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Graphical Representation of Robot Grasping Quality Measures

Venugopal Varma Uri Tasch
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Abstract per is maintained by the application of suitable finger forces.
Form Closure is a preferred grasp; however, in many practical

When an object is held by a multi-fingered hand, the values of cases, only a Force Closure is feasible. Before attempting to
the contact forces can be multivalued. An objective function, grasp tile object, it is important to determine the number of
when used in conjunct.ion with tile frictional and geometric contact points required to achieve a particular grasp. For a
constraints of the grasp, can however, give a unique set of Form Closure, four point contacts are required in planar cases
finger force values. The selection of the objective function while seven point contacts are required in 3D. This conjunc-
in determining the finger forces is dependent on the type of ture is proved in Mishra et al. [10] and Markenscoff et al.
grasp required, the material properties of the object, and the [9]. Depending on the surface topology there are objects that
limitations of the robot fingers. In this paper several opti- cannot be grasped using point contacts. Selig [15] gave a clas-
mization functions are studied and their merits highlighted, sification of surfaces that cannot be grasped using frictionless
A graphical representation of the finger force values and the point contacts.

objective function is introduced that, enable one in selecting Quality of a grasp is defined by the ability of the fin-
and comparing various grasping configurations. The impend- get forces to resist the external applied forces and moments.
ing motion of the object at different, torque and finger force Given a grasp, the required friction at the finger contacts can
values are determined by observing the normalized coefficient

be used to represent the quality of the grasp ([1] and [18]).
of friction plots. If the required value of friction coefficient to prevent the fin-

ger contact from sliplJing is large, the grasp quality is poor.

1 Introduction Wolteret al. [18] gave the grasp quality measure as a combi-
nation of the object's centroid and the value of friction at the

An object can be grasped using force and position feedback, contact locations. This measure was applied to the grasping
If the robot is to perform tasks using the grasped object., de- of polygonal objects with parallel jaw grippers. A similar gee-
termination of the quality of the grasp is necessary. Using the metrical grasping measure function was developed by Park et

grasp quality information, the object is manipulated within al. [13] to determine grasp quality. Positioning of the fingers
the robot fingers and oriented to a different grasp configu- with respect, to the centroid, the spacing of the fingers, and
ration.This paper develops a new graphical representation of topology of the surface of contact were used to develop such
grasping quality measures. Grasp quality measures developed a function. The minimum value of the function was deter-
by other researchers ([8], [12] and [3]) can neither effectively mined by evaluating it at all possible feasible locations of the
account for friction nor study the influence of external distur- contact.
bances on the grasp. The measure developed here overcomes A grasp matrix which is the mapping between the finger
these shortcomings, forces and external forces and moments can also be used to

The grasped object in the robot end-effector should sat- determine the grasp quality. Directions of the external force
isfy force and moment balance to be in stable equilibrium, at which the grasp is destabilized are known as singular di-
Direction of application of the contact forces is used to clas- rections of the grasp. Magnitude of the singular values give
sify the grasp into two categories: Form Closure and Force a measure of the distance the grasp is away from singularity.
Closure [7]. In Form Closure the relative motion of the object The smallest singular value of a given grasp can hence be used
and the end-effector is constrained by physical contacts. The to indicate its quality measure ([8]). Since two completely dif-
magnitude of the applied force has no effect on maintaining ferent grasps can have the same minimum singular value, a
the contact, required for the grasp. In a Force Closure, on volume measure can be used in such cases. The shortcoming
the other hand, the contact between the object and the grip- of this approach is that the frictional constraints, being non-



linear, cannot be satisfied by the grasp matrix representation 2 Grasp Force Formulation
alone. A subspace of tile actual space of the finger forces is

required to satisfy the frictional constraint which is compu- Consider a rigid object held by a multi-fingered robot hand
tationally very difficult. Therefore, although a grasp matrix (Figure 1). The external disturbing load acting on the body
is a good representation, it, cannot be directly used to _ive call either be a force, a moment or both. Since any force and
grasping problems with frictional contacts without external moment oil the body can be translated into an equivalent
constraints, force and moment at the center of mass of the object, the

disturbing forces are assumed to be acting at the center of
mass of the object.

An optimization criterion is used to generate a unique set,
f4

of finger forces for a multi-fingered grasp. The value of the
finger forces depends on the objective function used. The
norm of tile forces is a good intuitive choice for an objective ',
function. Nakamura et el. [12] used the total finger forces at ,.
the contact points in the calculation of the minimunl norm

of a grasp.The minimax of the finger forces and the mini-
mum value of tile sum of finger forces were used as grasp
quality measures by" Ferrari el, al. [3]. A quality measure is
defined a.s the distance of the nearest facet of the convex hull "

constructed from the wrenches corresponding to the contact

locations ([3]). The minitnum norm solution can be modi- Figure 1' R.igid Body Grasped by a Multifingered Robot Hand
fled by adding the homogeneous solution of the grasp matrix
to minimize the maximum value of tile friction angle at the

points of contact. Mukherjee el, al. [I t] developed a closed The finger/object contacts can typically be modeled as
form solut.ion of the finger forces for tile above minimax for- point, contacts with no friction, point contacts with friction.
mulation, or soft contacts. For a point contact with no friction, the

unknown variable is the applied normal force by the finger.
For a point contact with friction, there are three variables

Once the object is within the robot end-effector, it might accounting for the normal contact force, and the frictional

be necessary to know the quality of the grasp. A scalar value forces acting ill the tangent plane that pass through the point
is usually used to represent the grasp quality measure. If two of contact. For a soft contact there is a small area of con-

grasps have the same quality measure, it is difficult to dis- tact between the two bodies and frictional forces acting in
criminate between tile grasps. If a graphical representation of this area can generate a frictional torque along t,he contact
the variation of the finger forces to change in tile direction of normal. Hence soft conlacts are modeled with four variables.

the external force is used to represent the quality of a grasp. This paper considers only point contacts with friction. To ad-
the above shortcomings are rectified. Depending on tile direc- dress point contact with no friction, frictional forces are not
tion of the external force/nlon-_ent acting on the object while considered and for the soft contact model the frictional con-
the robot performs a task, a grasp can be selected using the st,raint equation has to be modified to account for the contact
graphical representation. A graph showing the relationship frictional torque.

of the variation of the frictional coefficients t,o variation of We next. look at tile equations that need to be satisfied
the external force can also be used to determine slippage that to maintain a stable grasp and avoid slippage at the contact
can occur at. the contact, locations. Three optimization func- locations between the object, and the finger. To maintain a
tions and their influences on the finger force distributions are stable grasp, force and moment balances have to be satisfied.

studied in this paper. The forces at the contacts are tile resul- The resulting static equilibrium equations can be expressed
tant of the normal and the frictional forces. Since the normal as:

force necessary at. the cor_tacl,s Call be easily controlled by F = G . f (1)
the torque gellerat.ed by the tandem driven finger linkages, - _ -

it is better to use normal force as opposed to resultant force, where G__is the grasp mapping matrix, _F is a vector corn-
which is dependent on friction, lletlce, the objective functions posed of the external forces and moments and f is a vector

in this paper use normal force rather than tile actual resultant of the finger contact forces. The matrix G_.G_can be viewed as
contact force, a transformation from the finger force space to the external



force ix s,.,,t,,,tI,y: 3 Objective Function

G" f----F. Consider again the grasp of an object with a multifingerd

where f E R 3n, F E R,6, G E R.6x3n and n denotes the robot hand a,._shown in Figure 1. The grasping problem can
number of finger contacts of the multifingered grasp. From be perceived through a control volume where, the finger forces
Equation (1) it. is clear that the vector G__. f denotes the (f,) are the inputs and the external load (F) is the output.
set. of external forces and nmln,,,nts (F) that can be resisted The ratio of the input to the output can be used to qualify the

by the finger forces f__,while G-1 F denotes the set of fin- grasp. This ratio is analogous to the ratio suggested by Kerr
ger forces that can resist the external force and moment _F. and Roth [6] when calculating the optimal grasp directions.
G-I(E R 3nx6) is a pseudo inverse of the. matrix G. The For the case where the Input/ Output ratio is composed of

the second norms of the finger and external forces, it can bedevelopment of the G matrix is discussed fully in Section 4.
The general soluti--_)n to Equal.iorJ (I) is obtained by a [in- expressed as:

ear combination of the hotllogeneous solution (fh) and par- Input _ ft. f

ticular solution (f_.p). Output, F. F

f = Afh + f__p, "File n_inimum values of this ratio may constitute a potential
measure of the quality of the grasp.

The vectors_f. E kcr(G) and_f E R(G) ,where ker(.) de- Solving the grasping problem using Equal, ions (1) and (2)
,,oresth,,k,,r,l  l ,.h,: G n(.)d,:,,,ot.;sthe i,, ,, itiple soJl,tio,,swhe,, no,,ze oeJ-
range space of G. numts. An objective function that nlinimizes or maximizes

To avoid slil.)page al l]m contacts, frictional forces at, each the value of an appropriate criterion may constitute a mea-

conlact Iocatioll should be within the friction corm. Let f-1 in sure for the q,lality of the grasp and will result in a unique
Figure 1 denote l,he total force (sum of the normal and fric- finger force solution, Nakamura et, al. [12] showed that ex-
tional forces) a('ling on the rigid body at. the conl,acl. location cessiw_ finger forces result in unstable grasps. It is also true
A. n 1 is the sltrface normal at. the point of contact, The that object's fragility and actuators limitations impose upper
portion of the finger force which acts normal to the surface bounds on the applied finger forces. These considerations lead
(f-ll) is given by' to three possible objective functions that are tested as quality

f--ll = (--fl' nl ) nl measures of a grasp in the following sections. The objective
- functions t.ogether with the grasping Equations(l) and (2) are

Let, f_,l denoto the l.ota] frictional force generated at, the con- the mathematical formulations of the quality of a grasp. The
tact and let f,.2 and f13 denote the two orthogonal (:onlpo- three objective functions considered are:

|mnl.s of t.his force in t,h,' tangent plane al the contact. "l'ha! (a) Mi,i_nization of the norm (L,.,) of tim finger forces
is: (b) blininlizing the maximum value (L_) of the finger forces

f,1 = f12 + f13 (Minimax of the finger forces)

To satisfy the frictional constrainl at the colll, acl, the following (c) Minimization of Entropy of the finger forces
inequality nee, Is 1.obe sat isfied' The objective functions are fornled using the applied nor-

mal finger forces and not the resultant finger forces as given

II f12 + f1311_</,sllfxxll (2) by Nakamura el, al. [12] and Ferrari and Canny [3]. Since the
where p, is the static coefficient of friction between the con- normal forces applied by the robots are more readily inca-
tact, surfaces, sured and controlled, there is more merit in optimizing the

Replacing p., with the actual friction coelficieut at, the con- normal finger forces as opposed to the resultant forces at the
tact location (It " 0 <_ p < It,), the al)ove e(luatiota can be contacts.
recast, as:

II_r,,1II
II ftt II-/' (3) 3.1 Minimization of the Norm

Knowing the static coeffici,-mt of fricl.ion and the value of the If the fingertips are modeled as springs, the sum of the square
friction coelficient from Equation (3), the impending tnotion of the finger forces indicate the potential energy stored due
of the body at. tile contact location due to increase in mag- to the deformation of the tissues. Minimization of the norm

nitude of the external force can be predicted. This is useful of the finger forces reduces the energy required to grasp an
in deter|alining the modes of |notion ofa gra.sped body under object. This criterion intuitively suggests the minimization

the influence of an external disturbing force, of the energy supplied by the actuators to grasp an object.



Mathematically it, translates to: uniform distribution property. Equation _ therefore yields
uniform finger force solutions that one may seek in quality

S(f.) = Min(f_.n t.f_.al)1/2 grasping. Notice that, the magnitude of the minimum entropy
call be tt_d to measure the uneveness of the distribution of

where f-.n is the vector containing the applied normal finger jr,.. The minimization of the entropy function guarantees the
forces, positiveness of the finger forces fi because of the logarithmic

terms in the function. When norm or minimax optimization

3.2 Minimization of the Maximum Finger function is used, the positiveness of the finger forces had to
Forces be imposed by external constraints.

Mathematically the minimization of the entropy of the
During grasping, under ideal conditions, the external load finger normal forces can be written as:
should be evenly distributed among all fingers. If the ob-
ject. is fragile, an excessive force at contacts can be damag- n n

ing. Taking this into consideration, the minimax optimiza- S(f) = Min(Z(fni. iog(fni) ) - Z(fni)+ n)
tion criterion tries to mininaize the maximum of the forces at i=l i=l
the fingers, which results in a close to equal distribution of

the forces. For a fragile object which has to be grasped at S(f) is one of the objective functions that is used to study the
specified contact locations, minimax criteria can determine quality of a grasp in this paper.
whether an object, can be grasped without excessive stresses
at the contact points. Mathematically this translates to:

4 Development of Grasping Matrix
S(f__)= Min(Max(f_ni)) for i= 1... n

Examples of using tilts function are given in [17]. In the development of the grasp matrix by Salisbury and Roth
[14], Li and Sastry [8], and Kerr and Roth [5] the matrix el-
ements are constants which account for the finger fore,, di-

3.3 Minimization of the Entropy of the Fin- rections and contact positions. Consider a rectangular object
ger Forces held by three finger contacts as shown in Figure 2. The finger

forces are applied normal to the sides of the rectangle, f11.The L2 and the minimax objective functions may result in
grasps that are generated by non uniform finger forces. If a f21, and f3! are the normal forces and f12, f2_, and ]'32 are

the frictional forces at the contacts. 11 and hi, l._ and h._.well distributed and uniform finger forces is a concern, the
entropy of the finger forces may be used as an objective rune- and 13 and ha are the contact locations of fingers 1, 2, and 3.
tion, respectively, measured from the center of mass of the object.

The negative of the Shannon's Entropy Function F__isa unit external force applied at the center of mass of the
(-.r.lo9(._)) is used extensively in information theory and it rectangle. For tile planar case the external force is given b.v

tile equation:
may be applied to grasping mechanics. Minimization of the

function _'=_ fi log(f,)subject, to the constraint _i"=-_fi = F = cos0 i+ sinR j
Constant, yields an even distribution of tile variable A [4],[2].
When tile Constant = 1, the minimum is obtained when Equation (1) for tile force and moment balances of the

three-fingered grasp can be written as:
fi = l/n,

Since fi in the grasping formulation is an independent [ fll

variable and its sum cannot be constrained, the formulation [ f_2

- sin 0 = 0 -1 0 1 -1 0 (5}

_ _ 0 h, l, -h2 12 ia ha f_
f_i=1 i=1

For a single variable case, the entropy function yields f, The elements of the matrix are constants and do not account

log(f)-f+l. This function obtains its minimum when f = 1. for the change in the external force direction. When using
The two variable case tile mininmm is obtained when fa = Equation (5), the frictional constraints at the contact loca-

f_. = 1 which differs from tile fa = f2 = 1/2 obtained when tions A, B, andC have to be satisfied by external constraint
minimizing the original entropy function, yet it conserves the equations.



Equation (6a) is the grasp matrix representation of the
force and moment balances. Equation (6b) satisfies the fri¢-

,,, tional constraints at the contact surfaces. The normal finger
I forces can assume positive and negative values if they are left

,,....s /F,r,,_,,r.,,,.) as free variables during optimization. Since suction by fingers
',_2,,--4--- /__ _ is not allowed, Equation (6c) is introduced to ensure that the

7 v, / _ forces are directed into the body. ni ill Equation (6c)is the
-.--4.._Z/ | normal at tile point of contact. Equation (6d)denote the.

I , _j_:x |', objective functions used to obtain a unique solution._h, o ! II
v_,., I ..... i ......... h2 II r*_o, s

"' . ', ',, 5.1 Three-Fingered Planar Grasp
j,

Figure 3 shows the schematic diagram of a three-fingered

Figure 2: A Three Fingered Grasp of a Rigid Body grasp. Dimensions of the object and the positions of the fin-
gers are shown in Figure 3. The value of static coefficient _f
friction is chosen to be 0.4. Since the applied finger forc_

(fil) are perpendicular to the sides of tile rectangle, Equa-
5 Quality Measure of a Grasp tions (6 b and c)can be recast as:

Grasp quality measures giw__nby several researchers use a sin- fi2 -<Ps fil for i=1,2, and 3.

gle nunaber to describe the grasp ([8],[18] and [3]). Using the fil > 0.0 for i=1,2, and 3.criteria described by Li and Sast.ry [8], Wolter et al. [18], and

Ferrari and Canny [3] many grasps can give the same quai- Finger forces are calculated using the three objective func-
ity measure and make it. difficult for different grasps to be
compared. Moreover, the ability of a grasp to resist, external '"

forces and moments depend on the direction of the external _,,,,, I;' tl_ ulelt,iI I_)

load acting on the body. Consider two grasps: an object rest- ,. /

ing freely on the palm of a hand and an object held by fingers _ c /
on its lateral sides. If the only external force acting on the ": I / I'°

::  lA': ..... IIobject is gravity, then, in the former grasp, the palm sup- ,,,,.,, ^ ; 0 ._,,,ports this load while in the latter case frictional forces at the '" " ....._....... "r-...... .,.........
contacts support the weight. If the coefficient of friction at
tile contact surface is less than one, the forlner definitely is a i

more desirable grasp.

To account for the information losl when representing Figure 3" A Three Fingered Grasp of a Square Planar Obje¢_
grasp quality measure as a number, a graphical representa-
tion is introduced. The graphs detail the variation of the

finger forces and the objective functions when the direction
of the external force/moment change. An example of a pla- tions developed in Section 3. To obtain a unique solution
nat three-fingered grasp is explained in detail in Section 5.1. the finger forces, numerical optimization of the six variabl_
Graphs for two-fingered and four-fingered planar grasps and in nine constraint equations and an objective function is per-formed. For the Minimax objective function, one additional

four fingered 3D grasps are illustrated [17]. variable and three additional equations are required, since the
Tile grasping equations developed in Sections 2 and 3 are representation of tile objective function requires an additional

summarized below' variable. Figures 4 and 5 show the plots obtained using the

(a) F_= G. f Norm and Entropy objective functions, respectively.
As expected from symmetry, for variations of the external

(b) lira1 + f,,lll < (i,s + 1)11£1111 force, fingers 1 and 2 have symmetrical force distribution.
(c) f--ai 'hi <- 0 (6) Although the magnitude of the finger forces differ, irrespective

(d) Min(S(f)) of tile criteria used, tile maximum is obtained when 0 is 230'
and 3100 for Finger 1 and 2 respectively. When external force
lie in Quadrants III and IV, the finger forces are maximum.



since friction alone has to resist the external force. The value

of the force at finger 3 when 0 is 90o is less than 1.0 since
frictional forces at, fingers 1 and 2 resist, part of the load. This
is not true when the external load is completely supported by
fingers 1 and 2 when 0 is 1800 and 0°, respectively.

Tile finger forces assume zero values when Norm function
is used a,s tile objective criterion while it. never reache zero
value when tile Entropy criterion is used. Fore,,,F'mger1 ForeeatFinger 2

2 2
The Norm of tile finger forces is calculated for the entropy

objective function to compare the grasps. The magnitude
of the norm for the Entropy criterion is larger than those l t

obtained using the Norm criteria. Norm of the finger forces 0 _ ¢
for the two objective functions a_ssUllle minimum values when L)0 is 450 and 1350 and maxi_l_unl values when 0 is 2450 and .l .z
2950 . The discont, illuities in the norm plot at these values of ' '

0 are due to t.he geometry of the object and the symmetrical ., ._
placement and direction of the finger contact forces.

The value of the et_tropy function give a measure of the r_,,, v,,,,,.,0,|

unevenness of the distribution of the finger forces. From I""g- /._
ure 5 it. can be seen that the relative difference in magni! u, 0_

L/of the finger forces is small when angle 0 is near 900 . Th,, o,
value of the ent.ropy function is large in III and IV quadrants 0.2

when the finger 3 apply smaller force compared to fingers 1 0

and 2. _,
Examples of two and four finger grasp and torque as t.he

.0,1

external disturbing force are 7,iven in [17]. With the graphical
representation one is able to quickly infer the effect of an _'

additional finger contact on the grasp. Depending on the "._

direction of the external load (or a range of external load 2 NortnoftheF'illgerFor¢_
directions) the method is able to compare different grasps of ]

the same object, l.._ i
Friction coefficients using Eqllation (3) are plotted for eacll

objective function. Figures 6 and 7 give the normalized val- l tt

ues of the friction at the contact point,s. Observation of the 0..s !

discontinuities of t,he normalized friction coefficients in Fig- [
ure 6 suggests that there are six Inodes of lnot.ion for t.his ,., I
case. The modes of motion are the translations opposite to 4the direction of finger forces 1,2, and 3' rotations about finger -0.._

contacts A and B" and motion along the direction of applica- 4lion of the external force. Although there are seven possible .I
modes of impending motion, rotation about C did not yield a -t.5
minimum norm for any direction of the exl.ernal force. When _---._
entropy objective function is used, no motion of the object "" J
occur when the external force direction 0 lie between 1.13

and 2.01 radians. During this interval of 0 the object is in Figure 4" Plots for Three-Fingered Grasp Using Norm
static equilibriunl. The range over which different modes are
applicable differ with the objective criterion used. As an ex-
ample, the object has impending rotation about, finger contact
A in the lit Quadrant when angle 0 ranges from a.22 to 4.709
radians while using the Norm as the objective function and

between 3.57 to 4.4,5 radians when Entropy is used (Figures 6



and 7). This suggests that, depending on the modes of mo-
tion desired, different criteria can be chosen and the required
finger forces calculated for each contact locations.
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Figure 6: Friction Coefficient Variation for Three-Fingered
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Figure 5: Plots for Three-Fingered Grasp Using Entropy 6 Discussions and Conclusions

This paper describes a graphical representation of the quality
of a grasp. Variations of the optimization functions used to
obtain a unique solution and the resulting finger forces are
plotted with respect to the direction of the external force.
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Knowing the ,',xter)lal load dirm'ti(.m, a gra..sf, choice is made Conference on Robottcs and Automation, pages 389-394.
based oil the value of ill,, old,jeer,ivy' t'ullction and the resulting !992.
finger force distribution. It was observed that the nmg)litude
of the finger forces calculat_.'d fronl the entrol)y crit(_rion did [9] X. ,Markmlscoff, L, Ni, , and C. H. Pal)adimitriou. The
not achieve a value of z('ro for atly of th(' gra.'_l)iug ca.s,,s. The gco)),'try of gra.'sping. 7%c International Journal o/
above result cannot be ol)t.aim'd by introducing a lower bound Robottc.s Rese.arch, pages 61-74, 1990.

for the variables while using either the norm or thell)inima.x [10] B. Mishra, ,I.T. Schwartz, and M. Sharir. On t,he exi.s-
object, ire functions. 'l'hf"e)_l,roi)y fu)lclion is s)llooth and con-

t.euce and synt, hesis of multillnger positive grips. Algo-
tirluous at. the mininlutn and, hence, will pertnit values of the rzthmzca, pages 541-11,58, 1987.
forces both below an(l above the millitnll))l valt)e. Introducing

a lower or uf)f)er hound on the allowable finger force values [11] S. Mukherjeo and K.J. Waldron. An exact opt,imiza-

yield solutions that lie only on one side of the hound, tion of interaction forces in three-fingered manipulation.
Choice of the objectiw, funct, iotl is also made according Transactions of ASME, Journal of Mechanical Dcszgn,

to the preferred impending Inodes of nlotion of the gra.sped 11,1:.18-54, 1992.
object under lhe i)lll))eace ot"aa exl._'rnal Ioa,I. ('ompared to
earlier grasp nwasl)res thal. have he('n sugg(:sl.ed by ot.h('r re- [12] Y. Nakamura, K. Nagai, and T. Yoshikawa. Dynamics
searchers, this measllre d(_scribes tho influ,mct, of (.he external and stability in coordination of multiple robotic rnecha-

nisnls. The Inter))atzonal .]ourual of Robotics Research,
force on the grasl). 8(2):4,1-61, 1989.
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