CHAPTER 6

MANIPULA TION RESULTS AND CONCLUSIONS

This chapter presens experimertal resultsfor xed-p oint manipulation and open
loop and closedloop recon gurable manipulation of a rubber ball, and xed-p oint
manipulation of a cube. It alsolays the groundwork for recon gurable manipulation
of acube. Variousfactorsrelating to the theory in application and suggestediverues

for further researt are discussed.

6.1 Fixed-Point Manipulation Experimerts

The approad outlined in Section 3.9.2 was usedto manipulate a rubber ball
and cube. Hence,the joint anglesnecessaryto acquire the object and the initial
corntact coordinatesareassumed.Acquisition of the object is basedsolelyon nominal
geometryof the test bed and object. Complianceis extremelyusefulin this situation
asmodeling errors a ect the forcesapplied to the object. For ead case,the object
wasacquiredand then lifted prior to beginningmanipulatiort. The ertire trajectory
wasdeterminedin Matlab" and the resulting position commandssert to the motion

control boards.

'During experimentation, Joint 5 on robot 2 was lost. Therefore, only 3 robots were used for
the manipulations described in this section. The motor was replaced, and all four robots were
operational during the open loop manipulation trials.
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6.1.1 Fixed-Point Manipulation of the Ball

Eadh nger contacts the sphericalobject on its equator as shovn in Figure 6.1.
The results for seweral combinations of nger models and manipulations are given
in Table6.1. For ead translation trial, the desireddisplacemen alongany primary
axiswas 6" and rotation was45 . For all trials, the desiredtrajectory is a straight

line betweenthe initial and nal con gurations.

Gauss frame on finger at
contact point

"""" Gauss/contact frame
on object at contact
point

Figure 6.1. Top View of Fingers Contacting an Object

During the two translation trials, the ball was dropped prior to completing the
manipulation. In these cases,the displacemeh was reducedto 5 inches and the
experiment wasrerun. The beginningand endingcon gurations of the ball for Trial
#1 areshown in Figure 6.2. Dueto parallax in the imagesof Figure 6.2, it is di cult
to judge the beginningand ending points of the object. Howewer, the initial starting
position wasat 0. The secondimageis more accurateasthe camerais morein line

with the object's position indicator. It can be seenfrom this gure that the ball
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Table 6.1

MANIPULA TION RESULTS WITH RIGID, SPHERICAL FINGERS AND A
COMPLIANT BALL

Recon guration Twist Finger | Displacemen (in.)/

Trial | Type (Trans/Rot) AXis Model Rotation (deg)
1 T 0, 1,0) PCwF 5
2 T s 0, B | PCwF 5
3 R 0,0,1) PCwF 31
4 R (1, 0,0) SF 45
5 R (1, 0,0) CF 53
6 R Py P p= | PCWF |

has translated appraximately 5". Similar results were seenfor trial #2; howewer,
no imagesof it are preserted asit wasdi cult to view the scaleafter manipulation
was completed.

The beginning and ending con gurations of the ball for Trial #3 are shown in
Figure 6.3. The nal anglewas measuredto be 31 . It is apparert from the nal
picture that somesliding has occurred betweenthe nger and the ball sincethe
corntact location on the ngers haschanged(recalling Figure 6.1). This slippageis
likely the causeof the decreasen the rotation angle.

Torotate the ball about its x-axis, only two ngers arerequired. Again, recalling
Figure 6.1, it would be su cient for only ngers 3 and 4 to graspthe object. Then
rotation is e ected by simply rotating joint 6 in the proper direction. This rotational
constrairt is provided by the soft nger model. Since nger 1is alsoin cortact with
the object, it must translate in the direction of rotation. By cortrast, the compliant
nger model basically statesthat the ngers and object move asa singlerigid body.

Hence, nger 1 movesin suc a motion asto additionally rotate the ball. The nal
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Figure 6.2. Beginning and Ending Con guration of Ball
Under Fixed-Point Translation

con gurations of the ball usingthesetwo nger modelsare shavn in Figure 6.4. It
can be seenthat, in the caseof the soft nger, nger 1 losescontact with the ball.
Howe\er, this doesnot occur with the compliart nger. Finger 1 is on the right in
both cases,and the di erent trajectory taken by nger 1 in ead caseis eviden.
This is likely the causefor the over rotation whenusingthe compliart nger model.
If this model is an accuraterepresemation of the contact, then it likely causedthe
object to twist relative to ngers 3 and 4. Using the soft nger, howewer, nger 1
cortributes little to the overall rotation of the ball. Instead, it is only e ected by
the rotation of ngers 3 and 4 and endsup more accurately reading the desired
angle.

The nal trial wasto rotate the ball about an arbitrary axis. The twist axis
chosenwas along the line through the ball's origin and through the point (1, 1, 1).
Rotation about an axis can be obsened by viewing the motion of one of the xed
points of the object related to the axis. In local coordinates, one of these xed

points is locatedat u = 55 ; v = 45 asshawvn in Figure 6.5. It is a point lying on
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Figure 6.3. Beginning and Ending Con guration of Ball
Under Fixed-Point Rotation about its z-Axis

the axis of rotation and on the surfaceof the object. Hence,it hasno translational
velocity nor accelerationduring motion.

Figure 6.6 shows seeral con gurations of the ball during manipulation. The
xed point is indicated by the light coloreddot. Although this point doestranslate
slightly dueto inaccuraciedn placingthe xed point, it is obviousit translatesmuch
lessthan the frame at the top of the ball. This is a good indication that the ball is

rotating about the desiredaxis.

6.1.2 Fixed-Point Manipulation of the Cube

Due to inaccuraciesof nger placemen, the cube tends to skew upon being
grasped. During testing, the issueof local position cortrol in manipulation is obvious
with rigid ngers and a rigid object. The result is a very shaky motion due to the
inability of the joints to achieve their desiredangles.In addition, position commands
canbe\lost" sincethey are basedon the previousposition information. If the robot
is pushing against a rigid object, someof the current joint positions will not be as
expected, and the next commandis xed relative to the current motor position.

Finally, slipping of the cortact framesduring rotation addsan error elemen aswell.
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(a) (b)

Figure 6.4. Ending Con guration of Ball Under Fixed-
Point Rotation about Its x-Axis Using (a) the Soft Finger
Model, and (b) the Compliant Finger Model

Switching to compliart ngers reducesthe stresson the robots. The manipulation
trials done with the cube are summarizedin Table 6.2. For all trials, the PCwF
nger model was assumed.

The beginning and ending con gurations of the cube for Trial #1 are shovn
in Figure 6.7, and the ending con guration for Trial #2 is shovn in Figure 6.8.
Unlike the ball, which is somewhat xed in its stand, the cube is freeto slide. Any
misalignmert in the setup or mistiming betweenthe robots tendsto causethe object
to be pushed. Pushinghasbeeniderti ed asa usefulapproad in manipulation [43,
54). In fact, if speedsare slov enough,an object can be pushedin sud a fashion
that it appearsto be rigidly xed to the manipulator [36]. Although it makes
measuremets moredi cult, this allows for some exibilit y in the orientation of the
cube prior to graspingsinceit will slide and partially self-cetter in the grasp.

As stated previously, a drawbadk of this combination of position cortrol, nger
type, andrigid object is the stressappliedto the system. Manipulation resultsusing

the sameobject but with compliant ngers are given below. Theseresults provide
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Figure 6.5. Arbitrary Axis of Rotation for the Ball

motivation for the closedloop application discussedsubsequetly which incorporates

force cortrol.

6.1.3 E ects of Compliant Fingers

As previously stated, complianceaids in open loop manipulation to an externt
becausadt allows for errorsin the system. The beginningand ending con gurations
of the cube being rotated using compliant ngers are shown in Figure 6.9. The
e ect on the graspingsystemcannot be appreciatedfrom a still photograph. Since
the joints are now able to achieve their position commands,the manipulation runs
more smaothly.

This is not the primary view of compliancetakenin this work. Instead, compli-
ancecomesinto play whenattempting to graspand manipulate a nonsmath object
on its edges. Using rigid ngers, the robots are unable to acquire the cube along
its edges. Due to the point cortact, the positioning requiremens are too restric-
tive. With compliant ngers, howewer, the robots are able to graspthe cube along
its edges. Figure 6.10 shows the beginning and ending photographs of the robots

grasping the cube on its edgesduring a translation. Additionally, a rotation was
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(1) (2)

3) (4)

Figure 6.6. Sewral Con gurations of Ball Under Fixed-
Point Rotation about an Axis Through (1, 1, 1) with Ro-
tating Fixed Point

carried out while maintaining a graspalongthe edgesof the cube but is not pictured

here.

6.2 Recon gurable Manipulation Experimerts

The main di erence between xed-p oint and recon gurable manipulation is that
of rolling cortact. Greater object rotations can ostensibly be e ected through re-
con guration of the nger on the object, allowing a manipulation to proceedwhile

working within a small portion of the systems'workspaceor e ectively increasing
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Table 6.2

MANIPULA TION SUMMARY FOR THE CUBE

Recon guration Twist Finger Grasp | Displacemen (in.)/
Trial | Type (Trans/Rot) AXis Type Location Rotation (deg)
1 T (2,0,0) Rigid Plane 15
2 R (0,0,1) Rigid Plane 49
3 T (0,0,1) Rigid Edge |
4 R (0,0,1) | Compliant Plane 46
5 T (1, 0, 0) | Compliant Edge |
6 R (1, 0,0) | Compliant Edge |

it. For small objects, this is cortrary to translation since,by de nition, the object
will leave the workspaceof at leastoneof the robots. Therefore,only manipulations
requiring rotation were consideredfor the remainder of the experimerts. These
were conductedbasedon the results of Section3.9.4and the methods preserted in

Chapter 5.

6.2.1 Open Loop Manipulation of the Ball

Referring to Figure 4.7, the local contact coordinates are given in Table 6.3.
Seeral experimerts were done to manipulate the ball. Theseare summarizedin
Table 6.4.

The beginning and ending con gurations of the ball for a manipulation to 60
about its z-axis are showvn in Figure 6.11. The nal angle was measuredto be
66 . The additional mark on the ball in Figure 6.11 runs along the seamof the
outer cover created during the manufacturing process. Comparing the location of
the nger relative to this mark in the beginning and ending pictures givesa visual

indicator of how far the nger recon gured dueto Lie bracketing.
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Figure 6.7. Beginning and Ending Con guration of the
Cube Under Fixed-Point Translation

Table 6.3

CONTACT COORDINATES FOR A SPHERICAL FINGER ON A SPHERICAL
OBJECT

| Finger [us [vi [uo| vo | |
1 0|00 =

ellelleolle]

2 0/0|O0
3 0|00 0
4 0/0|O

Prior to rotating the object, the con guration of Robot 1 was

2 3
0:998  0:011 0:065 300
0:005 0:995 0:100 0:03
0:066 0:099 0993 128

0 0 0 1

Ost =
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Table 6.4

OPEN LOOP MANIPULA TION EXPERIMENTS

Rot Rotation Max Bracket
Amt (deg) AXxis Rot (deg) | Iterations Notes Results
60 (0,0,1) 10 3 | complete, 66
45 (0,0,1) 15 3 | complete, 38
30 (-1, 1, 1) 15 5 10 3 cuto for | dropped ball
h right after
2nd rotation
30 (-1,1,1) 15 5 10 ®cuto for | dropped ball
h during 2ndro-
tation
30 (-1,1,1) 10 3 10 8 cuto for | dropped ball
h during 2ndro-
tation
60 (0,0,1) 15 10 xed h dropped ball
2/3 through
75 (0,0,1) 15 10 variable h dropped ball
early
45 (-1,1,1) 15 5 variable  h, | dropped ball
10 *® cuto | during 2ndro-
for h tation
45 (-1,1,1) 15 5 variable  h, | dropped ball
10 1 cuto | during 2ndro-
for h, original | tation
data les
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2

Figure 6.8. Final Con guration of Cube Under Fixed-Point
Rotation about its z-Axis

Ideally, after iterativ e Lie bracketing, the robot should be returned to this con gu-

ration. After a seriesof 10 Lie bracket motions, the con guration was
2 3

0:991 0075 0:108 288

0:082 0995  0:064 0:35

0:103 0:072 0:992 130
0 0 0 1

The di erence in oriertation of the two framesis minimal. The error in the x- and
z-directions was measuredto be 11 and 10, respectively. The di erences between
the framesis shaowvn in Figure 6.12.

In the open loop experimerts, cuto s for the Phillip Hall coordinatestried were
1 1031 108and1l 10 19 The full iterative method wasnewer used. Instead
some preset limit of iterations was done. Finally, some experimerts used xed
values for the Phillip Hall coordinates while others recalculated the Phillip Hall

coordinates prior to ead iteration (indicated as xed or variable h's in Table 6.4).
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\LA'G

Figure 6.9. Beginning and Ending Con gurations of Cube
Under Fixed-Point Rotation about its z-Axis with Com-
pliant Fingers

None of the combinations, howewer, allowed a manipulation beyond 60 about the
z-axis. Resultsfor rotations about other axeswere worse;no rotations beyond 30
were achieved and the ball was usually dropped during rotation.

Results of the open loop experimerts shov a marginal increasein the robots’
e ective workspace. Although the robot's workspacelimit was not determinedin
advance,it wasobsenedthat, during xed-p oint rotation, links 2 and 3 on robot 3
arenearly in line at a z-axis rotation of 45 . Therefore,rotation beyond this amourt
is impossiblewithout recon guring the ngers. With minimal recon guration, a
rotation of 60 was achieved. Howe\er, this result was not repeatable. It should
also be noted, by viewing the photograph on the right of Figure 6.11, that the
trajectory of robot 2 took its nger o the ball. SubsequenLie bracketing in this
casewould causeunwanted motion of the ball which would likely lead to the ball
being dropped during subsequeh manipulations since the geometry assumptions
usedfor the openloop calculationsare no longervalid. Theseresultsalsoshaw that
open loop manipulation works best for the simplest case,which is rotation about

the object's z-axis.
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Figure 6.10. Compliant Fingers Translating a Cube while
Grasping along its Edges

The ultimate goal is to cortinuously manipulate an object. It is obvious an
open loop approad is not su cien t. The last set of experimerts incorporatesforce
feedba& to provide real-time cortact coordinates and to maintain proper grasp

force.

6.2.2 ClosedLoop Manipulation of the Ball

To acquirethe object, the robots are commandedto a position purposelyoutside
the area of the object. Next, the ngers move basedon output from the fuzzy
cortroller to acquirethe object. During manipulation, the cortroller is tasked with
ensuringthe object is held secure.The sensorsalsogive information on the nger's
contact coordinates. The ertire manipulation processis depictedin Figure 6.13.

The closedloop portion of the experimen? ertails adding feedba& for force
cortrol and for cortact coordinates measuremen Both of theseare accomplished

through the use of force sensorson the ngers. The trials are summarizedin Ta-

2Most of the closedloop experimerts were run with three robots as the wrist on robot four
becameinoperable. While manipulation was done with three robots, results were better when
the fourth nger was placedin contact with the ball during Lie bracketing to provide additional

support.
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Figure 6.11. Beginningand Ending Con gurations of a Ball
under Fixed Point Rotation with Finger Lie Bracketing to
E ect a 60 Rotation about the z-axis

ble 6.5. The rst two trials wererun to compareto the open loop results for the
sameparameters. The last trial shavs the improved generality of the closedloop
systemversusthe open loop.

By comparing Tables6.4 and 6.5, it can be seenthat for rotating the ball about
its z-axis, the open loop caseresulted in a greater rotation than the closedloop
case.Howeer, this is not attributed to a de ciency in the overall closedloop plan
but rather to the fuzzy conroller. The cortroller is not robust enoughto accourt
for the very di erent conditions assaiated with cheding the slip condition near a
zerorotation and at a large rotation angle. The straightforward correction for this
is additional Lie bradketing. Other possibilitieswill be discussedater. It is safeto
say that had the slip condition not beencheded after the recon guration at 50 ,
rotation to at least 60 would have been adieved. The trajectory of the robots
during manipulation is shovn in Figure 6.14.

An advantage of the closedloop systemis in its repeatability. The open loop
results for the rst trial were only obtained once. Howewer, performanceof the

closedloop systemis more dependable. This di erence is attributed to slight errors
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0.8

Figure 6.12. Orientation of the Tool Frame for Robot 1
Prior to Rotation and after Recon guration

in initial conditions, most likely the zero con guration of the robots, from trial to
trial which negatively a ects the open loop system'sperformance.

Improvemern usingthe closedloop systemis alsodemonstratedwhen performing
rotations about an arbitrary axis. For a rotation about an axis through (-1, 1, 1),
the closedloop system was able to rotate the ball through 60 while the open
loop system was unable to achieve a rotation past 30. The closedloop system
stalled, in this case,dueto oneof the robots approading a singularity con guration.
The nal closedloop experimernt was about an axis through ( P 3=2; 1=2; 0)to
further demonstratethe generality of the closedloop system. During the second
recon guration, nger four wasnot set, and the ball slipped somewhat. This likely
led to cortact errorslater on, but the ball wasstill rotated 50 beforeit wasdropped
during Lie bracketing.

For the rst two closedloop trials, additional recon guration of the ngers would

have improved performance.Figure 6.15shovsthe nal positionsof a nger relative
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Figure 6.13. GeneralFinger Path During ClosedLoop Ma-
nipulation

to the ball after 10recon gurations following a 10 xed-p oint rotation. In this case,
the trajectory was recalculated after ead bracket motion, and the slip condition
was cheded after the fourth bracket. That the ngertip is \inside" the ball is an
indication that the ball is being squeezed. While the plot represeis ideal rigid
bodies and exact measuremets, neither is true with the physical setup.

The nger returned approximately 0.7" in the x-direction. Changealongthe z-
axiswasonly 0.04" which is important becausewithout any additional information
available regardingthe contact betweenthe nger andthe object, it is desirablethat
the nger not unintentionally move up or down on the ball sincethe newtrajectory

will be calculatedbasedon an errant assumptionregardingthe object's surface.To
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Table 6.5

CLOSED LOOP MANIPULA TION EXPERIMENTS

Rot. Fxd-Pt Bracket Total

AXis Rot. (deg) | Iterations | Rot. (deg) Notes
(0,0,1) 10 3 50 dropped ball while
cheking slip after

bracket at 50
(-1,1,1) 15 3 60 singularity  during
bracket  trajectory

n calculations
( " 3=2,-1/2, 1) 10 3 50 failed to set nger
4 during second
bradket, dropped

ball during bracket
after 50

cortrast, the displacemen for a xed- h recon guration was0.4" and 0.2" in the x-

and z-directions, respectively.

6.3 Approachesto Manipulating a Cube

While no manipulation of a cube was performed,the conceptspresened in Sec-

tion 5.9 were veri ed, laying the groundwork for an approad to recon gurable,

nonsmadth object manipulation.

6.3.1 Lie Bracketing on an Edge

The reasonfor shonving xed-p oint rotation of a cube by graspingits edgeswas

to verify the utilit y of compliancein the caseof recon gurable manipulation of

nonsmath objects. In a closedloop experimen, after the cube was grasped on

its edges,the ertire Lie bradket motion was completedwithout the nger slipping

between facesdue to the complianceof the nger.
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() (b)

Figure 6.14. Path Followed by (a) Fingers During Manip-
ulation Experimert, and (b) An Exploded View of Finger
Three's Path in (a) Shaving Slip Correction, Rotation,
and Lie Bracketing

the ow is known, the correct face can be usedfor motion planning. The ability
of compliarnt ngers to grasp edgescould be of usein certain situations, but a
more generalapproad is to formulate a method for traversing an edgewhile Lie

bracketing.

6.3.2 FaceSwitching

For this case,path planning was doneto move from face2 to face5 as de ned
in Figure 5.14. Flowing along g; and g, with face5 in this con guration equatesto
owing in the increasingy-direction and increasingz-direction, respectively, when
referencedto the palm's frame (seeFigure 5.2). Howewer, on the actual face, these
o ws corresnd to moving in the increasingy-direction and decreasingk-direction.
Therefore, it is necessaryo make this correctionalongwith correctionsto the nger
orientation oncethe edgebetweenthe two faceshasbeenreated. Figure 6.16showvs
seeral con gurations of a nger while moving from the vertical faceto the horizontal

face. The path of the wrist is shovn in Figure 6.17. The wrist position is plotted

154



%
=
=

48+ - ;
O Fixed Point
¢ End of Reconfiguration
) ‘

@in.)
5
[6;]

. . . . L
49 495 50 50.5 51
x (in.)

Figure 6.15. Finger Position on Ball at the End of Eadc of
10 Recon gurations Following a Fixed-Point Rotation

instead of the ngertip to moreeasilyvisualizethe Lie bracket motions. Noting that
the wrist movesin in arc about the cortact point, it canbe seenfrom this view that
the rst bradket motion is alongthe vertical faceof the cube, parallel to the y-axis.
After switching, the samebracket motion is performed on the top facewhich is in
the x y plane. The sequenceof ows on the top faceis indicated in Figure 6.17.
Edgedetectionis vitally important in this case.lIt could be predicted basedon
a nominal geometry or it could be determinedvia feedba&. Figure 6.18shaws the
sensorvaluesassaiated with one nger while in cortact with the cube on its face
and on its edge. Sincethe top sensors]1, 2, and 6, are not in cortact with the object
whenthe nger is nearthe edgeof the cube, it is evidert that the sensorsusedhere

would be adequateto discernan edge. For the caseof detecting an edgewithin a
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Lie bracket maneu\er, the questionof how often to ched the sensorinformation is

raised, which was beyond the scope of this researb.

(1) ()

@) (4)

Figure 6.16. Con gurations of a Finger While Switching
Faceson a Cube in between Lie Bracket Motions on the
Cube's Vertical and Flat Face

6.4 GeneralDiscussionRelating to the Application

The experimertal results suggestways the overall processcan be improved as
well ashighlighting seeral disconnectswith the theory that shouldbe consideredn
an application. Many of thesehave to do with increasingthe speedwith which the
Lie bradket motions are performed. Others are more speci ¢ to the test bed used

here.
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Figure 6.17. Wrist Position with Respect to the Palm
Frame During Lie Bracket Motions on a Cube

6.4.1 Asymmetry and its E ect on Trajectory Generation

Manipulation involving a rotation about the z-axisis the simplestto implemert
sincea symmetry exists betweenthe ngers and their locations on the object. The
only required motions are along the equator for a spherical object where the ge-
ometric surface parametersare well de ned. Once rotation is attempted about a
di erent axis, this symmetry is lost. Eventhough the distancebetweenthe starting
and desiredendingpoint of a nger isthe same,eat nger may takeadi erent path
to the endpoint. The e ect on the numericsis that a variable step sizeintegration
routine may give di erent sizedsolutionsfor eatcy nger. This is an issuesincethe

program sendingposition commandsto the motion control boards expectsall four
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Figure 6.18. Fingertip Forceswhile in Contact with (a) a
Faceand (b) an Edge of the Cube

les to cortain the samenumber of commands. This can be addressedoy holding

somerobots still while others nish their motion.

6.4.2 Improving the Fuzzy Cortroller

The current approad presens an additional challengeregardingthe slip condi-
tion. Twoinputs arebeingusedto accour for very di erent situations. The position
input is usedmainly to guard againsterrant forcereadings. Changingthe rangeon
the x-position input a ects the performanceof the cortroller when acquiring the
object and when chedking the slip condition. Sincethe x-position of the ngertip
can, theoretically, changeby asmuch asthe object's radius for a sphereor the length
from the object's certer to a facefor a cube due to incomplete nger recon gura-
tion during manipulation, the robots tendedto drop the ball when cheding the slip
condition at large rotation angles. Attempting to accoun for this by changingthe
X-position’s input range causedthe object to be squeezedoo tightly during object
acquisition. The rst thought would be to acceptthis thinking that the grips will be
loosenedlater. Howewer, this provides greater error in the rigid-body assumption.

An alternative would be to useposition di erence instead of x-position asan input,
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whereposition di erence is the di erence betweenthe actual x-position of the nger
and the theoretical x-position of the nger necessaryto cortact the object.

Another approad to balancingthe controller betweenthe tasks of object acqui-
sition and cheding slip condition would be to weight the forceinput more than the
position input. A value of 1.5 wastested for this weighting, but the results wereno
better than the original cortroller.

The ideasabove represei correctionswithin the con nes of the current cortroller
structure. Howevwer, it is alsopossibleto make the cortroller more generalby adding
additional inputs. For example, by including the object's weight and compliance
as inputs, the cortroller could deal with a broader classof objects. In fact, one
could imagine an automated procedurewherethe robots determine the compliance
index as previously shavn and estimate the object's weight and the coe cient of
static friction betweenthe object and the ngers. Thesevariablescould impact the
necessaryforce required to securelyhold an object and could be determined with
no a priori knowledge other than the object's generallocation within the robot's
workspace. Finally, the systemresponsedue to incomplete recon guration can be
characterized as a switching-type system. Thus, multiple fuzzy cortrollers could
be designedfor the various typesof cortrol desired. Switching systemsare brie y

discussedn Section6.6.2.

6.4.3 Timing Issues

From a practical standpoint, Lie bracket motions provide a challengeto robotic
manipulation due to the time it takesto perform them. As was stated earlier,
the twisting motion is the simplestbracket to execute. For manipulation, howeer,

the more saliert brackets are those that sene to slide the nger along the object
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to reposition the nger after partial manipulation. This involves performing more
complicated brackets.

Basedon the complexity of the Lie brackets, and the time required to integrate
the contact and constrairt equations,it was decidedthat the practical, maximum
recon guration rangeof a nger was 15 . For example,if it was desiredto rotate a
sphericalobject 45 about its z-axis, the manipulation would be performedin three
stepsinvolving three rotations of 15 ead followed eat time by a repositioning of
the nger to the original corntact points shavn in Figure 6.1. Performing one step of
this motion on a robot took appraximately 18 minutes. Assumingonly one nger is
repositioned at a time, it would require approximately 3.5 hoursto rotate the ball
45 and to completely reposition the ngers.

To speedup the Lie bradcketing, seweral shortcuts can be consideredbasedon
answvers to the following questions: First, can any bracket motions be ignored?
Second,how far from the nominal trajectory can a systemstray beforethe Phillip
Hall coordinates must be recalculated? Finally, what is the lower bound on the
number of iterations necessaryto provide an acceptablesolution? Being biased
toward an increasein speed, howewer, results in a decreasein accuracy Finally,
speedcan beincreasedby performing bracket motions of eady nger simultaneously

One way to increasethe speedof the systemis to provide a minimum value for
the Phillip Hall coordinates which will be executed. For example, if the primary
goalis to movethe nger alongv, then gs must be executed.Howeer, if the desired
end trajectory alsorequiresa changein the contact angle,for example,lower-order
brackets will be necessarybut at potertially much smallertimes. By ignoring the
lower-orderbradkets, the implemertation canproceedmorerapidly but at a reduced

accuracy
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To determinejoint trajectories,the cortact and constraint equationsweresolved
in Matlab" . Someincompatibility exists between this method and applying the
resulting encaler courts to the robots, recalling that ead set of calculated joint
anglesmust be corverted to encaler courts for use with the robots. Therefore,
after integration was completed, the number of position commandswas reduced
from the number generatedby the di erential equation solver. The courts from
se\eral computed stepswere combined into a single position commandbasedon a
maximum changein courts of 500 for ead joint. In other words, a robot can be
commandedto move one of its joints one court 500 times or 500 courts onetime.
The latter is obviously faster when consideringthe speed pro les of the robot's
joints. In the caseof the iterative method to move the nger from (u; v) = (0O; 0)
to (u; v) = (0; 15) along the ball (seeFigure 4.7), the total number of position

commandswas reducedfrom approximately 19,000to 4,000.

6.4.4 InverseKinematics for Face Switching on the Cube

The method usedto selectan inversekinematics solution is too restrictive for
the face-switdiing case. For this case,instead of simply taking the smallestangle,
underthe assumptionthat the joints have not moved much from position to position,
large changesin somejoint anglesare required. Therefore, the solutions must be
more carefully prunedto prevert anerrant or \ ip" solution. For the face-switting
experimert presetted here, the solution of the wrist joint anglesis of particular

interest.

6.4.5 Complianceand Contact Kinematics

The constrain equationsare not complimertary with compliance. The restric-
tion of movemer alongthe contact normal is not a function of any nger model but

rather fallout of the rigid-body assumption. Somework was doneto integrate mo-
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tion acrossthe plane of the end-e ector/ob ject interfaceinto the modi ed constraint

equation but the initial approat was mathematically impractical.

6.4.6 Complianceand Tactile Feedbak

The force sensorsused in this work were designedto measurenormal forces.
Shearforcescan damagethem. Howeer, it is precisely shearforcesthat provide
insight to a dynamic slip condition. Multi-axis force sensorsxist, but they are very
expensive comparedwith a Flexiforcd sensor.In addition, thesetypesof sensors
are not very amenableto a compliant analysis. They are typically made of aircraft

aluminum, and they are relatively large.

6.5 Conclusions

The experimertal resultsshavedanimprovemert in the rangeof the manipulator
workspacewhen using recon gurable manipulation versus xed-p oint manipulation
algorithms to manipulate a rubber ball. Integrating tactile feedba& with recon g-
urable manipulation also shaved an improvemert in the robustnessof the manip-
ulation system. Tactile feedba& was realized with relatively inexpensive ngertip
force sensorghat required no modi cations to the aestheticsof the test bed.

Information from the forcesensoravasalsousedto verify a formulation of object
compliancebasedon the conceptof sharedspace. A complianceindex was exper-
imentally determined for three objects, and the results agreedwith preconceied
notions regarding the complianceof eat object. This information could be useful
feedbak for the developmen of more intelligent manipulation systems. A compli-
ant nger model was presertied as an additional wrench basis. Basedon se\eral
trials, it appearsto be a valid model for the test bed used,and it generatedbetter
joint trajectorieswhencomparedwith the soft nger model for pure twisting. Since

the compliarnt nger model constrainsall possibledirections, howeer, it cannot be
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usedas a nger wrend basiswith SUPCI. Instead, it is restricted to xed-p oint
manipulation.

The more general utilit y of compliarnt ngers was also introduced and shown
to be useful when attempting to grasp and manipulate nonsmath objects. Two
approatheswere demonstratedusing a cube to lay the foundation for an approac
to nonsmadth object manipulation. The methods keep the inherert mathemati-
cal framework intact despite mathematical anomaliesassaiated with nonsmath
objects.

Finally, this work demonstratedthe modularity of fuzzy inferencesystemsas a
fuzzy controller originally designedo cortrol aninverted pendulumwasusedin two
facetsof the manipulation plan with no changesto the system'sstructure. Software
wasdewelopedto build afuzzy inferencesystemwith only the rangeof the input and
output variablesprovided. Additional software was deweloped in Mathematica' to
automate the construction of the involutiv e closurefor the underactuated,nonholo-
nomic systemsusedin this researa.

The pretenseof this work wasthat only tactile feedba& is necessaryto perform
certain typesof manipulation. While this was shavn to be a valid assumptionfor
the typestested, the necessarymadinery, local cortact kinematics, neededto e ect
manipulation is restrictive. Grasping and manipulation may be better viewed from
a global perspective. For example,the formation of a force closuregrasp does not
require the resolution provided by local cortact information. In addition, tactile
feedbag, in itself, is not conducive to cooperation. Therefore, all things being
equal,vision is a better feedba& choiceto achieve grossgraspingpostures. For this
to be realizable, a vision systemwould have to be sophisticatedenoughto access

information regardingmultiple robots and an object in a singlepass,o ering better
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cooperation. Of course,a trade-o in costmust still be consideredbetweena vision
and tactile basedsystem.

When starting this researd, it was believed tactile feedba& would relax the
accuracyrequiremerts in calibrating the zero position of the robots. In retrospect,
howewer, it must be concludedthat calibration of the zeroposition is moreimportant
with tactile sensingthan with vision. The method usedto compute the object's
contact coordinates is a slave to the zero con guration. This is not necessarily
the casefor a vision system. Vision could be usedto adjust the joint anglessince
the actual cortact coordinates can be known from a global frame of reference. A
calibration schemeusingtactile sensorswvhich parallelsthosefor vision systemscould
be deweloped, howe\er.

The key results, those concerning recon gurable manipulation, were lessim-
pressie than expected. Due to the complexity involved in executing Lie bracket
motions conbined with the small displacemets they e ect suggestshis approat
is not conduciwe to object manipulation. For the goal of this work, the high accu-
racy asseiated with Lie bracketing proved to be a daunting challengegiven that
numerousrecon gurations were rarely achieved and did not cortribute to the goal
of timely manipulation. To further increasespeed,the ngers were allowed to roll
outside the range of the sensors. Since the motion planning algorithm generally
moves in the desired direction, it was assumedthe nal cortact point would be
within the sensor'srange. Due to the mathematical framework, howewer, rolling
must still be limited. Small spheresmapped with orthogonal charts are not con-
ducive to large motions, nor, therefore, rapid manipulation. Instead, the strati ed
approad, which incorporatesintermittent cortact but waspassedover herein favor

of Lie bracketing, is likely a better manipulation method for the typesdesiredhere.
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6.6 Future Directions

While Lie bracketing may not be best suited for manipulation tasks of the type
investigatedhere, it canstill be usefulin other domainssud asthoserequiring ac-
curate pointing or positioning requiremerns, microscaling,and switching-type sys-
tems. Finally, steppingaway from the nonholonomicviewpoint may provide a new

approad to recon gurable manipulation.

6.6.1 Medanical Designof Pointing Devices

Much researt in recen yearshas beenin the areaof medical device engineer-
ing. For example,gammaknife neurosurgeryusesa set of gammarays to perform
\knifeless" brain surgeryto remove tumors. Individually, the rays are not strong
enoughto damagebrain tissue. As a focusedbeam, howeer, it is strong enoughto
destroy tissue. Lie bracket motions could be usedto point sud devices. Another
advantage liesin the trade-o betweensophisticatedsoftware algorithms versusex-
pensive medanical designs. In the caseof the PUMA's, large motions of larger
joints cane ect very small changesin the end-e ector con guration. Savings result
in the decreasedeedfor high resolution, and therefore expensiwe, encalersfor the
larger joints.

Similarly, telerobotic surgery can be performed where scaling is an issue. A
surgeonmay be able to perform a virtual operation on a large scaleto improve
accuracy while a robotic system acts as a slave, performing the actual operation

through appropriate scaling.

6.6.2 Switching-Type Systems

The application to switching systemstakesadvantage of the underactuatedna-

ture of SUPCI. Imagine a manipulator working in a remote location which makes
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medanical repair impossible. If the manipulator lost one of its actuators, then
it would be quite advantageousto be able to switch to an underactuated cortrol
scheme.

While a strati ed systemapproad wasforgonein favor of Lie bracketing, other
systemsexist in which the underlying dynamics changedepending on certain sys-
tem parameters. Systemswhich exhibit bifurcations are an exampleof this. Sud
systemscan be thought of as switching-type systems. Also, stratied systemscan
generally be characterized as switching-type systems. One approad for modeling
and cortrol of switching systemsis to create se\eral plant models, with assaiated
cortrollers, represeting nonlineardynamicsor systemuncertainties [57]. Typically,
a supervisor monitors systemperformanceand e ects switching betweenthe various
plant models. Instability canresult if the switching is donetoo fast [39]. Tanaka et
al. [67] useda fuzzy switching systemfor trajectory planning of a hovercraft model.
The switching is donebasedon the orientation of the craft. In this example,strata
switching may occur due to failure of an actuator, i.e., the hovercraft systemmay

ewlve on Sy, but if onethruster fails, the governing dynamicsewlve on S; (or S,).

6.6.3 Sliding Recon guration

For the particular application, adhering to nonholonomic constrains may be
burdensome.In the caseof an end-e ector rolling on an object, the nonholonomic
constraint assumptionis that the end-e ector rolls alongthe object but newer slides
along it. Sliding, howeer, is a viable method for re-establishinga manipulative
pose. The challengeto sliding recon guration liesin being ableto cortrol force and

position despitea poor model of friction.
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6.7 Postscript

An intent of this work was to dewelop an intelligent manipulation system by
adding feedba& similar to the typesavailable to the most intelligent animals, hu-
mans. Basedon experienceswhile performing the resear, it is time for one nal
commen on the quest for intelligent systems. The key to generalsystemslies as
much in feedba& asit doesin formulating planning algorithms sud asthe type dis-
cussedand usedin this thesis. Ignoring the ability to learn for a momen, humans
are excellen at copingwith new surroundingsand tasks for the precisereasonthat
they canrapidly collect and processmassive amourts of information. Interestingly
enough, what makes this possibleis their ability to quickly eliminate super uous
information. This aspect of data managemen systemsis overlooked in favor of col-
lecting as much information as possible. So, it would seemto be a fruitless attempt
to blindly equip a robot with the amourt of sensoryinformation on par with a hu-
man, even if that were possible. Instead, care must be taken to identify the most
saliert information from a plethora of potential feedba& and to extract it. Then
ways must be found to fusethis sensorinformation with algorithms for completing

tasks.

167



