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Abstract— This paper presents an efficient algorithm to com-
pute independent contact regions on the surface of complexX3
objects such that a finger contact anywhere inside each of tse
regions assures a force-closure grasp despite the exact tact
position. Independent contact regions provide robustnessn
front of finger positioning errors during an object grasping,
and give relevant information for finger repositioning during
the object manipulation. The object is described with a mesh
of surface points, so the procedure is applicable to objectef
any arbitrary shape. The proposed approach uses informatio
from the wrench space, and generates the independent regisn
by growing them around the contact points of a given starting
grasp. A two-phase approach is also provided to find a locally
optimum force-closure grasp that serves as starting grasp,
considering as grasp quality measure the largest perturbébn
wrench that the grasp can resist with independence of the
perturbation direction. The approach has been implemented
and several examples are provided to illustrate its performance.

Index Terms— Frictional grasp, independent contact regions.

|. INTRODUCTION

robustness in front of these errors, the computation of
independent contact regions (ICRs) on the object boundary
was introduced [7]. Each finger can be positioned on an ICR
assuring a force-closure (FC) grasp, with independence of
the exact position of each finger. The determination of ICRs
has been solved for 2D polygonal [8] and non-polygonal
objects [9], and for 3D polyhedral objects [4] [10]. The
ICRs have also been used to determine contact regions on
3D objects based on initial examples, although the results
depend on the chosen example [11].

A previous work of the authors [12] presented an algorith-
mic approach to compute ICRs for frictionless contacts on
3D discrete objects; this paper extends the previous approa
to determine independent contact regions on a 3D discrete
object using any numbet of frictional contacts (provided
thatn > 3). The proposed algorithm generates the ICRs by
growing them from a starting FC grasp. In order to use a
good starting FC grasp, a procedure to obtain a locally opti-
mum one is also proposed. The optimization procedure is an

Grasp synthesis for real world complex objects that assur@fiented search that looks for the grasp that resists tgesar
the immobility of the object despite the influence of extérna Perturbation wrench, with independence of the perturbatio
disturbances has been a topic of great interest in graspig adirection [13]. Then, the obtained ICRs assure a FC grasp

manipulation of objects. These grasps satisfy the pragserti

with a controlled minimum quality. The approach does not

of form or force-closure [1]. In a form-closure grasp the take into account the kinematical constraints imposed by th
position of the contacts ensure the object immobility; thismechanical hand or gripper.

property is mostly used in the fixture design for object Th_e rest of the paper is organized as_fo_llows. Secuon_ Il
inspection or to do some action on it, basically when theProvides the required background on frictional grasps, in-
task requires a grasp that does not rely on friction. When thgluding the force-closure test and the quality measure used
forces applied by the fingers ensure the object immobilityl" the paper. Section lll presents the approach to compute a
the object is in a force-closure grasp; this is commonly use§t@rting FC grasp, and the algorithm to compute the indepen-
in grasp and manipulation of objects with frictional congac  dent contact regions. Section IV shows the application ef th
The synthesis of force-closure grasps has been tacklgdPProach on different objects. Finally, Section V summeiz
mainly for precision grasps (i.e. grasps formed by a set of’® work and discusses some future applications.

particular finger contact points on the object surface) in 2D Il. PRELIMINARIES

polygonal [2] or non-polygonal objects [3], 3D polyhedral , Assumptions

objects [4], objects with smooth curved surfaces [5] or 3D ) . .
The following assumptions are considered to compute the

discretized objects [6]. , ; o
In a real world execution, the actual and the theoreticaldéPendent contact regions for a frictional grasp on an

grasp may differ due to finger positioning errors; to providearbitrary 3D. object: ) )
« The object surface is represented with a largeseff
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points, described by position vectgss measured with
respect to a reference system located in the object’s cen-
ter of mass. Each point has an associated unitary normal
directionn; pointing toward the interior of the object.



« The number of points if? is large enough to accurately Co ok
represent the surface of the object; each point is con-
nected with some neighboring points forming a mesh. L2 :

Coulomb’s friction model is used in this work, stating

that there is no slipping at the contact pointfif < uf7, )
with £ and f! being the tangential and normal components
of the applied force, respectively, andbeing the friction w3 0\
coefficient. In the three-dimensional physical space this i Hp ‘ﬂ,
a nonlinear model, defining a friction cone that includes 2 eoe '
all the possible grasp forces. To simplify the model, the

cone is linearized with an-side polyhedral convex cone Fi9- 1.~ Synthesis of a FC grasp. The convex hull for the grasp s
F = {w1,w2,w3}U{0} (in continuous lines) defines the supporting

(the more sides the better the approximation, but the great@yperplanesf; and H that contain the origin. The convex &t contains
the computational cost to deal with the linearized coneg Th primitive wrenches corresponding to 3 points (depicted hieasquares),

grasping force at the contact point is given by thus the alg_orith_m prqvides 3‘ FC grasps, one of them illtestravith the
convex hull in discontinuous lines.

£
PYer}

fi = Zaijsijv Oéij Z O (1)
j=1 From Lemma 1, checking whether a given poidt € Z
with s;; representing the normalized vector of th#h edge and the originO lie in the same half-space defined by each
of the convex cone. The wrench produced by the fofcés ~ supporting hyperplangl is enough to prove whethed
m lies inside CH (W), i.e. to prove the FC property for the
@i = Z Wiy, Wi = ( Sij ) (2) 9graspG. P is chosen as the centroid of the primitive contact
=1 ' P X 845 wrenches, which is always an interior point 6fH (W);

wherew;; are called the primitive contact wrenches. Theretherefore, the FC test checks whether the centridnd

fore, each contact point in the physical space hagsso- the origin O lie on the same side for all the supporting
ciated points in the wrench space, one for each esige hyperplanes oUH (W).

of the convex cone. Leb; b_e t_h_e “normal contact W_rench” C. Grasp quality measure

for the force f,, i.e. the primitive contact wrench in case ) )
of a frictionless contact point, where the grasp forces can S€Veral grasp quality measures have been proposed in
only be applied in the direction normal to the object surfacetn€ litérature [15]; this work uses as a quality measure the

The relation between the normal contact wreachand the ~ |argest perturbation wrench that the grasp can resist, with
primitive contact wrenchess;; for the linearized friction independence of the perturbation direction [13]; this is oh
cone in a particular contact FJ)Oint is: the most popular grasp quality measures. Geometrically, th

o quality is the radius of the largest ball centered at the ori-
ws — 1 Z“’" 3) gin O of the wrench space and fully containedGrH (W),
om P “ i.e. it is the distance fron® to the closest facet af H (W).

For a given grasgs = {p,,...,p,} the wrenches applied [Il. COMPUTATION OF INDEPENDENT CONTACT REGIONS
through the contact points on the object are grouped in a Sarting grasp for the ICR computation
wrench setV = {wi1,...,Wim,. .., Wnl,. .., Wnm . EACh '

physical pointp, in 2 has a corresponding normal contact The synthesis of a starting FC to be used for the search
wrenchw; in the wrench space; when it is clear, both of them©f the ICRs is performed using two algorithms, the first one
will be used to indicate a fixture constraint (in general, thed€nerates an initial grasp with uncontrolled quality anel th

same wrench can be produced at different contact points)S€cond one uses it to generate a grasp with locally optimum
quality for the ICRs search. The initial FC grasp is obtained

B. Force-closure condition using an algorithm presented in a previous work [16]. This
A necessary and sufficient condition for the existence ofilgorithm randomly choses — 1 points from (2, and the
a FC grasp is that the origin of the wrench space lies strictligonvex hull CH (W) of the primitive wrenches of the
inside the convex hull{ H) of the primitive wrench set [14]. selected points plus the originl is computed, as illustrated
This condition is employed in this work using the following in Fig. 1 for a hypothetical 2D wrench space (the actual
lemma. wrench space is 6-dimensional). Two regio@s, and Cs,
Lemma 1: Let G be a grasp with a selV of contact are defined by the intersection of the half-spaces determine
wrenches,Z the set of strictly interior points o H(W), by the supporting hyperplanes 6fH (W) that contain the
andH a supporting hyperplane 6tH (W) (i.e. a hyperplane origin. If there is at least one primitive wrench lying @,
containing one of the facets &f H(W)). The originO of  then the corresponding grasp point is added to thef3et
the wrench space satisfiés < 7 if and only if any P € Z  the conditions of the.emma 1 are fulfilled and a FC grasp
andO lie in the same half-space for evefy of CH(W). is provided. IfC, is empty, the algorithm iteratively replaces



. o

Fig. 2. Optimization procedure. The sétof wrenches that improve the Fig. 3. Search of the independent contact regions. The lseanessS;
actual quality (depicted as white squares in the gray &g defined by  for each grasp point are depicted in gray, and the neighbmtavithin
the hyperplaned?] and H), = Hq. The grasp for the next iteration cycle, each ICR are depicted as white squares.

F* = {w1, w2, w3, w,} is also shown.

6) IfC=0andj#J
one of the points inf* and performs another search of Let j = j + 1. Proceed to Step 4
points in the newCy, until it contains at least one primitive Elseif C=0 andj = J
wrench, i.e. until it finds at least one FC grasp. Further A local maximum has been reached; retdrh
details and discussion on the completeness and advantages Elseif C # ()

of the algorithm are provided in [16]. Replacew; with a randomw,. € C. Letk = k+1. Go

Algorithm 1: Search of an initial FC grasp E;[l(()jifStep 2

1) Generate a random S&¥’ = {w1,...,w, 1}, k=1 Fig. 2 illustrates the procedure in a hypothetical 2D

2) Build W* = {wi1,...,Wim, - ;Wa-11,---,@Wn-1m}  wrench space. Step 3 looks for the grasp points that con-
u{0o} tribute with at least one primitive wrench to the fade

3) ComputeCH(W*) defining the current grasp quality, and sorts them according

4) Find €1 = {wi|wiVwiV...Vwim € H"} and o its norm. Step 4 builds the hyperplanes required to find the
Cr={wj|wjAwji A Awjm € NH] } points that improve the actual grasp quality; the pararseter

5 If Ci # 0 then retunG = {wi,...,wc}, With @  of ] are computed from a set of linear equations (all the
randomly chosew, € C; primitive wrenches not belonging to the actda] must lie
Else on HJ) and one non linear equation (distancedf to the
Pick up aw; ¢ C1 UCy origin equal toQ*). The set of equations admit 2 solutions;
Form F™*! by replacing aw; € F" such that the hyperplane required is that one leaviBgand &; in
dr,(w;,w;) be a minimum. Proceed to Step 2 different half-spaces. Step 5 looks for the points that have
Endif at least one primitive wrench lying if; one of these points

From the initial FC grasp a locally optimum one is will be a new grasp point. The procedure is followed until
obtained to be used as the starting grasp of the ICR seardinding a local maximum, which implies that there are no
algorithm; it is done by looking for the grasp that resistsmore points that improve the actual qual@f .
the largest perturbation wrench with independence of its Note that Steps 3 to 6 do not involve an explicit FC test;
direction (Section 1I-C), using the following procedure: the procedure is based on pure geometric reasoning that
avoids such test, thus reducing the computational contglexi
when compared to previous works [16]. The total number
1) Find an initial FC graspG* = {wi,...,wn}, k=1,  of jterations required to reach the local maximum depends

with the corresponding wrench sBt directly on the number of local maximums in the wrench

2) Compute CH(W) and determinef, such that the gpace, i.e. it is directly related with the object to be geasp
distanceD to the origin is a minimum. The current grasp

Algorithm 2: Search of a locally optimum grasp

quality is Q* = Dq, B. Computation of the independent contact regions
3) Build T = {@;, |[|[@il| <... <@}, 7 = 1...J The computation of the independent contact regions
(J <n) such that at least ong;,, lie on Hg (ICRs) ensuring a minimum grasp quality is based on

4) Initialize j = 1. For the hyperplanegl; of CH(W)  an arbitrary starting grasp fulfilling the FC property. Iristh
containing at least one primitive wrench®f;, build the  work a locally optimum grasp, obtained with the procedure
hyperplanedi; containing all the primitive wrenches not described above, is used as the starting grasp.
belonging to@; and lying to a distanc&)”* from the For a given FC grasp, the grasp qualiy is fixed by
origin O the facetF of the convex hull closest to the origin. Let

5) Let S = NH;", with H;" the half-space such that F, denote a facet ofCH (W) which contains at least
O ¢ H{*. FindC = {w; | w; Vw1 V...V wi, € S} one primitive wrench for a particular grasp poipf. The



proposed approach builds several hyperplddggparallel to
each facetF}, but lying at a distancd = @ of the origin
of the wrench space (i.e. they are tangent to the hypersphel .-
of radiusr = @), as illustrated in Fig. 3 for a hypothetical
2D wrench space. These hyperplanes definethe search
zone containing the ICR for the grasp popt S; is the

intersection of the half-space$;* which do not contain

the originO. The ICR is determined by the set of neighborrig 4. objects used to illustrate the approach: a) Paepiieéd discretized
points of p, such that at least one of its primitive wrencheswith a mesh of 3422 triangles, b) Workpiece discretized waitmesh of
falls into the corresponding search zasie The steps in the 3946 triangles.

algorithm are:

Algorithm 3: Search of the independent contact regions

The number of points in every ICR may be different for

1) Find a locally optimum FC grasily = {w1,...,ws} eachp,, depending on factors such as the level of detail in
2) Fix the minimum acceptable quality the representation of the object surface and the smoothness
3) Build the hyperplanesl;’ such thatDy; = Q of the surface, i.e. the rate of change in the normal vectors
4) Let S; = N Hy™ with H/™ the half-space such that around the contact location. Finally, considering the ICRs
O¢H!" (ile.wiVwii V...Vwin, €5;) for each finger, several grasps can be formed when each

5) Initialize I; = {w;}. Label the points in each; as open finger is placed in a different position inside its ICR; the
6) Check the neighbor pointss, of every open point geometrical procedure assures that all these graspsysatisf

wj; €l O € CH(W) and have a quality) > Q.. However, the
If wpVwpr V...Vwpm €5 obtained ICRs depend on the starting grasp; the search of
I; = I, U{w,}; label w, as open the optimal ICRs is not addressed in this paper, but it is an
Endif interesting issue to explore in the future.
Labelw; as closed
7) If there are open points ifi;, go to Step 6. Otherwise, IV. APPLICATIONS
the algorithm returns the set of points i.e. the ICR for The algorithms presented above have been implemented
the contact poinp;. Steps 3 to 7 are repeated for thejn Matlab on a Pentium IV 3.2 GHz computer, and the
rest of the contact points,= 1,...,n. performance is illustrated using the two objects shown in

Note that algorithm 3 is computationally very simple. In Fig. 4, whose boundary is described by a triangular mesh.
Step 3, the hyperplaneH,; are computed for the corre- The contact pointg, are the centroids of the triangles in the
sponding facetd}, of CH(WW). Let H;, be the hyperplane mesh, and the corresponding surface normal directions are
containing the facef}, described as the directions normal to the triangles. Two points are abnsi
ered neighbors if its corresponding triangles share an.edge

The first object is a parallelepiped described with a
The hyperplang;/ parallel to H;, but lying to a distance mesh of 3422 triangles; the frictional grasps are computed
D = @ from the origin is considering 4 fingers and a friction coefficient of= 0.2,
and the friction cones have been linearized with an 8-side
polyhedral convex cone. Fig. 5 shows an instance of the
Therefore, only the computation of the scalar valfje is  results obtained with the proposed approach. Algorithm 1
required to build each hyperplai#g,. Step 4 only identifies provides the first FC grasp (Fig. 5a) in 2.2 seconds and 0
for every hyperplane the closed hah‘-spaHgJr that does iterations, plus other 5 possible FC grasps (corresponding
not contain the origin, and forms the search zofgsnote to the points whose primitive wrenches fall in the €g).
that the selection of any arbitrary point from eaghalways  Algorithm 2 optimizes this grasp to get the locally optimum
generates a FC grasp. Step 6 is the more complex step FC grasp (Fig. 5b) in 110 seconds and 25 iterations. Fig. 6
the algorithm; every checked point involves its classifarat plots the evolution of the grasp quality in the optimization
with respect to the number of hyperplangs that contain  phase; the quality always increases monotonically until it
at least one primitive wrench for the contact pgint finds the locally optimum grasp. The local optimum depends

The procedure can also be applied to generate ICRs withn the initial grasp; in this example, the initial grasp dfyal
contact points that produce a lower grasp quality= aQ, is 0.015, and the locally optimum grasp quality is 0.185; the
with 0 < o < 1 and@ the quality of the starting grasp. This improvement factor, i.e. the ratio between the quality &f th
is achieved considering a hypershpere of radjsinstead optimized grasp and the initial FC grasp is 12.3.
of @ in the procedure described above. When- 0, the Algorithm 3 provides the corresponding independent con-
ICRs contain FC grasps without a lower limit on the grasptact regions (Fig. 5¢) in 70 seconds, using as minimum
quality. In facta = 0 is a forbidden value, as it does not quality @), = 0.139 (a = 0.75). The points within the ICRs
assure that ang’H (W) will strictly contain the originO. may be combined to obtain 45000 different grasps; Fig. 7

ey - T = e 4)

ek'm:elok? with €6k :QHekH (5)
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Fig. 5. Computation of ICRs on a parallelepiped: a) Initiél §rasp,Q = 0.015 (Algorithm 1), b) Locally optimum FC grasg) = 0.185 (Algorithm 2),
c) Independent contact regions for each finggr, = 0.139 (Algorithm 3).
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5 Itereintion mjﬁm ber E E Fig. 8. Independent contact regions on the parallelepipid elfferent
minimum quality: 2)Q, = 0.093 (a = 0.5), b) Q, ~ 0 (o = 10~5).

Fig. 6. Performance in the optimization phase (Algorithmf@) the

parallelepiped: increase in the grasp quality. \

Fig. 9. Independent contact regions on the parallelepipitd tve same
minimum quality, @, = 0.005, but computed from: a) the initial grasp,
b) the locally optimum grasp.

Number of grasps

0145 015 0155 016 0165 0.17 0475 018 0.185 0.19

Grasp quality

Fig. 7. Grasp quality distribution for all the possible graswithin the . . . .
|chs on the pﬁré‘uele%ped fa@, = 0.139 (a :%.75), = with an improvement factor of 5. Algorithm 3 provides the

corresponding ICRs, witlf),, = 0.131 (o« = 0.75), in 66
seconds. The points within the ICRs allow 320 different

shows the quality distribution for all these possible geasp grasps; Fig. 11 shows the quality distribution for all these

Obviously, for lower minimum grasp qualities the size possible grasps. Fig. 12 shows the ICRs for two additional
of each ICR grows; Fig. 8 shows the ICRs for other twoquality ratios:a = 0.5 anda = 10~°.
different minimum grasp qualities given hy = 0.5 and Fig. 13 shows the obtained ICRs for the same optimum
a =105 =~ 0 (in the last case without a limit in the lower FC grasp in Fig. 10b, but using a different version of
grasp quality). Finally, Fig. 9 shows a comparison betweerlgorithm 3 which considers all the wrenches inside the
the ICRs generated for the same minimum quality, busearch zone; to be part of the ICR for each finger, i.e. it
computed from the initial and the locally optimum FC grasp;does not consider neighbors in the search of the ICRs, and
despite that the ICRs assure the same minimum quality fathe ICRs may be composed of non contiguous contact points.
every possible grasp inside them, the size of the ICRs itn the example of Fig. 13 one finger has an ICR composed
larger for the second case, thus justifying the use of théy two disjoint zones (compare with Fig. 12b), because the
optimization in the proposed approach. wrenches of the points are neighbors in the wrench space,

The second object is a workpiece proposed in [5], disalthough physically the points are not neighbors at all @ th
cretized with 3946 triangles (Fig. 4b); the approach isobject boundary. Finally, Fig. 14 shows another instance of
initially applied forn = 4 fingers,u = 0.2, and frictional ICR computation, now for a 5-finger grasp and= 0.1.
cones linearized withm = 8 sides. Fig. 10 shows the
results for an ICR search on the workpiece. Algorithm 1
provides the first FC grasp with no iterations in 2.3 seconds, The computation of independent contact regions for fric-
and it is optimized with Algorithm 2 after 29 iterations tional contacts has been tackled with an approach that
in 114 seconds. The grasp qualities are 0.035 and 0.174cludes two parts, the search of a starting grasp (obtaised
for the initial and locally optimum FC grasps, respectiyely the optimization of an initial FC grasp) and the computation

V. SUMMARY



Fig. 10. Example on a workpiece: a) Initial FC gra§pb= 0.035 (Algorithm 1), b) Locally optimum FC grasg = 0.174 (Algorithm 2), c) Independent
contact regions for each fingeR, = 0.131 (Algorithm 3).
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11. Grasp quality distribution for all the possible ga within the

ICRs on the workpiece fo€, = 0.131 (a = 0.75).

Fig.

12. Independent contact regions on the workpiece witlerdnt

minimum quality: 2)Q, = 0.087 (a = 0.5), b) Q, ~ 0 (o = 10~?).

of the ICRs for the locally optimum grasp. The algorithms
were implemented and the execution results, as the examples

Fig.

Discontiguous
region

13. Independent contact regions on the workpiece With~ 0, and

dropping the condition of neighbor wrenches in Algorithm 3.

Fig.

14. Independent contact regions on the workpiece fovefiinger

grasp withy = 0.1 and @, = 0.1.

(5]

el

shown in the paper, illustrate the relevance and efficierficy o

the approach.
The presented approach can be applied to search ICRg;

starting from any provided FC grasp, and the proposed

algorithm ensures a controlled minimum quality for any
number of fingers+ > 3). Future works include the

determination of ICRs for frictional contacts whércontact
locations are fixed beforehand, and the application of such
algorithm in manipulation tasks (these issues are cugrentl;y;
under development), and the consideration of fingers with a
finite contact area.
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