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Abstract— This paper presents initial results in the novel in-
tegration of nonholonomic and stratified motion planning, fuzzy
control and tactile sensing to construct a robotic manipulation
system that is designed to be both dexterous and robust. It is
dexterous in that it is fully nonlinear, can explicitly incorporate
discontinuities in the motion planning i.e., finger gaiting, and
allows rolling finger contacts. The sensing and fuzzy controller
are intended to provide robustness that is necessary for real-
world manipulation tasks that are characterized by modeling
errors and are subjected to unmodeled external disturbances.
The method is demonstrated experimentally using a set of four
robots with end-effectors equipped with force sensors to provid
feedback to the fuzzy supervisory control system.

I. INTRODUCTION

The ultimate goal of this work is to effectively combine
aspects of nonlinear stratified motion planning with fuzzy Fig. 1. Robotic manipulation test bed.
logic and tactile sensing to provide operational flexipibind
robustness to a set of cooperating robot manipulators@ctin
as fingers to dexterously manipulate objects. While nontinea The abilities humans possess in using tactile sensing in
nonholonomic motion planning methods are very generaqj,ealing with unstructured environments provides motomti
the cost of such breadth is reduced robustness becauségour approach. A block diagram of the control system we
nearly exactly parametrized model is necessary. FurthexmoUse is illustrated in Fig. 2. Early work in motion planning
most manipulation systems are modeled as purely kinemati/as done with continuous, holonomic systems [7], [16],
which, if force closure is maintained, eliminates the effec  [24]. Such approaches would be applicable to static grasps;
gravity in the model. However, no system is truly kinematichowever, for present purposes, it is desired to accommodate

and in this paper, the main external disturbance affectieg t fingers rolling on the surface of the manipulated object and
manipulation is due to gravity. to also allow for discontinuous contact. Much of the pregiou

faced with a tactile sensing is intended to provide a layer dtonholonomic motion planning method from [9] (and related
robustness with respect to manipulation requirements. Fig Work [1], [7], [18]) to the stratified case to apply it to rolot
shows the experimental platform that will be fully explaine Manipulation and locomotion [3]-[S], [27].

subsequently. The main contributions of this paper are pre- Many researchers use tactile sensing and types of po-
liminary results from a investigation of the combination ofsition/force control which uses information about contact
these methods as well as an experimental demonstration. TilEce. For example, [19], [34] use force feedback, but on
most closely related work is from HKUST [10], [12]-[14], the wrist, away from the contact interface, [29] assumes
etc, as well as [8]. The distinguishing feature of the work incontact forces can be measured and [25] provides a method
this paper is using fuzzy control as a supplement to enhank calculate force at the end-effector. This paper presents
the effectiveness of the manipulation system. Fuzzy logi@ NeW approach which combines a fuzzy supervisor using
has been used previously in manipulation systems [2], pGenfiguration and contact force feedback with the open loop

not specifically coupled with the methods used herein and f8otion planning algorithm designed to help maintain force
not focused on finger repositioning. closure and to allow periodic trajectory recalculations.
Fuzzy logic has a long history in control, specifically
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Fig. 2. Control architecture for the manipulation task.

complexity. Some suggest fuzzy logic is an excellent repre-
sentation for biological systems due to their shared elwgdiri
properties, [30]. In addition, evidence suggests that tieb
uses a set of quantitative rules to determine activatioalsev

in muscle synergy [28]. In our implementation in Fig. 2,
the fuzzy supervisor block uses a fuzzy inference system to

adjl_JSt the trajeqtorleg of the flngertlps at certain key iurEs Fig. 3. Zero configuration of PUMA 560 showing frame orierdas and
during the manipulation task. twists.

Il. CONTROL FRAMEWORK

This section provides a brief overview of each of the 4) determine the inputs for the extended system, where
topics that are combined in this research. the firstm of these inputs corresponds to the original
A. Nonlinear and Stratified Motion Planning system and the remaining—m inputs are “fictitious”
inputs that correspond to Lie bracket motions; and,
convert the fictitious inputs to those produced through
Lie bracket motions using a sequence of piece-wise
constant inputs.

In the usual application of nonholonomic motion planning 5)
to grasping, a trajectory is manifested in moving a finger
from one position to another on an object while maintaining
contact. In the case of stratified manipulation [3], ex|irhgjt ] . o
the discontinuities in the system that arise from interemitt The extension to the stratified case is in [3], [6].

contact are also considered. In either case, the motion pla§ Kinematics of Robotic Manipulation and Grasping
ning method is a means to determine control inputs for '

_ We will make use of the usual product of exponentials
&= gi(x)ur + g2(x)u2 + - + gm (T)tim, (1) formulation as developed in [17] where the configuration of

where theg;(z) are vector fields and; are control inputs, @ tool frameT’ relative to a base frams is given by
that will steer the system from a starting point to a desired £0, €20 ¢ o,
final point. As is always the case in grasping, since the gar(0) = 817102 - 810 gy (0), (2)
object itself is not actuated, the system is underactuatgghere n is the number of joints on the robot. Our exper-
because the number of inputs is less than the dimensigfental platform uses PUMA 560 manipulators, the basic
of the configuration space. The adopted, [9], method work§nematics of which are schematically illustrated in Fig. 3
exactly for nilpotent systems and locally for nonnilpotent \we also make use of the grasp map, as developed in [17].
systems (see [17]), and approximately otherwise. The @éneGenerally, a wrench; that a finger can apply to an object
approach Fo solving Eqg. 1 for the inputs to generate a desirgd contact has the formiV; = B, f;, whereB; is the wrench
trajectory Is: basis indicating directions in which wrenches can be agplie
1) determine the Philip Hall basis for the system whictbased on the finger model arfgis the vector of magnitudes
eliminates the linear dependence of some vector fieldsf the applied force components that must be consistent with

due to the Jacobi identity; the limits allowed by friction. In this work, because of the

2) construct the extended system nature of the fingertips (described subsequently), a safefin
contact model is used. Therefore,
&= g1(x)ug + g2(2)ug + -+ + g () U, )
+ gm1(X)Umg1 + -+ gs(T)us, 0 (1) 8 8 I

where g1,...,9, are from Eq. 1 andy,,11,---,9s W — 0 0 1 0f|fy

are Lie brackets such that the distributioh = T l0 0 0 of |f.

span{gi,...,gs} is full rank; 00 0 0|~
3) if stratified planning will be used, repeat the previous 0 0 01

step for each combination of fingers that may be in

contact with the object,e, for each stratum: Ultimately we need an expression for the constraint be-

tween the finger joint velocities and the object velocity. We
UNCLASSIFIED use the usual notation for grasping problems:



finger contact, the sliding velocity componentsg, and v,

are zero. However, as will be be outlined subsequentlyethes
sliding velocities will correspond to Lie bracket direaim

and hence are retained in the above equations. The modified
curvature tensork,, is given by K, = Ry K, R, with

| cosyp  —siny
R¢_[sin¢ cosw}’

where is the contact angle between theaxes of Gauss
frames affixed to the object and finger at the point of contact.

Fig. 4. Frames for manipulation system.

C. Rolling-Manipulation Constraint Equation

The implementation utilized requires that the equations

o Co(uo,v,) andcy(uy,vy) are the orthogonal surface pa- of motion be formulated in a specific manner to allow for
rameterizations for the object and fingers, respectivelyippropriate construction of the extended system. The con-

« O is a reference frame affixed to the objeét;, is a straints for the moving contact-location gras,., rolling,
reference frame affixed to fingérand P is a common can be written by traversing frame origins from the local
palm frame; and, frame on the object at the point of contacs, through the

« Gauss frames are defined at each point on the surfagiiematics of the system to the finger at the point of contact
of the fingers and object and also two additiofdal L. The configuration of the local finger frame relative to
frames are defined on the objelct, and finger,L; for  the local object frame for a single finger can be written
all time the two objects are in contact which are fixedas g, ;=9 Ogopgpsgsfgﬂf and the body velocity of the

with respect taD and F;, respectively and coincide with rg|ative frames is themfl 0 lf di1,» where
the Gauss frames at the point of contact.
These are schematically illustrated in Fig. 4. onz,f = gflfgsf Qp_s go_p 9;00

A fundamental grasp constraint can be developed relating,
directions in which relative motion between a finger and an
object is precluded. In general for the contact between the  9i,i; = i,090p9psYsf9fis + Gi,090pIps9sfIfis

ith finger and the object, this is given by + G1,090pGps9sfIfi; + GioodopIpsdsfafiy
BTV, =0, ® T Goodopdpsdss9iy-

where V?, is the body velocity of a framd., attached to Hence
the object at the contact point relative to the frame at the Vh =gk i, = 95, + g7 (gs_flgsf) as,
same point but attached to the finger, aBids the wrench Lo,
basis for the model of finger Hence, if we denot&’, = + 971,957 (9ps Ips) Gsppry + -+
[vw Vy Uy Wy Wy wZ]T then Eq. 3 gives Switching from matrix to vector form then gives
T
Ve, =0 00 w w, 0 @) Vi, =V, +Ad Y f+Adgfll Ady LV,

which represents the fact that, for a soft finger contact, the + Adgfll Ad S Adg Vb
only relative velocity between the finger and object that is 1 1 b
allowed is relative rolling between the surfaces. + Adgﬂ Ad Ad . Adg Vloo' )

Based on [16], the contact point between each finge{oting that
rolling on the surface of an object evolves according to . sz _ Vb Vz — 0

f O
-1 b — s S
C a1 ~ wy| Vg o V= Ad s 0;, where J;, is the spatial Jacobian
ay = Mj (Kf * KO) ([ Wy } Ko L@D of the flnger frame with respect to the station frame;
-1/ e Ady Ad,l Ady = Ady )

v = M, Ry (Kp+ K, ) Yol g g, |Ye 91y 9ot

Go =My Hy (K + we | TR u]) O LAl gt = Ady) s and,

¥ =w; + TyMycy + To Moo, « Vo= *Vpsm

v, =0, the velocny can be written as
wherea represents the local poitit:, v) and the subscripts Vl’;lf Ad, 1 Jéfef — Adgpll Vo @)

f and o are for the finger and object, respectively. The o .
geometric parameters\/, K, andT, are the metric tensor, ~ Substituting Eq. 4 into Eq. 7 and solving férgives the
curvature tensor and torsion tensors, respectively. Farfta sjoint velocities for each finger

2 s -1 — s
UNCLASSIFIED O, = (J3. 1) [Adgplsi Vio T Adg,, fz} (8)



where
&=100 0 0 wy w, 0.

7

0]

Eq. 8 is theolling-contact constraint equatigrand there will

be one for each point of contact. It describes manipulator
joint velocities necessary to achieve some time-dependent
rigid-body velocity of the object while maintaining roltin
contact. Note that Eq. 8 is not general in that the number
of actuated joints is exactly what is necessary to invert
the adjoint transformation and directly solve for the joint
velocities. If the actuator has additional joints, then eyako-
inverse could be used. If it has fewer joints, then methods
from stratified manipulation need to be used. Fig. 5. Fingertip sensors.

D. Fuzzy Logic and Control . . . o i ]
] ] of the ball that is the finger tip. The initial configuratiorr fo
The tool used for feedback correction for the manipulagach robot with respect to a global palm frame is

tion algorithm is fuzzy logic and control. The mainstream

engineering introduction of fuzzy logic is generally from 0 —1 0 47 0 1 0 47
the work of Zadeh [31]-[33]. Fuzzy control is particularly 1 0 0 14 -1 0 0 80
appealing as a supplement to nonlinear motion planning i¥7s* = |0 0 1 0 Irs2= 10 0 1 o’
grasping because it is not model-based so the difficulties 0 0 0 1 0 0 0 1

of determining nearly exact models in nonlinear control is
alleviated and it provides a relatively straight-forwaréans Wwhereg,,,i = 1,2,3,4 represents the transformation from
to translate heuristics into effective control algorithrithe  the palm to the station frame of robotind robots three and
basic component of fuzzy logic is thmembership function. four are configured symmetrically with respect to robots one
The traditional notion of a set requires that something ignd two. The object’s frame initially has the same orientati
either an element of the set or it is not. In contradtjzzy set as the palm frame and is located at the center of the platform.
allows partial degrees of membership, and the membershifs height is dependent on the object. The entire layout is
functions used in this work are illustrated in Fig. 9. depicted in Fig. 6 where the station frames are represented
Much of the structure of classical logic can be generalizeWith their relative configurations.

based upon the notion of fuzzy sets. What this allows, then, Here, the new vector fields, composed of Lie brackets,
is for a linguistic description of a control algorithm to bewhich replace the sliding velocities;, v,, and the twisting
translated into a system that is easily implementable. Melocity w. under rolling constraints are presented as well
is straightforward to combine multiple rules with multipleas the vector fields for a sphere rolling on a sphere for
inputs to achieve relatively complicated control alganith manipulation of a rubber ball. For the case of a sphere @llin
based upon effective control approaches that are based upoha sphere, the extended system is
heuristics. An overview can be found in [21], and the .

et .

’:z} N To + 1§

s

—roseauy

approach is fleshed out more in Section Il which describes oo
rg sin

our implementation, which is based to some degree on [20].

T§ cos pseau o
o tan uf — ryfcos P tan ug

I1l. | MPLEMENTATION ) v
. : : i [ o “’w] v

The experimental platform consists of four, six-degree-of vt in v tan wo
freedom Unimate PUMA 560 robots illustrated in Fig. 1. [ o
The robots are fixed on a 94" by 94" raised platform Lo U iy van g "
equidistant from the platform’s center. Pliable balls whéze (ro + rp)? sz, L TTocon st tan
2.75” in diameter are used for fingertips. Six force sensors, TS T Ty e cos g e o)
purchased from Tekscan, and sold under the product name L gm0 — ) cos 11]2
of FlexiForcé®, are affixed to the surface of each finger for. (ro+7p)? | rp(ry = ro)searo sin v
A picture of a sensor suite on a finger is shown in Fig. 5. Ty e o

Each robot has the following nominal parametdgs:= ) raseou s (e g ;"‘"‘“2_“1”‘)
26.45", I} = 9.2, Iy = 17.0", Is = 3.7, and I; = 17.05", e AT SCea e "
where the lengths are as shown in Fig. 3. In addition, the [(+2 — 2r2se@uy) (' vamuy - rf cos ¥ tan uo)
finger has lengtti; = 6.0”. This length is the distance from 9)

the common intersection of axes 4, 5 and 6 to the centrolhere vi, v2 and vz are the fictitious inputs that are ap-
proximated by piecewise constant inputs resulting in new
UNCLASSIFIED displacements along their associated vector fields.
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Fig. 7. General finger path during closed loop manipulation.

Fig. 6. Schematic of robotic manipulation test bed with rafeeeframes.

The robots are controlled via a Pentium IIl, 500 MHz com- Q@L@
puter running Linux Redhat release 7.2 containing thred Gal a* Ve v
1880 motion control boards with 100-pin cable connectors.
Each board has 8 analog input channels. The sensor readings
are converted to a computer signah a 16-bit analog-to-
digital converter with a range of:10 V. Physically, the
robots and sensors are connected to the boards through Galil
ICM-1900 interconnect modules. Communication between
the computer and the control boards is enabled by in-house
device drivers [26].

Fig. 8. Finger contact coordinates according to sensottitmts

The fuzzy controller contains two inputs, the current

The prototypical closed-loop manipulation process des o contact force and the currerposition (in the

scribed in this paper is to acquire and lift the objectStatlon frame) of the fingertip, and one output, the change

rotate the object, reposition the fingers based upon the o ]nn the desired pasition of the fingertip. The membership

> Object, reposit . 9 -0 up Pihctions for the input and output variables associatedh wit
loop motion plan (including Lie bracket motions), and then anipulating the ball are shown in Fig. 9. This output is
to use the fuzzy inference system to adjust the grasp {8 T

account for modeling errors and external disturbances. TN by the first column of the fingertip's configuration with

final three steps are repeated if the overall manipulatiornesr.)?Ct to the S.t ation framgy, . Therefore, the new desired
osition vector is

reconfiguration goal has not been met. Before the last thr&8
steps are repeated, however, the contact coordinate inputs pi=A[R;1 Rz Risl",

to the motion planning algorithm are updated with current

coordinates as measured by the sensors. Experimental df2TeA is the fuzzy controller’s output, andd is the rotation
illustrating the trajectory the origin of the tool frame fone matrix associated with the configuratiapy;. Closed form

finger during manipulation step which illustrates this enti 'MV€rs€ kmematlc_s_ are usgd to ca!culate. th? Joint a.ngles
process is depicted in Fig. 7 required to reposition the finger while maintaining a fixed

To acquire the object, the robots are commanded to ientation. This process is continued unti| < 0.05". The
position outside the region of the object. Next, the fingerElJIeS are repr_esented by the rule table shown_ in Fig. 10 and
move based on output from the fuzzy controller to acquirEEPreésent a simple balance between the maximum measured
the object. It is assumed contact occurs at a point and thg@ntact force and the position of the finger computed by
this point is located at the geometric center of a sensdf€ forward kinematics for the system. For example, if the
If several sensors are in contact with the object, then tHd'9€r iS farther “in” than needed and the contact force is
contact coordinate is taken as the centroid of the centers 3N then it will move “out” a lot; however, if it is “in

the sensors measuring contact. Fig. 8 shows the locations'BP'e than expected but with a low contact force, then it
the sensors on a finger. will not move. In concert with the other four contact points,

this would likely produce a more stable grasp, as indicated
UNCLASSIFIED by the initial experimental results. It is anticipated tsath
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rotation is based on the desired value of the fixed-point

e o o v o os o5 fotation and assumption that the ball's configuration does
change in Fingertp Positon (n) not change during finger Lie bracketing. After each rotation

the contact coordinates remain unchanged because the objec

rotates as well and the contact coordinates are determined

Fig. 9. Membership functions for fuzzy controller.

Maximum Contact Force (V) relative to the object’s frame. Since the finger has changed
Changg position relative to its station frame, however, the contac
~ |postion| low | med hi xhi | xxhi point must be calculated as if the ball remained fixed and
E the fingers repositioned. Then the point of contact must be
S smalll] LN LN LN NEG | ZERO rotated back so that the proper contact locatiopjs =
g —a N NEG | ZERO| POS RE(0)por, where RI(0) is the rotation matrix about the
: (ot rotation of the object and 1 the location af the
c ol
E’ large | LN | NEG ZERO | POS | LP contact point on the object as determined from Eg. 10.
o The object’s contact coordinates are then given by
x| NEG | ZERO | POS LP LP
u = asinz,/r,) and v = atanZy,,z,),
xxl ||ZERO| POS LP LP LP

where z,, y,, and z, are thez-, y-, and z-components of
Do, respectively. Finally, the contact angle is

b = atan2 (~G3 - G, G2 -GY),

Fig. 10. Rule table for fuzzy inference system.

a logic structure would be of general applicability, but thevhere Gg and Gy are thez-axes of the Gauss frames on
focus of this paper is purely on manipulation by the desctibethe object and finger at the point of contact, respectively,
platform and more general applicability is not claimed. ~ andG¢ is they-axis of the Gauss frame on the finger. This
represents the local contact coordinates for an end-effect
Once the robots have grasped and lifted the ball, the coff roll or slide on the surface of the object.
figuration between each robot’s station frame and the object

is known since the fingertip and object share a common e
contact point. The configuration of the contact frame with TO demonstrate the feasibility of the proposed method,

IV. EXPERIMENTAL DEMONSTRATION

. . experiments were performed. For open loop experiments, the
Joi = Ys,09s: 1915 9ti- (10)  entire trajectory for each robot was computed offline. Fer th

locatedElosed loop cases, the force sensors provided information t
the fuzzy controller which adjusted the grasp after eaclofet
Lie bracket motions. Experiments were conducted on several
gbjects and the results in this paper are limited to those
involving a spherical playground ball. Several open loop
gxperiments were run to develop a baseline for comparing

The tool frame,T" is assumed to be at the fingertip,
on the surface of the finger along the extension ofatkexis
of the F' frame, with the same orientation && The latter
is determined from the forward kinematics using the robot’
current joint angles.

Once the contact location is determined from Eq. 10,
must be rotated back by an amount equal to the curreft€ closed loop resuits.

total rotation of the object to determine the correct contac 1h€ trajectory of the robots during a manipulation is
coordinates sincey,., is fixed in Eg. 10. The amount of shown in Fig. 11. As a typical example, for a rotation about
' an axis through(—1,1,1), the closed loop system was able

UNCLASSIFIED to rotate the ball througlt60° while the open loop system



was unable to achieve a rotation pa§f, where for five [11]
experiments for rotation about the axis1, 1, 1), the average
rotation for the open loop system wd§ + 8°, with a [12]

maximum of30°.

It was typically the case that the closed-loop system
demonstrated greater repeatability than the open-lodesys |13
thus the control approach and experimental implementation
seem to indicate the approach will be effective and robust.
Current efforts are directed toward further experimeotati (14
and developing a simulation platform for the system, which
will allow for thousands of simulations to be run which 23]
will provide the opportunity to collect a meaningful amountj;g)
of statistical data regarding the efficacy of the presented

method. [17]
18

V. CONCLUSIONS AND FUTURE WORK (el

[19]

This work presented the theoretical framework for and the
experimental demonstration of adding a fuzzy supervisory
controller to a manipulation system. The main theoreticgboj
components that are put together to achieve this system
are presented here as well as initial experimental resul
demonstrating that the system works and adding the fuzzy su-
pervisory controller makes the system more robust regultin22]
in more repeatable manipulation experiments. Currentisffo
are directed toward completely quantifying the extent @ th[23]
improvement through systematic experimentation, inclgdi
numerical simulation.

[24]
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