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Abstract

In a number of industrial, space, or molaifglications, reaction forces ammbments transmitted by
a manipulator to its base are undesirable. Inpdyer, weanalyze the pitgem of forceand torque
transmission in robotic systems, and proptesign and planning methods ticah eliminatet, or
reduce it.Based on force anshomenttransmissioranalysis, a threBOF redundantmanipulator
design isselected. Dymaic reactionforcesare eliminated byorce balaning. Reactiormoments
are eliminatedby following reactionlesspaths,whose planning isimplified by rendering the
dynamicsconfiguration-invariantReactionles®Vorkspacesare defined irwhich any end-effector
path can result in zero dynamic reactions. An examplsesl todemonstrate thasefulness of the
proposednethods. Anmportantadvantage othese methods is thtite manipulator can besed

either as a redundant, or as a reduced DOF reactionless system.

1 Introduction

Reactionforcestransmitted by a manipulator to its beme highy undesirable. Iran industrial
setting, the accuracy of a rapidly accelerating manipweitobe degraded byibrationscaused by
the transmission ofarge reactiorforces to itsmounts,(Karidis etal., 1992). Inspace, dynamic
reactions due to aacceleratingnanipulator mounted on satellite will disturb the position and
orientation ofthe latter (Dubowsky and Torres, 1991). If allowed to transmit reaction forces,
manipulators operating inraicro-gravity environment wilhaveadverseeffects on it(Rohn etal.,
1988). Manipulators mounted on compliant mobile bases, beutla aMars rover, orthe Shuttle
Canadarm, wilinevitably excitethe tase dynamics and result poor dynamic performance and
accuracy (Erb, 1990, West et al., 1990).

Moving a manipulator slowlys the simplestway to reduce reactionso acceptabldevels.
However,this is notacceptable iigh performance ggtications Reducingmanipulator reactions
by cost function miningation applied toredundant manipulator&/as proposed (Quinn edl.,
1988). Complete shaking force elimination can beachieved byadding counterwights or by

relocating thesupportpoint of themanipulator (Berkof etl., 1977, Walker and Oldim, 1978).



Minimization of therocking moment was accomplished laging anadditional actuatomwith a
preset inertia, along with a suitable controller (Karidis et al., 1992). However, such actuators can not
cortribute to systemmanipulativecapabilities. Inspace there exist pathsHat, if followed by a
manipulator mounted on feee-floatingspacecraftzero attiide disturbancedor the spacecrafuill
result (Papadopoulos, 1992). Use of such patgrequire relocating thepacecraft to &vorable
initial position, while reaction forces are not eliminated, i.e. the spacecraft will translate.

In this paper wenalyze théransmission of fore andmomentreactions in manipulators and
proposeguidelines thatanresult in reactionlesmotions. Thesenclude force balancing of the
manipulator, invariance afs massmatrix, and useof special joint-spaceeactionlesdrajectories.
The conceptis demonstratedwith a three Degree-of-Freedom(DOF) nine link redundant
manipulator with its three direct drive actuators base-mounted and sharing a commuiitrasiss
design, reaction moments can be cancelddeifactuatorsotate inopposite directionsThe system
Center ofMass (CM) isfixed by forcebalancing,and thedynamics ofthe systemare rendered
invariant. Thelatter featuresimplifies planning of reactionlegmths,since they simply belong to
fixed orientation joint space planes. Reactionless Workspaces are defimkdhnt is possible to
follow any end-effector path and s@liminate dynamidorces andnoments. Aradvantage of the
proposedmethod is that a manipulator can beedeither as aedundant or as a reduced DOF

reactionless system.

2 Base For ce and Moment Balancing
Consider a manipulator as a mechanism that transmits affpraed amomentn; to its base at a

single point B, see Fig. 1. A force balance for the manipulator in the presence of gravity, results in

d
fB:_a{MI«CM}—F Mg (1)

whereM is the total manipulator maggis the acceleration of gravity vector, arg, is the velocity
of the system CM. Itcan be seen thdt, has an undesired dynamiongponert resulting from

changes in system’s lineamomentumand astatic compoent due tayravity (zero inspace). The



dynamic componentsn Eq. (1)are zero if thesystem CMdoes notaccelerate, or equivalently, if
K.y = const. Assumingero inital CM velocity, integration ofthis condition yiéls r.,, = const.,
i.e. to transmit zero dynamic forces, thenipulator's CM has tde fixed. In principle, this

condition can be achieved by design. To this end, note that by definition
1 |
rCM:Mijrc,j (2)
j=1

wherel is the number of manipulator links), the mass ofthe fh link and r.; the position vector

of the fh CM with respect to base frame origin B, see Fig. 1. Differentiation of Eq. (2) yields
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wheren is the number of DOFRg is the ihjoint rate, & is then x1 vector ofjoint rates,and y is a
3xn matrix with v; its columns. Eq. (3) shows that the conditiqgy = const.canhold for any set
of & if and only ifall y; are identicallyequal tozero, or equivalently ify=0. In principle, the
condition y; = 0 can be satisfied by proper design, usually by static balamh@imgever,balancing
may not possibléor any manipulator.For example for planarsystemswithout axisymmetridink
groupings, force Bancing by internamassredistributionis possiblef, and onlyif, for each link
there is a path to thground byway of revolutesonly (Berkof etal., 1977). As aconsequence, a
planar mechanism with revolute joints dabalanced alway3herefore, inthis paper we consider
manipulators planar with revolute joints, only.

It is worth noting that the dynamics of a manipulator can be written as (Abu-Abed, 1993)
T=H(@) &+ V (@®+7'(a) g 4)

where H(q) is the nxn manipulatormassmatrix, q = [q,,...,q,]T is the vector of generalized
coordinatest = [1,,...,7,]T the vector of actuator torques, andq,&) the vector of velocityterms.
Eq. (4) shows that force balancing thampulator,also eliminates static actuatoequirements and
simplifies a system’s dynamics.

To study reaction moments, a moment balance written about point B in Fig. 1 yields



d
nB:rCMXMg_a{Z(Ij.mj+mjrc,jX|«c,j)} (5)
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whereng is the moment transmitted to the bases the | link inertia, and @, its inertial angular
velocity. Thesum in Eq.(5) representthe angulamomentum of the manipulatevith respect to

the base frame origin B, and can be equivalently written as (Papadopoulos and Dubowsky, 1991)

Z('j *® +Mr XKé,j):D(q)q (6)

i1
where D(qQ) is an inertia-type matrix of sizex®. The static momentepresented byhe cross
product in Eqg. (5) can be eliminated by locating the system CM at point B.

Eliminating ng can be achieved by usiagditional base actuatosjch as reactiowheels, that
can cancel reactiomoments. Thignethodwas employed in thelesign of ahigh-acceleration
minipositioner (Karidis et al., 1992), and can beerd inspace(Dubowskyand Torres,1991). A
limitation of this method is thainy additionalactuators cannot hgsed toincrease th®OFs of a
manipulator.Here, we are igrested ireliminating dynamg momentsusing a manipulator’'s own
design. In such case, all links and actuators can contribute to manipulation tasks.

Assuming zero initial velocities, Egs. (5) and (6) suggest that to eliminate dynamic moments the
angularmomentummust be zeroHowever,unlike with linear momentum, ingeneral it is not
possible to seD(q) = 0 by design. Thigs becausahe elements oD(q) containsums ofinertia
and other configuration dependent terms taainot be set equal to zdy all configurationsq.
Another possibility is to seD(q)&= 0, which reaiires thate trajectories are in theull space of
D(q). This solution results in velocity constraithsit reduce the availabl®OF of themanipulator,
andtherefore redundansystemsmust be ermployed if the end-effgor is tofollow any desired
paths in spacedowever, D(q)&= 0 represents a Pfafian equatiamich, in general,cannot be
integrated to yielctonstraints interms ofthe joint anglesq. The nonintegrability of the angular
momentum introducesonholonanic characteristics,e., aclosed path igoint or Cartesian space
will result in a driftin a manipulator’'sconfiguration.Such featuresare undesirablesince after

some time, some joint wittach its limitsand motionwill stop. Toavoid nonh&nomic problems,



one canmake D(q) invariant by design or, equivalently,equal to aconstant matd. Then

D(g)&= 0 can be integrated to yield configuration constraints. This is the approach taken here.

3 Planar Manipulator Designs for Reactionless M otions

Consider gplanar manipulatowith revolutejoints for which the dynmic reactionforces were
eliminated, i.ecy = 0. Due to Eg. (4), actuator torques necessagateelstatic gravitytorques are
also zero. Therefore, at static conditiong,is also zeroDirect observation of Eq5) understatic
conditions shows thah suchcaser ., is zero, ie. force balancingesults inzero static moments
about the attachment point of the manipulator to its base, point B in Fig. 1.

As discussed above, a desired step in eliminatmgmicmoments transmitted to the base is to
make D(q) constant. Theactual form of D(q) will depend onthe mechanicaldesign of the
manpulata. If only oneactuator is located at the base, thlignwill be necessarilyjonzero, and
equal in magnitude to. In such case, it will not be possible to h&¥g )&= 0. However, if two or
more actuators are mounted at the base and act along the sakneoaxasning the origin B, then it
is possible to eliminatag by having torques from orectuator carel torques ofthe others. Such
design will certainly allowfor D(q)&= 0, andpossibly for aconstantD(q). It can beshownthat
invariance ofD(q) requiresinvariance of thenassmatrix H as the elements oD(q) are linear
combinations of those &f.

From the above analysis, the followingdesign guidelines emergefor reactionlessplanar
manipulators: (a) forcbalance ananipulatorwith revolutejoints to eliminatedynamic forces, and
(b) use massatrix invarianceand speciaplanning techniques teliminatereactionmoments. As
explained above,guideline(b) introduces &onstraintbetween thgoint angles,and consequently
redundant manipulator designs must be employed.

Based on this analysis, 8380F nine link parallelmanipulatorwith three actuators mounted at
its base iselected that cameetthe requirementdor reaction-free motionfor otherdesignsthat
canresult in reactionlessiotions, see (Abu-Aed and Papadopoulo994). Tomaintain planar

operation, the manipulator is assumed to be symmetric with respect to its plane of action. As evident



from Fig. 2, this manipulator isredundant in terms dhe in planepositioning requirements, and
was proposed as a mechanical hand fi(ldeucef-Toumi and Yahiaoui, 1988). This manipulator is
composed of thregarallel mechanismdinks 1-4-6 are always mutuallparallel,and so ar&-5-8
and 3-7-9. Note also that the following sets of links share common lengthg:# |, I = |5, and

|, =1,. Each set of parallel links can beade to reatewhile the other linksare eitheistationary or
translating. Tk driving links (1, 2, & 3) and theirdirect drive actuators are oithe basejthis
simplifies decouplingdf the manipulator’'s masmatrix andresults insimplerdynamicequations.

In the next section we focus on force and moment balancing this nine-link parallel manipulator.

4 Manipulator Design
To forcebalance thenanipulatorshown in Fig. 2, firsthe y; vectors ardound according to Eq.

(3), and given in Eg. (Al). Setting these equal to zero results in

Myl + Myl +myl g + (Mg +m, +my+my)l, =0

Myl + myl, — Myl s —myl g —myls =0

Myleg + Mgl + Myle7 + Myl; —myleg = 0 (7)
wherel (i=1,...,9) are the locations of the nine CMs, defined as shown in Fig. 2.

To obtain a reactionless constraint in terms of the joint aggleeD matrix given inEq. (A3)

must be made invariant. This yields three more equations to be satisfied by design

Myloles — Melles — Mglyleg — Mglls = 0

Melales + Mylile7 +mghl; —Mplleg = 0

Mylglco — Myl7leg =0 (8)
Note thatboth Egs.(7) and(8) are notfunctions oflink inertias. Therefore,lengths |; can be

adjusted bythe use ofconstantmasscounterweights. Teolve for the ninel; lengths, the six

equations (7) and (8) are written in compact matrix form as



Al=k (9)

whereA is a 69 matrix andk a 6<1 vector,both functionsof link massesandlengths,andl. is a
9x1 vector thatcontainsthe unknown | . This inearsystem isunder-constrained angas an in-
finite number of solutions includirtpe minimum-norm oneDepending orthe relativeimportance
of thelg;, one can minimiz&Vl. instead of., whereW is a diagonal weighting matrix. lsuchcase,

the weighted minimum norm solution figris given by

=W W AT(AW (W) TAT) K (10)

Using W = diag (1.0, 0.2, 1.0, 1.2, 1.0, 1.0, 1.0, 1.2, 1BY. (9)is solved and theresulting
manipulator parameters are displayed in Table I.

Tablel. Manipulator Parameters

| 1m | m(kg) | (kgmd) I (m)

1 0.50 7.00 0.2501 | -0.2214
2 0.18 1.45 0.0025 | -0.1111
3 0.20 2.00 0.0180 | -0.1605
4 0.50 1.50 0.0199 | 0.2016
5 0.46 0.70 0.0215 | -0.0110
6 0.50 1.50 0.0419 | -0.0349
7 0.20 1.15 0.0143 | -0.0682
8 0.46 0.50 0.0162 | 0.0032
9 0.30 0.25 0.0058 | 0.0027

It is worth pointing out bhat inthis casethe manipulator's massnatrix is both invariant and

decoupled, resulting in the following equations of motion

Tl |[hy O O &
Ty |= 0 hzz 0 & (11)
T3] L0 0 hyle

However in general, reactionless manipulators do not necessarily have a decoupled mass matrix.

5 Reactionless Path Planning
As discussed irbection 2elimination of reactiormoments requirethat theangular manentum
given byEg. (6) be maintainedqual to zeroFor the forcebalancedand invariant massmatrix

manipulator of the previous section, this equation is written as



&+ A0+ A8 =0 (12)
where A, =h,,/h,=d,/d, and A, =h,;/h,=d,/d. This equatio suggests thateactionless

motions require that at least one jointrbeving opposite to some other one. Sincg and A, are

constants, Eq. (12) can be integrated to yield
O +A,0p + A0 =Db (13)

where theconstantb is called thepose constant and depends othe initial configurationg.
Equaion (13) represents int spaceplang with A = [1, A,, A;]T its normal vector. For a
reactionless motion, all via points athe target poinmust be orthe planedefined by theb of the

initial configurationg. Since a redundamhanipulator can reacpoints in itsworkspace in more
than one poses, it follows from E@.3) that a single x-yoint canhave arange ofb constants
associated with it. Each of thaseonstants defines a different plabet sincethe normalvectorA

is fixed for a given manipulator, all these planes are parallel (Papadopoulos and Abu-Abed, 1994).

Given an end-effector location in x-y space, the rangsoeéconstantsvhich correspond to it
can be found using inverse kinematic relationshipsdah of these constardsrresponds aet of
¢, — 0, — gz angles. A plot ofg, versusthe availableposeconstantd is shown in Fig3, for two
(X, y) points. This plot can be used to determine if fyoy) pointscan be joined by a reactionless
path. To thisend, aposeconstantwhich is available toboth points, orequivalently, glot overlap
shouldexist, such aghe one inFig. 3. Forexample,point (0.50,0.50) isreachablefrom (0.55,
0.90), if the initial angley, is between 1.6 and 1.9 rad.

Path planning can be facilitated if the sefpofints hat can bexccessedvith reactionless paths
from some irial configuration is known.The set ofsuch points d&es the Reactionless
Workspaceassociated with particularinitial configuration. To find this wkspace, it isssumed
that the first joint can rotate freely, while relative joint angies- g, —q, and a, = g; — g, + 7 vary

within their limits. The forward kinematic equations for this manipulator are, see Fig. 2
x =1, cos@,) — s cos@,) — |y cos@;) (14a)

y=1;sin(q) —lssin(@,) —lgsin(a,) (14b)



Solving Eq. (13) forg, yields

b Ag(m—ay)—a (A, +135) .
(h = = b a], 15
1+k2+k3+ 1+A,+Ag +0(a,3) (19)

whereb® = b/(1+), +A,) is a constantand ¢ an anglefunction of a and a,. SubstitutingEq. (15)
into Eq. (14) and using the relative joint angéesEq. (14) is written as

[X} B {C(b*) —s(b’ )}[0(4)) —5(4))}['1 —lsc(ay) +1qc(ay + az)}

Tlsi) ) [S0)  c@) | —lss(a) +lgs(ay +ay)

16
y (16)

where c¢(), s() denote the cosine and the sine of an angle gh@nainitial pose,b and therefordo*
are fixed. Hence, the Reactionl&&®rkspacecan befound by varyingthe a in their range. Note
that sinceb* only appears in the rotation matrix in Eq. (16),shapeof thereactionless workspace
is independent of this constant. Howeverorigntationin space depends on it.

Using Eq. (16),the Reactionles$Vorkspace iglotted in theCartesian planér b = 2.4 rad
and depicted in Fig. 4. Any two points in this regeam be connectedith any path, toresult in a
reactionless motion as long as thetion inthe jointspaceadheres to itseactionless plane. If the
desired path cannot be containethis shaded regiomeactionmoments will be transmitted to the
base when the end-effectomosseghe boundary ofthe reactionless workspacEig. 4 alsodepict
the Reactionless Workspace corresponding=®.0 rad. As expected, its shapeadsntical to that

for b= 2.4 rad, but its orientation is different.

6 Simulation Results and Comparisons

The base reactions of the manipulator whose parameters apdednlari were computedsing its
equations of motion. Agxpectedthese parametenesult in zerodynamic forcetransmission,
irrespective of the patfollowed. Tocalculatereactionmomentsinitial and final points A and B
were chosen from a Reactionless Workspace as follaws,J = (0.50, 0.50) andx{, yg) = (0.55,
0.90), with correspondind = 2.4 rad. Tatest the effecbf different paths onthe base reactions

moments, the following three paths were chosen

10



1. A path planned in Cartesian space, independent of any reactionless requirements.
2. A path planned in the configuration space; the path did not adhere to any reactionless plane.
3. Areactionless path. In Cartesian spaceptih wasdentical to tlat in Case 2above. The x-y
pairs along with thé constant determine the initial afwlal angles otthe manipulatorg, and
0, see Egs(13) and(14). Thepath was atraight ine in jointspace connecting, and g,

both lying on the plane defined by Eq. (13).

Quintic polynomial trajectories were used in the simulation to result in continuousgtmoity and
acceleration profiles. A computed torque control schemesmgdoyed tadeterminemotor torques,
while the control gains were the samaeliirthree cases. Ehrequiredactuatortorquest,, t,, andr,,
as well as the resultant base reactionsa@vn in Fig.5. Snapshots dhe correspondingnotion
sequences of links 1, 5 andage also shown. Aglepicted in Figs5 (a) and(b), theresulting
reaction momenis high for Cases land 2,since no reactionlegdane isadhered toFor Case 3,
Fig. 5 (c) shows that throughout the motion the base reaction moment is zero.

Although theaboveanalysis mdicates zero baseactions, small deviationsfrom the ideal zero
reaction case mayccur in pactice.Sources of sucleviations includenanufacturingtolerances,
neglected small unbalanced friction in the didrete actuators, anthanipulator unbalance due to a
payload.However, in allthese casethe proposed desigwill eliminate themost significantbase
reactions which are due to manipulator accelerditikg. Finally, note tht in princple higher DOF
spatial reactionless manipulators can be constructed assiogildingblocks two orthreeDOF re-

actionless manipulators. On the other hand, since most basigereactions are duettee proximal

links of a manipulator, one can use the proposed methods to reduce such reactions significantly.

7 Conclusions

Analysis of force transmission propertegmanipulators has shaowvthat dymamic reactionscan be
eliminated if the system Center bfass is kepfixed. For planar mechanismsith revolute joints,

this condition can be satisfied by proper design. However, elimination of reaction moments requires

in general appropriatgajectoryplanning. Rendering system’s massnatrix invariant, simplifies

11



the planning of reactionless paths, since they only need to be on fixed orientation joint space planes.
A three-DOF planar manipulators was designed based on analysis, and was used to demonstrate the
value ofthe proposedmethods. Aradvantage othis design is thathe manipulator can besed

either as redundant, or as reduced DOF reactionless system.
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Appendix A

For the 3 DOF manipulator in Fig. 2, the columns oftheatrix in Eq. (3) are

Yo = 0g[Mily + ML+ Mgl e+ (M + m+ m+ 1)

Y2 = 0 [Myl, + Myl — M — Ml — m ]

Yz =0 [ml .+ ml,+m| . +mJ.—m{] (A1)
whereoy , (k= 1,2,3), are given by

a, =[-sin(@) cos@) 0] (A2)
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The elements of matrio(q) =[d,, d,, d;] are given by

dh=I+I,+ |6+ml|c21+m4|c24+ms|c26+(”%+m7+ma+ma)|12+
+ (Myloleq — Mylyles — Mylylog — Mylyls) cos@, — a,) +
+ (Mel3lee + mplyl 7 + mglyl; — mglyl o) cos@, — o)
dy = 1y + I+ lg+ mylZ, + mel % + myl % + myl2 + myl2 +
+ (Mylales — Melyles — Mplylcg — Mylyls) cos@ — a)
+ (Mglglco — Mylolcg) cOS@, — O3)
Oy = g+ |7+ lg + MylZ + Mm%, + mylZ + myl3 + myl? +
+ (Melale + Mplyle7 + mglyl; — mglyl.g) cos@, — d) (A3)
+ (Mglglce — Mylolcg) cOS@, — 5)
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Manipulator Boundary
Y

@ Denotes Center of Mass

Fig. 1. Forces and moments applied on a manipulator.
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- Geometric length of links
5 and 9 shown in heavy line.

- Small arrows indicate where
link CM is measured from.

-Links 1, 2, and 3 are driven
by base mounted actuators

Fig. 2. Anine-link 3 DOF parallel manipulator.
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Fig. 4. Reactionlesworkspaces fob = 2.4 rad, antd = 5.0 rad.
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Fig. 5. Manipulator snapshots and corresponding torque profiles. End-effector paths start at
point A, and end at point B. (a) Path planned in Cartesian space, (b) Path planned in

joint space, (c) Reactionless path.
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