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Abstract

This paper deals with the problems of grasp planning and force computation that occur when
jects have to be manipulated with dextrous multi-finger robot hands. Assuming that the initial c:
tact points at the object surface are pre-selected, the joint motions to perform a desired operatic
cording to a given object trajectory are determined. This is done under the consideration of the
fect of rollingandslipping of the fingertips. Another point is the computation of appropriate gras
forces (internal forces) according to given object forces/moments neeslezlite a stable asd-
cure grip configuration from which the joint torques are deriVad leads to an optimization pro-
blem that can be solved with two different approaches based on search procedures for finding
maximum(best fitting value)As major result, the force optimization problem could be generalize«
for the case of arbitrary robot hands and contact situations that are specified by the following p
meters: number of fingers fno, number of joints per finget plwsen contact models cmaahd

null space dimension ndim. Especially, the resulting object motions and contact forces are der
strated at a simulated example of a peg-in-hole insertion task with the Karlsruhe Dextrous Hanc

1. Introduction

Compared with a conventional two-jaw gripper, multi-finger hands have inherent advantages: fi
they have a higher grip stability due to three and more contact points at the object, and second
possible to impart movements onto the gripped object by exerting adequate finger forces. An
equate built-in sensor equipment permits easy data processing and information gathering whicl
ables the use of robot grippers as exploration tool in unstructured environments. Another kin
application for dextrous hands is found in well-structured working areas of industrial manufac
ring systems: to perform complex assembly tasks, insertion operations and object manipulation

Dextrous multi-finger hands represent an interesting multi-disciplinary research area. The de
lopment of such a hand is a technological and scientific challenge, and before obtaining a fully ¢
rational gripper for the application in manufacturing systenist, of problems are to be solved. Up
to the present time a number of multi-finger hands baea developetut there is only little work
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dealing with the problem of determining efficiently all parameters required for object handling of
rations with articulated robot hands. A survey of past gripper developments was presented in [:

Especiallyat the Institute for Real-Time Computer Control Systems and Robotics of the Univers
of Karlsruhea modular threéinger handvith 9 degrees of freedonie Karlsruhe Dextrous Hand

(Fig. 1), has been in development since 1988 [2], [3], [4]. Because the main goals of this pro
are to investigate dextrous grasping and manipulation, the research efforts are focused on the 1
mechanical design, sensor integration, intelligent hand control, programming and grasp plannir

Fig. 1 : The Karlsruhe Dextrous Hand

Therefore, the realized framework consists of a distributed real-time control system in combina
with a graphical programming and simulation systenth{&] permit reliable operation of the multi-
finger gripperAlso, a sophisticated approach to automated grasp planning [6] has been develo|
To do thisthe task parameterization problem (described here) - the determination of the motion
especially the force parameters required to perform a spaujdict manipulationhas tdesolved.

2. Grasp planning and fine manipulation

One of the first developments was a three-fingered robot hand from Okada [@kd8a has defi-
ned a symbolic notation for the fundamental finger motions. The possible operation modes wt
can be performed are simple bending or extengiregsing inside or outsidajduction andbduc-
tion. Complex motions can be programmed by joining several finger operations together, but th
a difficult and cumbersome task because the exact location of each finger has to be known a-pr

To avoid the specification of stereotype finger motion sequences with a large number of repee
parameterghefour-fingerechuman-likeUtah/MIT DextroudHand[9], [10] is programmedby hand
motion primitives like close-handrasp-objectspread-fingersThese hand primitives [11] together
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with the free, guarded and compliant motion types presented later in this section, represent ar
gant way to describe a desired hantion schemata with respect to a subset of fingers and pints.
LISP-based programming environment for the three-fingered Salisbury Hand is described in [1:

Attempts have also been made to synthesize grasps to perform specific parts mating operatio
assembly tasks. In [13] an algorithm based on geometric-mechanic calculations has been deve
to generatstableforce-closuregraspsThe authors dfl4], [15], [16] have analyzed tHeuman ob-
ject handlingpehaviour talerive grasgtrategiesor articulatechandsHere theproblems aris&éom

the different kinematic hand/finger structure and the difficulties to support force control strategie:

To perform a dextrous manipulation with a robot hand, the object has (1) to be grasped at the
tact points with sufficient internal forces and (2) to be moved under the presence of external fo
and moments actirgnto it. To increasdexibility andto decreaseomplexity three basienotion ty-

pes are introduced consisting of a motion, a force and an optional sensor or stiffness specificati

» Thesimplest motion isealizedasfreemoveby which theexecution ofnobject motion in thevor-
king space of the hand is totally unconstrained. Because a collision with other components ir
environment is not expected, there is no need of a sensor-guided control strategy. This motio
pe is normally used as coarse operation for both hand positioning (reaching) and object hand

FREE_MOVE ::= <motion_spec> <force_spec>

» The guarded move is a motion in the free space that is executed under sensor supervision a
terrupted when a termination condition is fulfilled which depends on the actual sensor configt
tion and the way the sensor information is interpreted. This motion type is mostly used to cor
grasp operationsansfer motionanddextrous manipulations after an initt@ntact hasccurred.

GUARDED_MOVE ::= <motion_spec> <force_spec> <sensor_spec>

* The most complemotion is realized asompliant movévy whichthe executionf theobject moti-
on is not pre-computed but depends on an active stiffness control strategy under sensor-guic
to perform a compliant behaviour of the hand/finger system. This motion type is normally uset
perform parts mating operations like peg-in-hole insertion or light-bulb/screw turning tasks wh
the parametem@reconstrainedby environmental constrairamduncertaintie®f theobject location.

COMPLIANT_MOVE ::= <motion_spec> <force_spec> <stiffness_spec>

Because all motions and forces are specified in terms of the manipulationtbbjeoitrol system
has to perform the transformation from object- into gripper-bam®thands tprovide the trajecto-
ry generation and interpolation routingi¢h the parameter values required for command execution.

Starting from a given object trajectory in hand coordinates and considering rolling and slippinc
the fingertips, the contact velocities and joint velocities are computed from which the required jc
angles are determined. The mathematics of manipulation - the geometry, kinematics and static
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ces - is described according to the work of [1B1], [18], [19], [20].Starting from external object
forcesand momentghe optimization problem for the computatwfrinternal grip forces can tsel-
ved with two different approaches from which the contact forces and the joint torques are derive

3. Motion computation

Because the motion planner should be well-suited for off-line programming and simulation of d
trous manipulations with multi-fingered robot hands, several assumptions have to be made to ¢
pute an object motion: (1) especially the object and fingertip geometry has to be given in analyt
form, (2) the hand/finger kinematics has to be known and (3) the initial contact points of the fing
tips at the object surface have to be pre-selected. From all this information, its possible to deteri
the corresponding finger motions which perform the desired operation in form of joint coordinat:

3.1 Description of the object-trajectory

The manipulation object is represented by the fragdixed at the center of mass while the robot
hand is represented by the fra@g fixed at the hand base. The location of the object with respec
to the frameC,, is described by th€3x 1) translation vectoPrOlh and the(3x 3) rotation matrix

A, 1. Through an elementary motion of the object, like a translation, a rotation or a screw moti
the actual fram€ can be transformed into the frai@f. The new location of the object with re-
spect to the fram€,, is then described by the translation ve&gyh and the rotation matriRg, .
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Fig. 2 : Object motion with respect to hand base

A screw motion (Fig. 2) is composed of a rotation around an arbitrang:aXis=p + u [9r with
angleg (maximal anglepy.s) and a translation along the unit direction-veCtoof a with length s
(maximal lengthsye). Thus, if the temporal relationship of s(t) ap{t) are both known, the exact
location of the object can be pre-computed at each timestep t. The translational and rotational pi
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the motion is given in the following form whereby the parameters are determined with the functic
t andR (sp = sing, cp = cosp, v = 1-cowp; the r's and p's are the cartesian componerfts, dp):

"0 ="Ton+Aond(a0) +Ao,h(5 ﬁr) oh = AonR(a,¢)

%rzpy_ rypz)S(p_ (rxrzpz_ rzZF)x"' IlyPy— rfpx)vcp E
(a (P) xPz~ rsz)S(p_ (ryrzpz_ rzzpy+ IlyPx~ rx2py)V(p L

C
erpy— rypx)scp— (— TPy + [P, TPyt rfpz) vor
E(r5+r )C(p+l' —I,Sp+ rxryV(p rys(p— I [, V@ L

C
R(a,@) = 7,50+ 1,1, vo (rf+ rzz)ccp+rf [ SP+ I T,V

] L
TSP= VO LSp+LLve (24 r2)op+ 2

3.2 Geometry of the manipulation system

The hand kinematics is needed to describe a given object trajectory in finger coortiveatdere,

the relationship between the base frafgsof the finger chains and the hand fra@eare defined

by transformation matrlce(§rb nAbh) which are constant for a given hand configuration (the in-
dex i counts the fingers, the total number of fingers is fno and the number of joints per finge
jno;). To describe the finger motions, the relationdtgfween the fingertip framés  and the ba-

se frame<Cy, is defined by transformation matnc(é’srf oAt b,), the so-called direct klnematlcs
So,the posmon§‘rf . and orientation#\¢ , of the flngertlps(see Fig. 3 for a finger witino; =
joints)with respect to the hand basan be determined if the actual set of joint an@lessknown
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Fig. 3 : Fingertip location with respect to finger base
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In the inverse direction, the kinematic problem can be solved directly if the above described re
ons are invertible. In this case, the joint an@lesan be computed from the actual finger positions
hrfi’h which is very fast, but will fail if the effect of rolling or slipping occurs because the exact p«
sitionshrti,h of the contact points at the fingertips are not known. Nevertheless, for given points
contact, this simple method can be used to determine the initial parameter values of a finger mo

A more sophisticated computation method, described in [19], [20], starts with the generalized v
city (hvo’h,hwo’h)T (linear and angular velocity) of the object to determine the velocity paramete
(hvoi,h,hwoi,h)T of the contact points (the components of the contact velggitccording to the
contact model represented by the contact m@lyixsee section 4.1), the respective velocity para-
meters( Vi ho Wt h) of the fingertips are deriveftpm which the generalized finger velocities
" Vi, h,hwf h) are determined’heir relation to the resulting joint velocities is giv®na Jacobian:

DDVD vaDDJ

=0. , 0 e - hJ - _1|j |
%Wt h %WO hD D Er]Wf W %J i i ( v,) Viih

.
for Qi=Qpr=(13 0)' O "wp="wg =0 and v ="v,,="v,

thhm 0, 'Afihs( .rtlfl)mmvf hD EJL\H,'Vtf O 0o -
%Wt ,h] “Ho H%Wf ,h] [Af hf'Wt A0 B S(r)—D 2 C
tho hD Oy Ao Oo. )D h Ohm quh Vg0 ' @r: r OE
%Wo hU HO I3 H%Iwoh Eth Wo, OE o

The transformations of generalized velocities given in different coordinate systems are perforr
by above matrix equations (using the skew symmetric m&taix operator for the cross-product)
which include the translation vectarand rotation matrice& that describe the geometric relation-
ships of the object-finger motion. The computation of rolling finger motions is shown in the follc
wing where the contact model is assumed to be point contact with friction (PF), so that only lin
and naangular velocity componentan be transferred through firegertip contactsvith theobject.

3.3 The problem of rolling fingertips

The positions and orientations of the contact points (tip contacts) can be described with respe
the object frame SJaS(Ofoi,o'Aoi,o) or with respect to the finger frames &s(" re. 1A 1) These
vectors and matricégiven as rotations along the directiahef the z-axes with rotation angl&s
can be parameterized as functions of two variables (see Fig. 4). Thus, due to rolling of the fin
tips,not only the joint angle8 but also the contact parameter sgtandé; have to be computed.

nal mp, ol "
f'rt, £, = Hy(ﬂ.l ﬂ.z)D 'ty ¢, (i) withn; = %1:% %o 0= Uy(ﬁil,aiz)gz %o of&i) With & = %:lE

%z(nillniz)ﬂ %Z(Eil’EiZ)D



Aus, = R(dr,8)  with dy, =1/sin; ((0,0)7x"A, ) and & = cos™{(0,0,) (¢
Po.o = R(do.8,) With dq, =1/sin3,((0,01)7 x%A, o) and 3, = cos((0,0,1) B, )

One of the relations is given by the fact that the generalized velocities of the contact points at tii
(constant during manipulation) must be the same with respect to the object and the fingertips.
second relationship is given by the fact that both the object and the fingertips must stay in con
or equivalent, that the position vectors to the actual points of contact must be the same. Splittec
components, differentiated and subtracted from the first relationship, the following equations ari

h _h h f; h _h, _ h
Vi h= Von U Vi oh~ (Afi,hs( rti,fi)) Wt h = Voh (Ao,hs(oroi,o)) Woh
h. _h fi _
rti,h - rOi,h |:| Afi,h Vti,fi _AO,hOVOi,O
The equations for the contact points at tiregether with the continual change of the contact points

during manipulation (expressed in form of the two velocity térmisfi and°voi,0) describe the re-
sultingmotions ofthe actual contact poinfbhis yields the so-calletdngential constraint of motion:

Fig. 4 : Point of contact with respect to object and fingertip

Another constraint for the motion parameters is given by the fact that the tangential planes mus
incide, or equivalenthat the normal vect0|(§‘n0 0=Aon nO o) of the object at the contact points
must point diametrically opposite to the correspondlng normal ve(é‘nm[rsf = At h Int ;) of the
fingertips at the contact points. Differentiating yields then the so- ~qadleohl constraint of motion:

ha fin fin h — oA on h
nt i oi,o O Afi,h 'nti,fi_(Afi,hS( 'nti,fi)) Wfi,h - _Ao,h noi,o+(Ao,hS( noi,o)) Wo,h
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The velocities and all other motion parameters in above equations can be expressed by their c
ponding Jacobian matrices that depend on the derivations of the joint angles and contact param

h h ' fi o _0
_: _ Vf-h_Je Vir, =300 0.0 =1 i
Vi(ﬂi)—fi(ﬂil,rliz)—Jrirli O hwf W= J 9 f,n f ~fi3 nl o4 oJrEI
ti nith 0;,0 n;~1

Substituting thesparameters through tldacobians oﬁi, Ni andéi results in the followingystem:

(thi _(Afi,hs(firti,fi))thi)éi ="Vo - (Ao,hs(oroi,o))hwo,h

(Afi,hfi‘]ri)hi _(Ao,ho‘]ri)éi =(0, 0, 0)"

fi" h . fi ’ z — A h
_(Afi,hs( nti,fi)) Jw, i +(Afi,h Jni)ni"'(Ao,hani)Ei = (Ao,hs(onoi,o)) Wo.h
Out of this, a matrix equation with tt@ x 7) matrix M| and the(9 x 6) matrix R} can be obtained:
f; h
Eh‘]vi _(Afi,hs( rti,fi)) ‘]Wi 0 0 g Elg _Ao,h OrOi’o)E
M!=[] 0 At n'i3, A0 Ri=0 0 C
% _(Afiﬁhs(fiﬁtiyfi))h‘]wi Afi'hfiJni AO,hOJm% & Aon OﬁO"O)E

A left hand multiplication oR; with the left generalized inverQM{ of M; yields the required ve-
locity vector (threeomponents for the joint velocitigsjo for each of the contact parameters) as re-
sult of the specified object motion. In this case nine equations in seven variables have to be sol

@Q‘R' e @@ iR

The single parameter values for each finger are then calculated by solving the equation system
the Gaul3ian (elimination) algorithm. To determine the final (integrated) val8gsmfandg; with
the Runge-Kutta-algorithm above calculation has to be performed four times for each motion ste

3.4 The problem of slipping fingertips

Because the relative orientation of the contact frafeandC,, is changing during object handling
due to slipping of the fingertipthe contact anglg; between them has to be computed continually.
The corresponding frames are fixed at the contact points on the fingertips and the object in sL
way, that their x- ang-axes span a tangential plaaredtheir z-axes point into the direction of the
surfacenormal (see Figh). The resulting contact angle between the x-axes of the two fran@s
andC, is thereafter used to determine the rotatnatrix A, ; which describethe relativeorien-
tation of thewo contact coordinateystems and is needed in the next chapter for force computatior
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Fig. 5 : Relation between the two contact coordinate systems

4. Computation of forces

Additional to the computation of pure geometric motion parameters (joint angésgd to manipu-
late a grasped object with the fingers of a robot hand, appropriate mechanic force parameters |
torques}o be exerted by the fingertips must be determiondubld the object in a stable grasp confi-
guration.The finger forces that can be applied depend mainly on the contact model which has t
incorporated into the force transformation process from generalized object(f’cir(g;&m0)T over
contact specific force$; to the required joint torquas. The dimensions of the involved matrices
relate to the previously introduced numbers fimo; and the numbermod; of applicable forces.

4.1 Contact models and contact forces

The components of the generalized for(f’efsb %m ) that can be exerted by the fingers as con-
tact forces® f, in the contact points with the object are characterized by the contact @atfsor
this,the matrlceand eguations that perform the contact specific transfornstdescribed for the
case of frictionless point contacts (B9int contacts with friction (PFnd softfinger contacts (SF):

0o 0O
Eb'moﬂ Qi [Ff, , Qi (6xcmod;) , %f,: (cmod; x1) , Q; T{Qp, Qpr, Qs



In the case of a frictionless point contact (P) only single forces can be exerted in the contact p«
into the normal direction towards the object surface (the force has to be negative) to avoid a lo:
contact; also, the force must not exceed a specific maximal value in order to prevent object dam

[71o)

In the case of point contact with friction (PF) the fingers can exert any forces pointing into the
fined friction cones at the contact points. This means, the tangential forces must stay inside o
friction cones (determined by the tangential coefficients of frigiigrto avoid slipping of the fin-

gertips on the tangential plane of the object surface (they are free to rotate about the contact pol

<f,

Qp=(001000),cmodj=1 O (Oifoi)so,

i max

M 0 0O

10
D31 o [o1,) =0 [[o12) <.
QPF:%OOE cmod; =3 O N 5 Y z L
0 ( Ifoi)x+( 'f°i)yS“‘i( Ifoi)z

o 05

In the case of softfinger contact (SF) the friction over the area of contact allows the fingers to e
single torques in addition to the pure forces pointing into the defined friction dteewrquesan

be exerted in both directions about the normal axis such that the object is constrained with the ¢
contacts (normal coefficients of frictiqn,) and can only break the contacts by sliding downward.

1 0 0 0g | |
M 1 0 00 (o'foi)zso’ (o'fo. RIS
U 2 2
Qs =) 0 & Shomat=a 0 (o1, (o, <u (1)
|:| IX Iy | |
M 0 0 0 | |
P00 [*10) [210[%o),

4.2 Static forces considering rolling and slipping

Starting from generalized forces acting onto the object during manipulation the computation of
responding finger forces is described in the presence of rolling and slipping. Therefore, the cor
forces and momen(§'f,,,“m, )T are converted int¢’f ,,°mj )T which is performed by transfor-
mation matrlce§'0 01 the result is then summed up to compensate the object forces and mome
(°f5,°m 0) Accordlng to thehosen contact models represented by contact ma(mcﬁmrespec—
tive object contact forcé¥ , are converted into treontact forces and momer@‘fsﬁo, m ) which

is performed by transformatlons matrléfg;so and leads to the definition of grip submatn(:}:s

O fno[Pf fnolJ EP'f ED_ fn T |- fnT_T_ A |- fno G Ol=G
Ebm E 4H mOE Zla o;, oEb %_ izl oi,omi oi] = izl 0,0 oi] = igl[ i |] =
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T (6x6) with e, O Daifc D O A 0 C
. X wit !
a; b| Ebimc |:| a| b Eb. ﬁ Ir'aI I) al I al b E

- EPI
Ta,b, = Ta,p, [Q; 1 (6xcmod;) with %b

in general:
D—T Bf, , % (cmod;x1)
;L

For a robot hand with fno (eventually totally different) fingers and chosen contact rooutels
the grip matrixG for the transformation of contact forcésthat are composed from the force com-
ponentsf; in each contact point into the object forces and mon(éfgs"mo)Tis given as follows:

~ (P, O
Gi =Tp 0= To,0@; 1 (6xcmod;) with % =G;; and f, :°if0i . (cmod; x 1)
|:| mOiD
fno P O fno
G =(Gy| | Gino) : (GX_Zcmodi) with E":ﬁ E=GD‘ = (fpe Fng) (_zlcmodi x 1)
- o i
o O_f Dof f
and Hg E no %O[Gim:i] =Gy + . + Gy g
m [ 1]] moD i=1

A robot hand with fno = 3 identical fingers and contact modeied; = 3 (point contact with fric-
tion) has following grip matrixG (only forcesand no momentsan be exerted at the contact points):

U
:(G1|G2|G3):%(0r0’

To determine the joint torques for each finger, that depend on the forces and moments acting
the contact pointshe vectorfifoi,fimoi)T are computed out of the contact force compon‘éfgis
by transformation matriceﬁ) ;- This is done according to the contact model specific force trans
formations from the frame@ol into the frame<C; (both have the sanwentact points as originso
that the position vectoFsr .y, are equal to zero) and the force transformations into the frémes

|:| Tti’fi I:fo t Bifol ::I‘-oi’filﬁifol y Or

Ofig, O

0, 0= Tor, Tt Qi0 o, = it 0%f, 0%, O, Ty ¢, : (6xcmod)
'm ! . T

0'Me,0 Etlfl o, 1, %mo% olfﬁao,mom

Using the principle of virtual work [18], the joint torquescan be computed from the finger force
componentsf; with the help of the matrices; (see [17]) that are a concatenation of the transfor-
mation matrlce§'0 f, (depending or' ot = 0AG 1) and(* Ty, 1,+At,1,)) @nd the finger Jacobians

figT, Slnce the Jacobiaris) (used in the transposed form) are the derivations of the direct kinem
tlcs( 'It, by At b,), their dimensions are determined by the; finger parameters (joint anglég):
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. Ofif, O
:fiJTHOilfiﬂifoi:(fi‘]l—i IJT)% E D, ,f137 = (iJIi fiJVTVi),Ti - (jno; x 1)

with D; = 'JTErof (Jno; X 6) * (6 x cmod;) = (jno; x cmod;)

Before this relation will be used to deal with the implied force constraints of the chosen contact 1
delscmod; (see section 6.1), it is presented for the general case of an arbitrary robot hand with
(not necessary identical) fingefus,the set of joint torques can be computed from the total fin-
ger forcesf with the help of the matril that describes all required finger force transformations:

1="0T0,;0F =D and (°f4,°m)" =
fno

T= diag(fl\]T i g T ) , Tof = dlag( oty ,Tofnwfmo) T = (T Tho) (zjno x 1)

fno

with D ="37 (T ¢ = diag(Dy,...,Dino) : (zjno x 6)* (6 x zcmod) —(zjno xzcmod)

4.3 Decomposition of contact forces

Given the external forces and mome(t”?lfsext,"mext)T acting on a grasped object during manipula-
tion the problem is to compensate the resulting object f(Q?tﬁgé’mo)T in negative direction with
appropriate contact forcés the transformation between them is performed by the grip n@itrix
Because the space of contact forces (the dimensiponsod;, depending on the contact types) is
described by maximal six independent equations, there exists in general (if the dimension is gre
than six) more than one solution for the force compensation problem [19]. Thus, all contact for
can be combineof thepartial solutionf , andone solutiorof the homogeneowsjuationG [, = O:

0% 0_ D1, ngom ) i
%’mext% Eom G[@f +fy) with f,=G mOEand 0=Gf, O f, =NQA

The partial solutiorf , is computed by the right generalized inveBseof the grip matrixG, whe-
reas the homogeneous solutibpn consists of a linear combination of the base vectors of the n-di
mensional null space @& which is described by the null matiik Thus,the n-dimensional vector

A represents the internal grip forces (forces acting crosswise between the contact points) that
be exerted in addition to the contact foréggwhich compensate the external forces and moments)

fno
GINDA = (Gy| | Gino) [Ny || Ngo) ' A = _zl[(;i IN] O = (G [Ny + ... +Gippo [Ngo) DA
i=
with N = (N |- | Nyog) "+ (3-cmod x ndim) , A = (Ag.. A ) < (nlim x 1)
i=1

Because of the linearity @ that defines a dependency between all contact force transformatior
the dimension of the null matriX has to be determined with respect to the whole m@taxd not
independently for the submatric€s. Nevertheless, the result of the null space computation can kt
appliedto partition the matriX into fno submatricell; which then dependn the dimension ndim.
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5. Grasp force planning

In this chapter, a planning method for the computation of all force parameters required for man
lation of a grasped object with pre-selected contact points is presented [6]. Compared to the ge
formulation, the special case fno =j8g; = 3), cmod, = 3 and ndim = 3 is handldtlis assumed
that a range of external forces and mométfts,.,°m,,)" is given or known for a certain type of
operationjike a peg-in-hole insertion tadkr which appropriate internal forcashave to be deter-
mined.This is realized as knowledge-based approach with rules and criteria (stability and secul
that must be satisfietllere, a major step is the transformation of the problem from the object spa
with object forceand moment§’f o,omo)T into thecontact space wittontact force$ (dividedinto
manipulation and grasp forcdg, fy,) which is done with the grip matr@ and the null matriX.

For the compensation of manipulation forces all applicable grasp forces staying in the friction cc
of the (5 cmod; = 9)-dimensional finger force space must be enumerated. The mapping of the fo
componentsnto the contact plargenerates a triangle with parameteyB, y that are thénear fac-
tors of the base vectors of the (n-dim = 3)-dimensional grasp force subspace. The applicable ¢
forces are computed fromparameters determining tBe andy;-intervals,3-parameters determi-
ning they,-intervalsand intersecting-parameters that aemumerated from a convex hull algorithm

Rule 1 : [Applicable grasp forces]
The grasp forces must lie in the intersection of the friction cones with the contact point plane.

Algorithm: [Applicable grasp forces]
Determine[a o]

FOR a, Ofa ,a] DO (* enumerate o - interval *)
Determine By, By](o). V1. Yiu)(cto)
FOR B, O[BL.By](at0) DO (* enumerate B - interval *)

Determine [y, v2,)(00,B0). [ Ve] = [Vavau](@o) 0 [Var vy )(c0Bo)
FORyo O[yL.Vu)(00.Bo) DO (* enumeratey - interval *)
fn « doh'+Boh? +yeh®
RETURN f,

The determination of suitable grasp fordgswith respect to the assembly task can be divided intc
successive steps for the compensation of a single manipulation force through a stability search
minimum security or a security search with minimum stability. Starting from the taskArteat
describes s range of external forces and moments, the most stable and most secure grasp for:
the corresponding rand@A of manipulation forces are computed from search procedures, suc
that themean value of the resulting rangdA of grasgforces is the desired optimal solutibpom.

To ensure this, two quality measures for the optimization of grasp forces in form of criteria for
object stability'V and the grip securit® (robustness|)22] are introducedthey are based on side
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and bottom face projectiofs of the object contact forcefs to the surface of the friction cones FC:

W(f) ::I\_/Iin W(f;) with W(f;) = %‘“(|fi‘”s(fi)|’|fi‘”b(fi)|) f; OFC

f, OFC

Q(fy) := Qmax—il‘fhi‘ and Qo = _i\(“tifimax)ZJ’(fimax)z maximal length
i= i=

Rule 2 : [Single compensating grasp force]

Each grasp force must compensate a corresponding manipulation force of a given force area.
Rule 3 : [Range compensating grasp force]

A particular grasp force value must compensate all manipulation forces of a given force area.

Algorithm: [Stability search with minimum security]
Input:  grip matrix G, null matrix N, manipulation forcef,, minimum security wq
Output:  f, for minimum security w, most stable compensating grasp forcefy, _
l~|Jmax <0
fr, — Applicable grasp force(ag,Bo,Yo)
|F[w(fp+ fy) > quaX] O[Q(f) > wo] THEN f_  fri Wi = ¥(Fp+ 1)
RETURN f, _

Algorithm: [Security search with minimum stability]
Input:  grip matrix G, null matrix N, manipulation force f,,, minimum stability g,
Output:  f, for minimum stability Yo most secure compensating grasp forcefy, _
Wmax < O
fr, — Applicable grasp force(ag,Bo,Yo)
IF[Q(f1) > Wina] D[w(fp+ fy) > qu] THENf, _ i @  Q(fp)
RETURN f, _

Definition:

The six-dimensional task force afeA modeled as task-polyeder is ttmvex combination of for-

ce vectors which are computiedm the rangsetES of external object forceend moment&escri-

bes the specific force spectrum as set of vectors) by the six-dimensional convex hull operator C

q oo,

ESO EA with ES, EA [ 0. EApo|y(ES) = CH(ES) and ES:= D-ED E [
= Myt @:1

The mean value of the range séiS of grasp forces compensating the rangéd/k2bf manipula-
tion forces derived from the force spectri®, or fully equivalent, the center of gravity of the cor-
responding grasp force arg#® computed by the three-dimensional convex hull operator CH, is i

14



best compensating grasp fth%w that can be transformed into the rangd Seif internal forces:

Of, OHS: W(f X+, )>0 Ok O{L...,eset} with MA := CH(MS) and MS=G (ES
h p h

eset 1 et i «
f, = 0(HS) = 0 fhk}kzlg; Qk;fhk with HA := CH(HS) and N*(a(HS)) = o(19)

Rule 4 : [Grasp forces for stable grips]

The grasp forces must have a certain stability factor relating to rolling and slipping motions.
Rule 5 : [Grasp forces for secure grips]

The grasp forces must have a certain security factor relating to tolerances of the force areas.

Algorithm: [Most stable grasp force with respect to MA]
Input:  grip matrix G, null matrix N, manipulation force areaM A, minimum security w
Output: MA for minimum security w, most stable compensating grasp forcefy,

FORk O{L...,esef} DO
f «— [Stability search with minimum security](G,N, fok, wo)

fhtm - OB fhk}ig

IF (Dk O{1,....eset}: W(f <+ £, )> o) THEN Success — TRUE
EL SE Success — FALSE
RETURN ( fy, _, Success|

Algorithm: [Most secure grasp force with respect to MA]
Input:  grip matrix G, null matrix N, manipulation force areaM A, minimum stability Y
Output: MA for minimum stability Y, most secure compensating grasp forcefy,

FORk O{L...,esef} DO
fo< « [Security search with minimum stability](G,N, fp",qu)

fhtm - OB fhk}ig

IF Ok O{1,....eseth: W(F <+ £, ) > Wo) THEN Success — TRUE
EL SE Success — FALSE
RETURN ( fp, _,Success)

The main difficulty is the determination of the smallest minimum stability paramp%ténr the al-
gorithm searching the most secure grasp force in contact space. The lower bound is normally
whereas the upper bound can be computed from the algorithm searching the most stable grasp
with minimum security zero (pure stability search). Building a stability interval of them, an interv
search procedutmsedn thesecurity search with minimum stability argdminationcondition(de-
sired accuracy) computes the optimal grasp fcbs;gg compensating all given manipulation forces.
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lower bound: Yy, = 0, upper bound: s < Wif max for stability interval | := [lIJmin,lIJmax]
with Qg =Wy, and f,  =[Most stablegrasp forcewrt. MA](G,N,MA,uy, = 0)

Algorithm (interval search): [Optimal grasp force with respect to MA]
Input:  grip matrix G, null matrix N, manip. force areaM A, desired search accuracy €,
Output: MA for stability interval most stable and secure compensating grasp forcef -

(fhopt,Success) ~ [Most stable grasp forcewrt. MA](G,N,MA,wy = 0)
IF Success THEN

REPEAT
W, < (Wimax t Wrin) / 2,
(fhm,Succ&ssO) ~ [Most secure grasp forcewrt. MA](G,N,MA, )
IFSuccessO THEN W < Yo fhopt - fho

EI—SELIJmin - LIJO

ILU A [quinqumax]

UNTIL |L|Jmax - L|"min| <&

RETURN (fhom,Success)

General rule : [Grasp parameter optimization]
The parameters must be choserch that the contact point dependent grasp fdrg@sthe contact
space are optimal and the resulting grip of is both stable and secure with respect to the specific

Algorithm: [Optimal internal force with respect to EA]
Input:  grip matrix G, null matrix N, task force area EA, desired search accuracy €
Output: EA optimal (regarding stability and security) compensating internal force A o
FOR k 0{1,...,eset} DO
O o 0
fok - G g ext = (* mapping forward into contact force space *)
0 HMexl O

Froe < [Optimal grasp forcewrt. MA](G,N,MA &)

Aopt < N*( f hopt) (* mapping backward back into object force space *)
RETURN A g5

The determined optimal grasp fon‘:fg-,opt in the contact space is transformed into tbe optimal inter-
nal forceA  in the object space which is performed by the right generalized inversgthe null
matrix N. Summarizing, Fig. 6 shows the search process for optimal contact forces that starts f
external forceand moments mapped to ttentact space where all manipulation formescompen-
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sated by one suitable grasp force which is mapped to the object space as the resulting internal

Space of object forces Space of contact forces
T W
& & | Task forcearea EA Areaof § g
c e manipulation | 58
E3 g . forcesMA cg
55 G = e
% % K —> g =
o -y
jgs B e f Kk 3
= 4—
Area of v
grasp Interval
s @ forces search | |5 £
8 S HA fK 83
R —
e ok
3E N o compensatesMA ?2— | B &
= +
A Opt. —f hopt

Fig. 6 : Schematic process of contact force searching

6. Grasp force optimization

In this chapter, another planning method for the determination of the required grasp force pare
ters is presentashich is formulated as an optimization problem over given or imposed constraini
Therefore, it incorporates explicitly the contact force constraints (indirectly defined in the previc
describeanethod by object stability and grip security critelid) the processf forcecomputation.

The approach chosen here is based on work for the normal case fijiao=3 8), cmod; = 3 and

ndim = 3(seg/17]) which is generalized for the case of an arbitrary robot hand and all kinds of pc
sible contact models. For the final solution of the optimization problem several algorithms can
applied, but preference is given to an algorithm that searches for maxima in n-dimensional spac

6.1 Constraints on contact forces

In order to keep the force computation simple and fast, the non-linear equations describing the
tact forces inside of the contact model depending friction cones are approximated tinegeyre-
ralized friction cones are replaced by generalized friction pyramids whose sides touch the bor
of the cones. By this procedure, additional (not applicable) contact force regions are defined w
can be avoided by reducing the friction coefficients proportionally (for exaagpstown in Fig. 7
from p, topg, = uti/ﬁ). Rewriting of the force constraints mentioned in section 4.1 leads to &
inequality system-like formulation of the possible contact fo?d%§ which are described through
friction matricesk, and constraint vectois. Again, the respective equations are considered for the
case of frictionless point contacts (Bjnt contacts with friction (PF) and softfinger contacts (SF):

R [Pifo, 2 ¢ with F : (2* cmod; x cmod;) , ¢; : (2* cmod; x1) , cmod; ={1,3,4
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In the case of frictionless point contact (P) the constraint vector considers only the direction of
contact forces and the maximal possible contact forces that can be applied by the finger of the h

o)

0 FelPif, 2cp with Fp= E"llg, Cp= @_f

<t 0 (%f)2,

I max
0

(Oifoi)so O —(°ifoi)20'

%, cmod; =1

'max

In the case of point contact with friction (PF), additionally to the consideration of the maximal cc
tact forcesthecontact forceomponents within the tangential plarféhecorrespondingyiction co-
nes are linearized and adapted to the resulting friction pyramid by a reduced friction coefficient

1o ooy o (Tl o) uifor,) 2
(*1a), +(*a), = b1 £ (01) | <112), 7 (o) - (or,). 220
o 0 -1g 0D0 O
0 FeePifo = Cpe with FPF=§£01 101 :ﬁfﬁ, cPF=E ig B, cmod; = 3
0 0 1ti ET'fimaXE
\EUti
Ht;
u,
Ht;
it My 1
T

Fig. 7 : Linearization of a friction cone (friction pyramid)

In the case of softfinger contact (S&jditionally to above described restrictions on the contact for-
ces, the contact torque in normal direction is constrained by the friction conditions along the z-a:

[7to),

0o 0 -1 0g 0o O

1 0 -p; OO O+ U
0 FgPf, > ith Fge = 0 00, =B 0 = =
s O'f o, 2 cgr Wit FSF—DO +1 -, OD,CSF—D +0 [, cmod; =4

0 0 #p, 1 0+0 O

0 0 1 o% Hfi H
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Another set of constraints is introduced by the fact that the joint torque valoiesach finger of a
robot hand must not exceed ttmnstructional limits tavoid damage of the motaad/or the gears:

T STy with 1 =Di%f, and T, T (jnoj x1)

min

|:| Di @ifoi > Timin and - Di @ifoi > _Timax

6.2 Force computation: solving of inequality systems

The restrictions imposed onto the contact forces and joint torques that are described by friction
tricesF;, constraint vectors; and motion dependent matrides (rolling andslipping of the finger-
tipsat theobject surfacejan be expressed in matrix foam systems of linear inequalitidhese in-
equality systems are based on the matiteand vectorg; that are composed from above descri-
bed components and lead to optimization problems for the optimal choice of the contadt;forces

DFi O 0] G 0
H, =D, O (12* cmod, +2* jnoj xcmody) , gy = I, 0+ ([12* cmod; +2* jo] x1)
E-DE Ot 0O

O inequality systeminf; : H;[f; > g; with f; = °ifoi > (cmod; x 1)

To compute appropriate solutions, the submatiizesf the matricesd; have to be actualized con-
tinually in each motion step during object manipulation, because they contain all information ab
the changing parameter values of the contact points and the joint angles. Generalized for the c¢
a robot hand with fno (not necessary identical) fingers, the resulting inequality system is descri
by the matrixH and the vectog that are composed from the finger specific matrideandg;. The
optimization problem is then defined as search for the optimal choice of the total conta€t force

fno fno
H = diag(Hy,...,Hgmo) : (3[2* cmod; +2* jnoj] x 3 cmod;) , formulafor general case
i=1 i=1

T o ) 7 fno
9=(9p--Omo) (_zl[z*cmodi +2%no) x1) , f =(f..., Foo) (_zlcmodi x 1)
1= 1=
O inegquality systeminf : HOF 2g < H;; 29; Ui 0U{1,...,fno}

Rearrangingbove inequality systeamdapplying the subdivisioaf the forcesf in thecontact spa-

ce into manipulation forcef;, and grasp force$y,, the optimization problem can be rewritten as
problem of finding the optimal internal forc&sn the object space using the null matixf there

is a way to split this matrix into submatridds, the force search process could be done in parallel:

HOf2g = HI{fy+f)2g « HO,2g-HO, = HINA 2g-H G [f,°my)"
with H N = (Hy Ny | ... | Hpo Npyo) - (Ej[z* cmod; + 2* jno;] x ndim)
O HiEINiD\zgi—Hi[Gi*E(Jofoi,lo_moi)T 0i O{1,...,fno}
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6.3 Optimization of internal (grip) forces

To compute the best internal forkea distance measudg for evaluating the distances between all
defined force constraints (rows of the matrices and vectors) and the resulting hyper-planes (ge!
lized volumes) that are splitted into "allowed" and "forbidden" half-spaces is introduced (see [1'
Theoptimal selection ok is the one which has tiyeeatest valuef the minimal distance tal given
constraints (hyper-planes). the three-dimensional catbes is thecenter othebiggest hemisphere
fitting into the"allowed"polyhedra. Thereforéhe followingoptimizationproblem has tbe solved:

(Hm)D\zg+HBB*Ei§:fextDD dy = (H IN)| _kD\—D+Hm3*E§;feXt >0
meXtE o g Mextt o=k

maximize the function : d(A) = min (dy) with: d > 0 Ok =1..., 3 [2* cmod; +2* jnol]
i=1
The goal function &) which has to be maximized, is a continual, non-linear and non-differentiabl
function inO™™ that is composed of linear functiodg. Hence, for finding the optimal value of
A both the simplex-method (goal function not linear) and the gradient-descend method (goal fu
tion not differentiable) will fail. This means, that in order to compute the optimal force paramete
an algorithm considering the non-linearity and non-differentiability of the goal function is requires

To solve the optimization problem, the Hooke-Jeeves algorithm[2B{][24] for finding maxima

in 0" can be used which steps from an arbitrary point (start point must not lay within the allow
space) to the point with the greatest distance to each constraint. After an optimal solution is fol
the internal forcea together witlthe external object forcemdmoments(°f .,,°m,,)" areusedo
compute the total contact fordeand finally the corresponding joint torque$or the motor drives:

T=D[f :D[pr+fh):D%G* :nextt§+ND\E
ex

Thus, the optimization problem for internal forces could be generalized for the case of a robot
with fno (arbitrary) fingers withjno; joints per finger, applying forces according to the contact mo-
delscmod; and the n-dimensional null space of the grip matrix. Summarizing, the force compu
tion process can be fully characterized by the parameters (dimensionsipfnemod; and ndim.

7. Example manipulation

Here, the result of a concrete object manipulation (a peg-in-hole insertion task) with the Karlsri
Dextrous Hand [2], [3], [4] is presented in graphical visualized form. This robot hand consists
three identical fingers whose bases are fixed at the edges of an equal-sided triangle. The hand
C,, is fixed at the center of this triangle, so that the transformations between the finger base fra
Cy, and this coordinate frame are given by following translation vectansl rotation matriceA:

00O [+50 cos30°[] 150 cos30° [
h _ _ NS B o
I’bl’h =050 D, hrbzyh =[50sn30 D’ hl’bsyh = %‘50 sin30°C

H-80H] H -8 O -80
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00 -1 0O 00 sin30° -—cos30° 00 sin30° cos30°
0o 0 1{, A,,h =00 -cos30° -sin30°L, Ay =00 cos30° —-sin30°C

b,h_
" HB1 0 o Hi o 0 1 0 0

Each of the three finger modules of the hand consists of a two-link structure mounted on a revc
baseandconnectedia rotational joints which is the minimal configuration needquetform adesi-
red object manipulation in space. The length of the links are (link one is closest to the finger bas

l[;=20mm |, =55mm I;=54mm

At the end of link three, a half-sphere formed fingertip with radius rram@s fastened. By defi-
ning frames at each joint in a way that the x-axes point in direction of the respective link and th
axes point in direction of the rotation axis (Fig.tB transformations from the finger fram@s
fixed at theend of link three into thitnger base frames aobtained by ¢; = coseij ands; = sineij):

( 3(0203‘5233) +1C,+ |1)g Ebl(czcs‘szss) ‘01(0253+52C3) s L
rf b = ( (0203‘3253)+|202+|1) At b = (02C3‘3253) ‘51(C233+5203) _Cl[
3(C253+52C3)+|252 @ (0253+5203) C2C3— 5,83 0

From them, all other transformations, especially the corresponding Jacdbizas be obtained.

Now, the computation process of all force parameters required for dextrous manipulation of a g
pedobject with pre-selected contact points is shown on thedbdise grasp planningpproach pre-
sented in chapter 5 that deals with the standard case of f(ime; 3= 3),cmod; = 3 and ndim = 3.

Theplanning process of parameter determination for a peg-in-hole insertigga3hg&es a specific
force area that describes the external forces and mo(ﬁég;&somext)T acting onto the object du-
ring manipulation to determine appropriate contact fdréesthe fingers of the handccording to
positional and orientational tolerances between peg and hole, several simulation runs are perfo
to compute the external forces in x- and z-direction and the external moment in y-direction. The
sulting force are&A is represented as task polyeder forme@by 64 (or2® = 8) force vectors.

Oy (°x (°x D:_,1"_1
Tolerances of peg location [mm] : g peg)x( peg)y( Peg;zD {[ 5,5],[0.0],[ 33]}

o={[0,0].[-7.7][-0.0]}

o
-
8
€
)
U
L
&
.y
X
o
8

={[0,550],[0,0],[0,320]}
External forces and moments[mN] :

T, (°fext>y<°fext>z
Tmad, (e o)

The determination of a stability interval is done with the help of a search procedure that compute
a first run the most stable grasp force with minimum security (= 0) and the maximum stability pe

={[0,0],[0,~33000],[0,0]}
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meter (= 1100). Because this step fails on the strength of the defined friction conditions, an inte
search (most secure grasp force with minimum stability) is performed over the stability interval
1100] to compute the best compensating grasp force for the manipulation force area MA. This ¢
after an appropriate number of iterations (desired accuracy = 0.01) to the optimal intermal force

Resulting internal (grip) force [mN] : (Ay,A2,A5) = (5400,6300,5200)

Each compensating grasp force in the contact space that is determined with respect to a single
pulation force or a range of manipulation forces can be graphically visualized by the simulation
stem. For that purpose, perpendicular projections of the friction cones in the contact points are
playedtogether with the tangential forces in yfzeplane and theormal forceslong thex-direction.
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Fig. 8 : Computation of stable and secure grasp forces

In Fig. 8, the exterior circles represent the borders of the friction cones at the height of the maxi
contact force whereas the interior circles lie on the borders of the friction cones at the height of
superposition of manipulation and compensating grasp forces. The diagrams of the computed
tact forces point out very clearly that the stability search shown on the left hand side maximizes
length of the grasp forces. Consequently, the distances between the interior and exterior circle
relatively small. In contrary, the security search shown on the right hand side minimizes the ler
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of the grasp forcesp that the distances between the interior and exterior circles are relatively lar

The simulation of reaction forces and moments occurring during part mating operations accort
to positional and/or rotational uncertainti®bject motionsind their effect on the world model are
also considered at the example of the peg-in-hole insertion probtenforce simulator is a pro-
gram package based on a stiffness control model of the insertion processi¢26has the ability

to modify the compliance parametargl to analyze the finger-object interactions at the defined con
tact pointsThis permits testing of manipulation strategies for specific assembly tasks by taking it
account the object forcasad momentsgontact forceand stability conditions of the grasped object.
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Fig. 9 : Visualization of a peg-in-hole insertion process

Fig. 9 shows the graphical visualization of a peg-in-hole insertion operation with the three-finge
Karlsruhe Dextrous Handhis is basis for the comparison of different grasp configurations accoil
ding to their robustness against external influences (disturbamzka)lows also the verification of

the planned force parameters. Therefore, the grasp planning process must ensure that the con
contact forces stay inside of the friction cones what results in a stable and secure grip of the ob

8. Conclusions und future work

This paper describes the fundamentéisbject manipulation and grasp planning for dextrous robot
hands considering both rolling and slipping of the fingertips on the object sdrfecprocess of
force computation and evaluation of suitable grasp configurations is shown for two different apg
aches. As major result, the force optimization problem could be generalized for the case of arbit
robot hands and contact models which are specified by the parametgr®fpnanod; and ndim.
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The computation methods with their combination of matrix multiplications, matrix inversions, sol
tion of equation systems and search for optimal force parametevslbseitedfor the application
andexecution on parallel machiné&ince theresentedlgorithms, like the maximum search algo-
rithm, are formulated in a way that supports rather their realization on a serial or distributed corr
ter, their transformation and implementation on a parallel computer is an interesting new appro
Especiallypecause the parallelization of algorithms and their adaptation to massive parallel ma
nes with lots of processor nodes is actually an underdeveloped arefighltberobotics research.

One major problem arises hereby from the nature of the contact forces and therefore for the int
grip forcesA itself: they are crosswise depending on each atbehat they cannot be treated inde-
pendentlyThis is expressed in the additive nature of the grip subma@icesich form altogether
thegrip matrixG that describelsoth the contact points andntact modelssndcharacterizes the
resulting contact forces that can be applied with respect to given external forces and nidrisents.
meansthat the computational effort required for solving the optimization problem cannot easily
subdivided upon independent processes which would improve the search procedure tremendo

Nevertheless, it is possible to use parallelism to speed up the search procedure that tries to opt
the force parameters by fitting them into the biggest volunig"" that has the greatest distance
to all given constraint§.his couldbedone by splittinghewholesearch space inseverategular
shaped areas frowhich independent workingrocessesould start their parameter searobgcause
thereare naestrictionson the choicef the start pointgheconvergencef thealgorithm tothere-
sulting end points which are possible (optimal) solutions is always ensured. Thus, research wi
the future be more concentrated on questions of parallelizing the search and optimization algorit
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