Trudnowski et al.” devel-
oped the inertial damping approach that was validated by using the
large test facility at the Pacific National Laboratory.!” The same ap-
proach, combined with command filtering techniques, was investi-
gated furtherby Cannonetal.!! Sharf'? presented an active damping
algorithm where the macro- and micromanipulators are decoupled
through theirinteractionforce. The micromanipulatorjoint motions
are calculated to apply the desired damping reaction to the sup-
porting flexible arm. A similar approach was pursued by Book and
Loper."? Torres et al.' proposeda solutioncalled the pseudo-passive
energy dissipation, which does not require sensing the elastic state.
The method was evaluated experimentally, demonstrating superior
damping performance compared to a stiff proportional-derivative
(PD) controller.

It is acknowledged by researchers who investigate the active
damping problem that there exist certain optimal micromanipula-
tor configurations where damping is most effective. However, lit-
tle research effort has been directed at determining these optimal
configurations.

In this paper, we presentthe developmentand applicationof three
novel predictive tools for active damping and motion planning. Our
motivation is twofold: 1) to provide some alternatives to the exist-
ing procedures for motion planning of flexible manipulators that
are computationally less expensive but are sufficiently accurate for
a range of applications and 2) to develop tools to predict optimal
macromanipulator configurations for active damping. The first of
these, the momentum coupling map, was motivated by the afore-
mentioned coupling map and is applicable to generic robotic arms
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with flexible and rigid links and/or flexible joints. The accelerative
damping map has its origin in the simplified elastic dynamics equa-
tions and can be used both for planning motions to minimize elastic
vibration or for determining good micromanipulator configurations
for active damping. The third map proposedin this paper, the modal
inertia map, is motivated by the active damping scenario. It provides
a measure of the sensitivity of the microrobot to macroarm vibra-
tions. Following the derivation of the three maps, we presentresults
demonstratingtheir performanceusing three example manipulators:
a planar two-link robot, the same robot but with gravity included in
the environment, and the experimental macro—micro manipulator at
the University of Victoria. The paper is concluded with comments
on the fidelity and viability of the three maps for the applications
considered.

II. Prediction Tools

A. Momentum Coupling Map

As noted, the derivation of the momentum coupling map (MCM)
was motivated by the coupling map concept originally proposed in
Torres and Dubowsky.'> The MCM derived here is more general
because it is applicable to open-chain manipulator systems with
flexible and rigid members and is not restricted to the macro—micro
manipulator topology. The elastic deformation of the system is rep-
resented by ¢, € R’, for example, finite element coordinates, and
the manipulator joint angles are g, € R". Then the dynamics equa-
tions governing the motion of the manipulator can be stated in the
following partitioned form:

M"" (q" ’ q(’)é" + M"(’ (q" ’ q(’)é(’ + hl‘ (q)‘ ’ q(’ ’ ql‘ ’ q(’) =T (1 )

Mc’r (qrs qe)ér + Me’e (qrs qe')ée + Keqe' + he’ (qrs qe, qrs ile) = 0
2

where the symmetric manipulator mass matrix M is partitioned as
shown, 7 are the applied joint torques, K, is the manipulator stiff-
ness matrix, and &, and k, contain the nonlinear inertial terms and
gravitational forces. To simplify the notation, the dependence of M
on the generalized coordinates will be omitted henceforth.

To derive the MCM, we assume that the elastic components of
the generalized momentum of the system are zero, and hence, the
following relationship holds between elastic and rigid rates:

Meeqe + Mc'rq;- =0 (3)

For small joint motions, Eq. (3) can be equivalently rewritten in
differential form as

8q. = —-M_'M.,.5q, )
Using the standard definition for the strain energy in the structure,
V=13q/Kq. &)

and expanding Eq. (5) in a truncated Taylor’s series about ¢, =0
gives, for constant stiffness K.,

V= %&IZK(,&]‘, 6)
Combining Eq. (6) with Eq. (4) yields the desired form of V:
V =154, Q8q, ™
where the momentum coupling matrix is
Q:=M'MKM,'M, 8)

The coupling matrix derived here differs from that in Ref. 15 in
two respects. First, it involves the stiffness matrix of the flexible
structure, rather than its inverse, and second, it applies to general
flexible manipulatorsystems. The largesteigenvalueof the coupling
matrix @ indicates the degree of coupling between rigid motions
and the strain energy induced in the flexible degrees of freedom.
For macro—-micro manipulator systems, these correspond to micro-
manipulator joint motions and the degrees of freedom of the flexi-
ble supporting arm. The eigenvector associated with the minimum
eigenvalueprovides a direction of least coupling, which is useful for

path planning. Thus, the MCM is a graphical representationin the
configuration space of regions of high relative coupling, indicated
by darker shading, superimposed on lines showing the directions of
least coupling (minimum coupling lines).

B. Accelerative Damping Map

The development of the accelerative damping map can be ap-
proached from two perspectives. In the context of active damping
of macro—micro manipulators, one typically assumes small rigid
and elastic rates. Then, only micromanipulator joint accelerations
can apply appreciableforces and moments to the flexible macroarm,
whichin turn serve to damp the structural vibrations. For any micro-
manipulator joint accelerations ¢, applied from rest, the resulting
generalized force is

fo=M.q, 9)

Alternatively, the same result can be deduced by using general
dynamics equations (1) and (2). To this end, we rewrite the elastic
dynamics equation (2) as

Meeée +Keqe = _Merér - he (10)

and interpret each term on the right-hand side as generalized forces
applied to the elastic degrees of freedom. Assuming the ¢, term to
be the predominantforcing functionleads to the same resultas given
in Eq. (9).

The strain energy, stated earlier in Eq. (5), can also be rewritten
in terms of generalized forces by making use of the load-deflection
relation f, = K.q., where the stiffness matrix is positive definite.
Then,

L T pr—1
V=3f£,K£, fe (11)
and substituting for the generalized force from Eq. (9) yields
V=1¢g"M K 'M,q, (12)

Equation (12) represents the strain energy of the system resulting
from rigid joint accelerations, under the assumption of small rates.
From it, one can define the accelerative damping matrix as

0,=M'K'M, (13)

For a macro-micro manipulator configuration described with ¢,
and ¢,, respectively, the eigenvalues of the accelerative damping
matrix are indicative of the sensitivity of flexible (macro-) manip-
ulator deflections to micromanipulator joint accelerations. Thus, if
the eigenvalues are large, good active damping performanceis pre-
dicted. The Euclidean norm of the vector of eigenvaluesof Q 4 is the
scalar measure of predicted damping performance from the accel-
erative damping map. For motion planning, a map can be generated
by using the largest eigenvalue and the minimum eigenvalueeigen-
vector of @, (over the configuration space), similarly to the MCM
derived from Q of Eq. (8).

C. Modal Inertia Map

An alternative for predicting the optimal microrobot configura-
tions for active damping, the modal inertia map (MIM), was pro-
posed by Van Vliet.!® This map is conceptually different from the
othertwo maps presented here. For macro—micro manipulators,both
the MCM and accelerativedamping map give a measure of the strain
energy induced in the macroarm as a result of the motion of the
microrobot. By contrast, the MIM represents the sensitivity of mi-
cromanipulator joint motions to the macromanipulator’s vibration.
The map is motivated by the fact that, when the micromanipulator
is configured such that it is sensitive to macroarm vibrations, good
damping performanceis expected. This sensitivity can be measured
by the torque required to hold the micromanipulator joints in the
nominal configuration ¢, as the macroarm vibrates.

This concept can be easily generalized to manipulators with
flexible and rigid degrees of freedom. In particular, if the rigid
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coordinates are fixed (joints are locked) and neglecting remaining
nonlinearities, the dynamics equations for the system reduce to

M. g =T (14)
M.q.+Kq. =0 (15)

from which the required “hold” torque is
T=M.§.=-MM.Kzq, (16)

If we furtherassume that the macromanipulatorvibrationis confined
to the dominant mode g, then g, = —®?q., and the corresponding
torque becomes

T = ;M,.q. )

where o, is the dominant natural frequency. The elements of T are
proportional to the effective inertia seen at each joint for vibration
confined to the dominant elastic mode. The Euclidean norm of this
torque is used to plot the MIM over the configuration space of the
microrobot or over the range space of rigid degrees of freedom
(DOF). In Sec. V, results calculated with MIM are compared with
the accelerative damping map and experiment.

III. Example Systems

The first flexible manipulator used to illustrate the performance
of the motion planningtools is called REMSPATIAL and was chosen
as a convenientintuitive example. Its first link is rigid, whereas the
second link is flexible with planar bending only (Fig. 1). A steel
sphere at the tip of the flexible link acts as the payload. Table 1 lists
the physical propertiesof the bodies. The flexible link is modeled by
asingle beam element, giving two elastic coordinates,the deflection
and slope of the tip of the link.

Rotation of the second joint allows any orientationof the bending
plane relative to the rotation plane of the first link. In particular,
the bending plane of the flexible link can be oriented to decouple
the link vibration from motion of the first joint. This configuration,
thus, helps verify motion planning schemes by providingan intuitive
solution for trajectories with minimal vibration excitation.

A modification of the REMSPATIAL example is introduced to
illustrate further the limitations of the motion planning maps. We
again consider the REMSPATIAL manipulator, but the environment

Table1 Physical properties* of REMSPATIAL

Body Dimension, cm Mass, kg
Rigid 53 0.8
Elastic 50x5x0.6 0.4
Sphere 13.4 diameter 10
aStiffness of flexible link Ef =74.7 N - m?.
u Shoulder Joint

i Elbow Joint Payload

Elastic Link \ /

Fig.1 REMSPATIAL manipulator

T~ Rigid Link

b
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is now modified to include gravity acting perpendicularly to the ro-
tation plane of the first, rigid link. Thus, the orientationof the elbow
joint determines the orientation of the flexible link relative to grav-
ity. For example, when the elbow is in the 0-deg configuration, the
bendingplane is perpendicularto gravity (decoupled),butis parallel
to gravity at £90 deg (coupled). Without gravity, the coupling of
vibration to shoulder joint acceleration displays the opposite char-
acteristics, coupled when the elbow is at 0 deg, but decoupled at
190 deg. The rotation of the elbow must, therefore, be planned ac-
cording to the net force resulting from gravity and shoulder joint
rotation.

The LAURA-SARA manipulator, shown in Fig. 2, was con-
structed in the Space and Subsea Robotics Laboratory at the Uni-
versity of Victoria specifically for experimental validation of active
damping techniques for macro—micro manipulators.” (LAURA is
an acronym for long articulated UVic robotic arm and SARA is an
acronym for small articulated rigid arm.) This planar macro-micro
manipulator is supported on a large glass table with air bearings
under each joint to minimize friction with the table. LAURA con-
sists of two flexible links actuated by two harmonic drive motors;
SARA is a 3-DOF rigid robot actuated with direct-drive brushed
dc motors. A detailed description of the macro—micro manipulator
design, geometry, stiffness, and inertia properties may be founded
in Van Vliet.'®

IV. Application to Motion Planning
In this section, we employ the MCM and accelerative damping
map to predict joint paths of least coupling. To evaluate the utility
of the maps, we also present the optimal motion solution obtained
with the global optimization procedure summarized briefly later.

A. Globally Optimal Solution

In Ref. 18, we developed a different path planning methodol-
ogy that minimizes the undesirable elastic vibrations. The motion
planning problem was formulated as a two-point boundary value
problem that yields a globally optimal solution for the particular
objective. The objective is written in the general form

T
minJ[u]:f(T)—l—/ F(x,u)dt (18)
" 0

where F' is chosen to represent the strain energy of Eq. (5), x is the
state of the manipulator dynamics, and the control input # is set to
q,. The first term f(T) enforces the constraint on x at the terminal
time 7. The optimization problem (18) is subject to the nonlinear
dynamicsequations, which can be summarizedin first-orderformas

x =f(x,u) (19)

qr

. .
x = u (20)

M. (M%u+K.q.+h,)

The optimal solutionto the problemis obtained by applying the Pon-
tryagin maximum principle. The numerical solution optimizes the
discretized values of control inputs u :=u(#;) at N equally spaced
knot points #;.

~.__78

Fig.2 LAURA-SARA manipulator
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Note that one difficulty arises in plotting the prediction maps
described in Sec. II. The maps can be easily plotted for systems
with 2-DOF only, for example, a 2-DOF microrobot attached to
a macroarm in a locked-joint configuration. For cases with more
DOF, the maps are no longer two dimensional, which significantly
complicates their use. Inasmuch as it is numerical, the global opti-
mization procedureis not limited by these plotting constraintsof the
prediction maps and can be used for manipulators with any num-
ber of DOF. However, the generality and accuracy of the optimal
solution comes at a high computational cost.

In the following two sections, we compare the globally optimal
path with respect to the heuristics of the MCM and predictions of
the accelerative damping map.

B. MCM Results

Given an MCM for a particular manipulator, a joint path between
two configurations to reduce vibration can be chosen by following
heuristics analogous to those proposed for the coupling map by
Torres and Dubowsky."” In particular, we choose the motion along
the minimum coupling lines in areas of higher coupling (darkly
shaded) and, if necessary, across the minimum coupling lines only
in areas of lower coupling. We now compare the global optimization
solution with the MCM, for the three example manipulator systems
described in Sec. III.

Figure 3 shows the globally optimal path superimposed on the
MCM for the REMSPATIAL manipulator. The task is chosen to
allow easy identification of the optimal trajectory: Move the joints
from (=90, 0) to (90, 0) deg, rest-to-rest, in 5 s. As expected, the
globally optimal path first prescribes elbow rotation that orients
the flexible link to decouple vibration from shoulder joint rotation.
After slewing the shoulder joint, the elbow joint is returned to the
desired angle. In this case, the globally optimal path (white thick
line) agrees well with MCM, and both methods also agree with our
intuition. The instantaneous direction of minimum coupling (along
black vertical lines) requires that the elbow rotate while the shoulder
does not. Once the joint configurationis in an area of relatively low
coupling (lightly shadedregion), the joint path crosses the minimum
coupling lines.

Results for REMGRAVITY manipulator are shown in Fig. 4. Be-
cause gravity is not included in the MCM derivation and the manip-
ulatoris identical to the preceding example, the map looks identical
to thatin Fig. 3. The globally optimal solution is shown for two ma-
neuvers: (=90, 0) to (90, 0) deg, rest-to-rest,in 5 s (white line) and
the same in 1 s (black line). We immediately observe that both paths
violate the MCM heuristics when gravity dominates the disturbance
to the flexible link. For the slow 5-s maneuver (white line), gravity
is dominant throughout most of the motion, and hence, the corre-
spondingjoint path is in complete discord with the MCM heuristics.
The optimal path for the fast maneuver (black line) agrees with the
MCM at the beginningand end of the motion when shoulderacceler-
ation dominates. (In Fig. 4, the global solutionfollows the minimum

180
135

90

o~
o

S
i

Elbow Joint Angle (deg)
o

-90

-135

Minimum Coupling Lines

-18Q
-180 -138 -80 -45 0 45 90 135 180

Shoulder Joint Angle (deg)

Fig. 3 MCM for REMSPATIAL manipulator with optimal joint path
(white thick line) superimposed.

Globally Optimal Path (Iasl)‘

Globally Optimal Path (slow)

Elbow Joint Angle (deg)
~
< o

IS
o

0
Shoulder Joint Angle (deg)

Fig.4 MCM for REMGRAVITY manipulator with optimal joint paths
for slow maneuver (white line) and fast maneuver (black) superimposed.

inimumn Coupling Lines|

-45

Elbow Joint Angle (deg)

&
S

Sheulder Joint Angle (deg)

Fig.5 MCM for LAURA-SARA manipulator with optimal joint path
(black line) superimposed.

coupling lines in the dark region in the initial and final stages of the
motion.) However, it disagrees in the middle of the motion, when
shoulder joint accelerationis zero and gravity dominates.

The MCM and the globally optimal path for the LAURA-SARA
manipulatorare less intuitive; however, Fig. 5 also shows agreement
between the two. The specified point-to-point task was to move
SARA’s shoulder and elbow joints from (=180, 0) to (0, 0) deg,
rest-to-rest,in 1 s. The SARA wrist and two LAURA joints were
lockedin the 0-deg straight-outconfiguration. During the trajectory,
the elbow joint moves to —180 deg that is, back over the shoulder
joint. For this macro—micro manipulator, such motion has the effect
of reducing the moment applied to the tip of the macromanipulator
as the shoulder joint slews, thus reducing vibration excitation.

C. Accelerative Damping Map Results

The accelerative damping maps for the REMSPATIAL and
REMGRAVITY examples look identical to the respective MCM and
are not included. The map obtained for the LAURA-SARA ma-
nipulators by using the accelerative damping matrix of Eq. (13) is
shown in Fig. 6. As can be seen, it looks substantially different
from the MCM of Fig. 5; however, there is no obvious contradiction
between the map heuristics and the globally optimal solution. In
addition to the differences in the configurations predicted for high
and low coupling, it appears that the minimum coupling directions
are not unique in some places. This is evidenced by the intersection
of lines and sharp corners and may occur because the eigenspace
corresponding to the minimum eigenvalue is not one dimensional.
We have not tackled the problem of how to choose the minimum
couplingdirection to maintain continuity. The issue of continuity of
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eigenvectorshas been addressed by Junkins and Schaub,'® albeit in
a different context.

V. Application to Active Damping

The accelerative damping map (ADM) and MIM are both used
for the LAURA-SARA manipulator to identify SARA’s configu-
ration that produces optimal damping of the supporting macroarm.
Predictions of the maps are evaluated against the experimental re-
sults obtained with the manipulator. The experiments are conducted
with the frequency matching algorithm used for the active damping
controller for SARA, describedbriefly next. Evaluation of alternate
active damping controllersis outside the scope of the present paper.
It is expected that all feasible controllers will yield better perfor-
mance when the microrobot is in the optimal configuration.

A. Frequency Matching Algorithm

The frequency matching algorithm?® is a method of active damp-
ing that relies solely on PD control of the micromanipulator joints.
Therefore, the control law is of the form

T = —Prm(qr — q;) — Drvg: (21)

where g, is the nominal micromanipulatorconfiguration. The objec-
tive of frequency matching is to tune (offline) the micromanipulator
PD gains, for a particularnominal configuration, to achieve optimal
damping of the dominant mode of vibration of the macroarm. Thus,
the derivative gains are determined to maximize the rate of energy
dissipation,whichin turnis achievedby matching micromanipulator
closed-loop frequenciesto w,. The proportional gains are chosen as

180 v s s - - e EREEE
135
sof &
_ 45
&
s
2 o
2
<
b=
S a5
g |
&
w
-90|
135
-180
225 e 8
225 180 -135 90 45 0 45 90 135 180
Shoulder Joint Angle (deg)
Fig.6 ADM for LAURA-SARA manipulator with ——, optimal joint
path, superimposed.
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a tradeoff between damping performance and closed-loopresponse
of the microjoints. This results in the following gain matrices®’:

Pry = (Z)SM;-;-s Dy = 20 .M, (22)

Note that the gain matrices of the frequency matching control law
are symmetric positive definite. Therefore, stability of the resulting
controlleris guaranteed by the constant setpointq, (Ref.21).

B. ADM and MIM Results

The ADM and the MIM were obtained for the experimental
LAURA-SARA manipulator and are included in Fig. 7. Surface
plots are used here rather than the contour plots used earlier in
Sec. IV because they are more suitable for the active damping ap-
plication. The peaks correspond to the dark region in the contour
plots (high coupling). The maps were computed with SARA wrist
locked in the straight-out configuration, whereas LAURA’s elbow
joint is locked at 60 deg (Fig. 8).

Note from Fig. 7 that the two maps are very similar in shape:
Both maps have a complex structure that is strongly dependent on
the nominal angles of both the SARA base and elbow joints. The
primary difference is that the central peak is more prominent in the
ADM. Both maps predict peak active damping performance near
05[ - 052 - O

To validate the predictions of the two maps, a series of experi-
ments were conducted with the LAURA-SARA arm. Briefly, the
experimental procedure involved the following steps. At the start
of each experiment, LAURA was deployed to the test configura-
tion, as shown in Fig. 8, with SARA controlled by stiff PD gains.
SARA’s PD gains were switched to appropriatefrequency matching
gains for active damping 2 s after the deployment maneuver. A de-
tailed description of the experimental procedure may be found by
Van Vliet.'® These experiments were repeated for a grid of nominal

Fig.8 LAURA-SARA configuration and deployment maneuver.

.51'0 - 2N "
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Fig.7 LAURA-SARA manipulator: a) normalized ADM and b) MIM.
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180

6, (deg)

-180 —180

Fig. 9 Observed damping performance on LAURA-SARA
manipulator

SARA configurations with its base and elbow angles incremented
at 45 deg. SARA’s third joint was locked in all experiments.

The datafromeach experimentwere analyzedoffline to determine
the rate of decay k of the strain energy in the macroarm. The strain
energy was calculated from strain measurements of LAURA’s flexi-
ble links. Figure 9 shows the measured damping performancex over
the complete range of SARA base and elbow joint angles. A com-
parison of the measured damping performance with the predicted
performance of the two maps in Fig. 7 indicates very good correla-
tion between predictionsand measurements, with MIM consistently
proving a slightly better predictor of the experimental damping than
ADM. Similar results and conclusions were obtained for a different
(locked) configuration of the LAURA manipulator.

VI. Conclusions

We presented three novel predictive tools for motion planning and
active damping problems. For the former, the MCM and the ADM
can be used to determine the joint motions or paths in joint space,
which minimize vibrationexcitationof the flexible manipulator. The
MCM is based on the coupling map concept developed previously,
but is applicable to general flexible manipulators. The motivation
for devising the maps is to enable trajectory (path) planning for
minimal vibration in a real-time environment.

For the simple example manipulator considered in the paper, the
two maps for motion planning are nearly identical. For the more
complicatedsystem, the LAURA-SARA manipulator, the maps dif-
fer, but both could predict a path similar to that calculated with the
numerical globally optimal solution. The maps fail when applied
to the example manipulator in a gravitational environment because
their derivations do not take into account external disturbance: The
map heuristics predict suitable joint paths when the joint motions
represent the dominant vibration disturbance throughout the ma-
neuver. When this is taken into account, comparison of the paths
predicted with the maps to those calculated with the globally op-
timal motion planner shows a good agreement between the two
procedures.

In the active damping scenario, the ADM and the MIM allow
identification of micromanipulator nominal configurations that, in
some sense, provide the most effective damping of the macroarm
vibrations. It was gratifying to observe that even for a complex
macro—micro manipulator, such as LAURA-SARA, the two maps
are very similar to each other. Furthermore, the predictions of the
maps were supported with the experimentally measured damping
performance of the LAURA-SARA manipulator system. Based on
our results, we conclude that the proposed maps can provide re-
liable and computationally inexpensive tools for motion planning
and active damping problems for space-based manipulator systems.
Further research is required to prove these map concepts for more
complicated spatial manipulator systems.
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