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Abstract— This paper proposes an algorithm for regrasp On the other hand, the regrasping approach (or multi-
planning of 2D and 3D discrete objects, such that the regrasp fingered manipulation) solves the manipulation problem by
trajectory ensures a force-closure (FC) grasp while the re@sp  gimtaneously using all the available fingers; the positio

motion is performed. The approach takes advantage of a methb . b -
that quickFI)y explores the gegsp space, and re"egon the use 0 of the fingers can only be changed by rolling or sliding them

independent contact regions and non-graspable regions, v¢gh ~ @long the object surface. The theoretical basis for rolling
provide large regions of the FC or non-FC subspaces starting contacts has been established considering the fingertobjec
from a single sample. Application examples are included tolow  system [1] and also including the hand kinematics [4]. Ma-
the rslevance of the results.l i enend nipulation by rolling has been simulated, even using wheele
giolr?s,eﬁolzg;a%?grgzeoﬁsénmng’ Independent. contact re- fingerFips [5], but real application_s are limited tq simple
experimental setups such as a 2-finger hand manipulating a
ball [6], mainly due to control and stabilization probleras,
) ) ) well as limitations in the workspace of the fingers [7].

A manipulation problem appears when an object graspedringer sliding is a process that repositions the fingers by
by a multi-fingered hand needs a grasp change during %]Rjing them along the object surface; the theoretical basi
execution of a task; it implies the hand ability to change thg, this process has been studied [8], [9], but it is hard to
position and orientation of the manipulated object from age mechanically implemented as the fingers must touch the
initial to a final position. The final position can be achieved,iface during all the sliding movement [10], which regsire
by simply moving the object inside the hand’s workspaceactile sensors with high accuracy and a very controlledlhan
changing the position of the hand joints. The range of poggnamics. Assuming that the manipulation is performed at
sible movements that can be imparted on the object withqy{y velocities, then the interaction forces between thesiiag
changing the actual grasp is determined by the physicallimng the object are dominant compared to the inertial forces,
in the finger joints and the possible collisions between thg 4 the manipulation can be considered as quasi-statical,
fingers and the object. If the final position is not achievaile \yhich simplifies the problem formulation.
this way, then the contacts between the fingers and the objech dexterous manipulation planner that takes advantage
must be changed at some point during manipulation, and@tihe quasi-statical formulation for 3D smooth objects has
least one contact point must be located in a different positi already been proposed [11]. However, computation of regras
in this way the object can achieve a wider range of pOSitior}?ajectories for general 3D objects has only been recently
Under this assumption, two different ways of manipulatiogyckled. When dealing with 3D arbitrary shaped objects,
can be established: finger gaiting and regrasping. a common approach to describe their surface is by using

Finger gaiting (or finger repositioning) involves the redec 3 cloud of points or a triangular mesh. A method was
tion of one or more fingers on the object surface while keeproposed to avoid dealing with the large amount of data
ing the FC grasp with the remaining fingers (at least 2) [Ijyolved in these representations; the approach starts wit
The change of a grasp from to » — 1 fingers involves a g triangular mesh, which is simplified and used to build a
change in the problem conditions, as the degrees of freedgggrasp roadmap [12].
of the hand-object system may increase when one contact ishjs work discusses the problem of searching the trajecto-
lost. The sequence of movements starts witmanl finger ries for the fingertips on an object surface, in order to clang
grasp. The object is rotated without changing the contagpm an initial FC grasp to a final desired one while ensuring
points until one of the fingers reaches its workspace limitthe FC condition (i.e. ensuring the resistance to external
then, a redundant (free) finger must be located to genergigturbances) during the finger movements. A solution to
anothern — 1 FC grasp that allows repositioning the limitingie problem is presented based on the concepts of inde-
finger [2]. Another approach simply changes between diffefandent contact regions (ICRs) and non-graspable regions
ent FC grasps by using one or more free fingers, rotating Rs) [13]. ICRs are defined such that the positioning of a
object until the desired position is reached [3]. finger in each ICR ensures an FC grasp, independently of the

. . . exact position of each finger. NGRs are defined such that a
DPTI';'OSO;V_ %gl’g s partially supported by the projects DPI208& and finger contact in each NGR always produce a non-FC grasp,
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Fig. 1. ICRs for a discretized ellipse: a) FC grasp in the whespace;

b) ICRs on the ellipse. ~";GRH ~ nom %@% R "o,
3 lH1= 4 IH1 b~ 4,
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The kinematics of the grasping device is not considered. It =, " "~ " "y, e
: . . . snaes ' °
assumed that the manipulation is performed at low velagitie \ / e ’\
therefore the manipulation can be considered quasi-atatic b) c)

The rest of the paper is organized as follows. Section gy, 2.  sets of NGRs for a discretized ellipse: a) Non-FC mrimsthe
provides a background for the regrasp planning problemrench space, b) First set of NGRs (NGRHb) Second set of NGRs
Section 11l describes the approach proposed to plan a negriCRH:).
movement on a discrete object, and discusses the problems
that appear when the approach is applied to 3D objects.
Section IV shows two examples to illustrate the approach,
and, finally, Section V presents the conclusions of the work. §

II. BACKGROUND S
A. Assumptions '

The following assumptions are considered in this work.
There is a frictional punctual contact between each finger
and the object, with friction being modeled according to @)
Coulomb’s law. The object surface is discretized with aéard:ig. 3. Grasp space for a 2D object with 3 frictional contaajsDiscretized

. " . ellipse; b) Grasp space.

enough sef) of pointsp,, whose positions are described by
one or two parameters for 2D or 3D objects, respectively.
The normal directiom; pointing toward the interior of the
object atp, is known. Besides, each point is connected witfy: Grasp space
a set of neighboring points forming a mesh of interconnectedAn n-finger graspG is described by the set of para-
points on the object surface. metersu, that define the positions of the fingers on the

] ] grasped object surface, i.& = {u1,...,u,}, with p = n
B. Independent Contact Regionsand Non-Graspable Regions  for 2D objects angh = 2n for 3D objects. The-dimensional

Independent contact regions and non-graspable regions $pgce representing the position of the possible contaotgoi
defined on the object surface in such way that a finggefined byu,, ..., u, is called the grasp spa¢g
located in each ICR or NGR, independently of the exact The grasp spac€ is divided into two complementary
finger position, always ensures that an FC or non-FC grasgbsets: the FC space, formed by the points that represent
is obtained, respectively. Fig. 1 shows an example of an KT grasps, and the non-FC space, whose points represent
grasp on a discretized ellipse and in the wrench spaceit at®n-FC grasps. Fig. 3 shows the grasp sgader an ellipse
shows the ICRs for each one of the 4 grasping points on tHiscretized with 64 points using 3 frictional fingers (i.ech
ellipse. 3,920 different FC grasps can be obtained from theint of G defines 3 contact points on the ellipse). The grasp
possible combinations of finger positions inside the ICRs.spaceG contains64® = 262, 144 grasps, with 12.1% being

Fig. 2 shows a 4-finger non-FC grasp for the ellipse iRC grasps and 87.9% being non-FC grasps, as shown in
the wrench space and on the ellipse boundary. For a non-Fig. 3b with dark and light colors, respectively. This eip
grasp, different sets of non-graspable regions can be cowill be used in this work to illustrate the proposed approach
puted [13]; each set is called an NGRH. For the exampler solving the regrasp problem.
in Fig. 2, NGRH and NGRH allow 44,100 and 2,313,441 The grasp spac€ has some symmetries, as any grasp
different non-FC grasps, respectively. Algorithms to coep G = {u1,...,u,} accounts forK different grasps, where
ICRs and NGRHSs have been already presented in a previdtis= n! is the total number of possible permutations of the
work [13]. fingers on the object while keeping the same contact points,
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Fig. 4. ICRs: a) An FC grasp with the corresponding ICRs ordikeretized ' 0
ellipse; b) Correspondent BI regions in the grasp space.
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Fig. 6. Superellipsoids with different shapes given by theameterse;
and ez (the size parameters;, a2 andas are kept constant).

Fig. 5. NGRHSs: a) A non-FC grasp on the discretized ellipgeCorre- | . . o
spondent BN regions in the grasp space. is an ordinal number that starts from an arbitrary origin kehe

u = 1. This numbering procedure produces a well-ordered
set, where the neighboring relations (required to comghse t
i.e. the fingers may change their positions with all the oth&CRs) are obtained very easily: a point with codg has
fingers without changing the contact points and the obtain&do neighborsy; 1 andwu;_;. The exceptions are the points
grasps on the object are the same (as long as there areune 1 andu = N, neighbors in the physical space but not
specific assignments of the fingers to the contact points). in the ordered set; this can be solved readily by identifying
The ICRs computed on the boundary of the object corrthem as neighbors in the parameter space.
spond to an axis-aligned region in the grasp space, hereafteA similar parametrization for 3D objects can be ob-
called Bl region, which encloses a number of FC graspgined by using a special subset of 3D objects called su-
Due to the symmetry described above, the ICRs computgerquadrics, which are mainly used for solid object modglin
for one grasp are actually mappedAoaxis-aligned regions and scene representation, and to generate 3D solids from
Bl in the grasp space, as shown in Fig. 4. A 3-finger gragim unstructured cloud of points [14]. There are four kind
is used in the example to allow a graphical representation &ff superquadric surfaces: superellipsoids, supertoraidd
the grasp space, which is 3-dimensional for this case.  superhyperboloids of one or two sheets, but only the first
The NGRHSs also correspond to axis-aligned regions, hetewo define closed surfaces. Superellipsoids are defined as
after called BN regions, that enclose a number of non-FC

grasps in the grasp space. Thanks to the symmetrg,of a1 Cos ¢ cos™ 1) r/2< < )2
the NGRHs computed for a non-FC grasp are mappeli to s(¢,m) = | a2 cos“. ¢sinn |, < 0 -
axis-aligned regions BN, as shown in Fig. 5b for the non-FC a3 sin®! ¢ -

grasp shown in Fig. 5a. Note that both the Bl and BN regions (1)

are stored by usingp parameters, representing the lower an\ﬁ]'th t?ﬁ pt)srameterz_l, Ct‘Q and as bew;g the S|zetfactt(;rst
upper limit of the correspondent box along each axig; of along the three coordinate axes, ‘m‘_je? ne parameters tha
determine the shape of the superellipsoid. The exponamntiat

I1l. REGRASP PLANNING with ¢; is a signed power function defined ass® ¢ =
A. Parametrization sign(cos ¢) |(cos ¢)|“. In order to get convex shapes, the
parameters should bg < 2, e5 < 2 (Fig. 6).
Supertoroids are defined as

Since a grasp is a combination ef discrete points on
the object, thep-dimensional grasp space is discretized to

represent the potential grasps. The simplest way to obtain ai(ag + cos ¢) cos® n <

such discretization is the creation of an uniform grid baseg(¢,n) = | a2(as + cos® ¢)sin?n | | o P o<
on an ordered numeration of the points that represent the a3 sin! ¢ cmsnsm
boundary of the object. This numeration is straightforward (2)

for 2D objects, as their boundary is a closed curve and tiderea, is an additional parameter related to the radius of
discrete points on the boundary can be uniquely identified Bye supertoroid (Fig. 7).
a single parameter. The parameter that identifies each point The normal direction to the object surface for both the



obtained in the regrasp graph RG (or, equivalently, in the
grasp spac€). The algorithm is as follows.

Algorithm: Regrasp planning
1) For the initial and final grasps;; and Gy respectively:

a) Compute the ICRs that define the regions @id Bl;
b) Label all the possible grasps inside the Bls as FC
grasps
c) Represent Bland Bl; as nodes in a regrasp graph RG
2) Get a sample gras@i; from G
3) If G has already been labeled, go to Step 2
4) If Gy is FC then

a) Compute the ICRs that define the region Bl

b) Label all the possible grasps inside;Bls FC grasps
¢) Represent Blas a new node in RG

d) Determine the contiguity relations between, Eind

€1 =0.1 e1 =1 €1 =2

Fig. 7. Supertoroids with different shapes given by the ipatarse; and
ez (the size parameters;, a2, a3 andag are kept constant).

superellipsoids and supertoroids is given by the existing Bls in RG
i cos2~€1 gcos?~e2 Else (i.e. if G5 is non-FC)
s(o,m) = a—12 cos?~¢1 psin® 2 3) a) Compute the NGRHSs that define the region,BN
ésin%fl o b) Label all the possible grasps inside Bis non-FC
grasps

For these objects, a point on the superquadric surface_is

considered to have 4 neighbors (up, down, left, and right 'f there is a path in RG between Bind Bl; then

neighboring points). a) Find the intersections in the grasp space between each
) pair of contiguous BI regions
B. Algorithm b) Find the centroids of each intersection zoGe,
The regrasp planning problem is formulated as follows: c¢) Compute the regrasp trajectory fra# to Gy passing
given an initial and a final FC grasgs; andG s respectively, through all theG.s

find a trajectory for each finger c_ontact on the object ;urface Else, go to Step 2

that allows the grasp change while continuously keeping the ] ) )

FC property (i.e. ensuring the resistance to any extersal di_Fig. 8 illustrates the algorithm for a hypothetical 2-

turbance appeared during the regrasp process). The Smug,l{@ensmnal grasp space. It is considered that the o_rder of

of movements corresponds to a path between the péints Parameters: in the grasps; and G respects a predefined

and G in the grasp spacé such that all the points in the 8SSignment of fingers.

path are FC grasps. The sampling method used in Step 2 is based on a
The regrasp algorithm is based on the computation of ICREuUctured grid that identifies each cell Gfwith a unique

and NGRHs (which define Bl or BN regions in the graspumerical code [15]. The sample selection follows a de-

space) to find the regrasp path. Each BI region is represent@dninistic sequence that ensures the completeness of the

as a node in an auxiliary regrasp graph (hereatfter called R@)¥thod (a complete deterministic sequence covers the whole

Two nodes representing a pair of contiguous Bls in the gragfasp space).

space are connected with an arc between them in RG. FirstStep 5 checks whether there is a path between the initial

the regrasp algorithm computes the BI regions ¢grand and final grasp; this is performed using a Dijkstra algorithm

Gy. Note that although several Bls are identified for a singlpplied to the regrasp graph RG. For a quicker convergence

FC graspG, only one Bl contains the poirdi’; or G; these of the algorithm (to a solution or to completely covér

Bls are identified ag31; and BIy, respectively. Then, the and decide that there is no solution at all), Step 5 could be

algorithm takes a sample grasp fray identifies whether it executed every certain number of generated samples. When

is FC or not, and builds the corresponding region arourklere is a path between the initial and final grasps, obtained

it. If it is an FC grasp, then the computed region Bl iss a sequence of Bls in RG, the regrasp trajectory must be

added to RG, and the contiguity relations for the new Blomputed ingG; different criteria can be used to compute

are tested, i.e. new arcs are added to RG between the noglesh trajectory (for instance, minimizing the number of éng

representing Bls that intersect each other. If the samplepgr movements). The regrasp trajectory that this planner gesvi

is a non-FC grasp, then all the possible grasps includedisnbased on one-at-a-time movement of the fingers, i.e. the

the corresponding region BN are labeled as non-FC graspajectory of the regrasp sequence in the grasp space ®llow

The iterative procedure goes on until a continuous pathtlge direction of the axis (Fig. 8).



TABLE |

Bl;
e RESULTS FOR THE REGRASP COMPUTATION IEEXAMPLE 1
u2; o(C;, ! B
: C5B|" Parameter Regrasp computation  Total grasp space
C time [s] 17.1 2,871
Bl % c.® Number of samples 3,115 262,144
4 2 ICRs computed 101 566
Bl % of the FC space 66.7 100
ugy |- o NGRHs computed 61 313
{ : (Cy % of the non-FC space 97.7 100
: ] % of the grasp space 94.0 100
I . Bl
) ‘
| ! :
: BN; | :
I— _— B. Example 2
i o) vis The second example computes a regrasp trajectory for a
superellipsoid, shown in Fig. 11, with 4 frictional fingers.
Fig. 12 shows the final grasp, with the trajectories of the
@ fingers on the object surface. The total computational time

required to solve the regrasp problem is 8,875 s.

@ V. CONCLUSIONS

This paper has presented an approach to generate a regrasp

@ trajectory in the grasp space for discretized objects with a
number of fingers. The proposed method is based on the
@ concepts of independent contact regions (ICRs) and sets of
non-graspable regions (NGRHSs). The approach is based on a
b) discretization of the grasp space, and a sampling methad tha

Fig. 8. Regrasp planning: a) Hypothetical 2-dimensionasgrspace with provides grasp samples, used to build regions of the FC or
the initial and final grasps and Bls, four SamplﬁdR';C G_trﬁﬁtlﬁs rc2,ntc_’4, ’ non-FC space. With a low number of samples, a large portion
fjlét?gfsObneiv\?::niﬁeg;ifjfé){h?t fe%?zzeng{ﬁg Blo e COMIBUY of the grasp space is covered. The search of a regrasp path is
converted into a graph search in a regrasp graph, that keeps
trace of the contiguity relations between different pori@f
IV. EXAMPLES the FC space.

_ ) The algorithm presented in the paper has been imple-
~ To illustrate the proposed approach, the algorithm Wagented and some application examples are given. Although
implemented in Matlab on a Pentium IV 3.2 GHz PCihe procedures are valid for 3D objects with high-dimenaion
The first example shows the regrasp planning process g}fﬁsp spaces, its application requires an efficient waywe sa
a 3-finger frictional grasp on a discretized ellipse, whicfje data, because the grasp space has a high dimensionality

provides further insight into the algorithm behavior. Thesor instance it is 8-dimensional for a 4-finger frictionabgp
second example shows a regrasp computation for a 3D objeg}- 5 3p object). The development of an efficient storage

method to speed up the application of the proposed algorithm
to 3D discrete objects is an interesting line of future work.
The first example uses the discretized ellipse previously
presented in Fig. 3. The FC grasp space explored while
searching for the regrasp sequence is shown in Fig. 98] D. Montana, “The kinematics of multi-fingered manipida,’ |EEE

. - . Trans. Robotics and Automation, vol. 11, no. 4, pp. 491-503, 1995.
Fig. 9b shows the regrasp path inside the contiguous BI[§] L. Han and J. Trinkle, “Object reorientation with fingeaiting,” in

A. Example 1
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Fig. 9. Regrasp planning for Example 1: a) FC space exploreitevgearching the regrasp sequence; b) Contiguous Blsptoaide the regrasp path
between the initial and final grasp; c) Total FC space for themle.

a) b)

Fig. 10. Sequence of grasps for Example 1:

a) Initial gr@gpb) and c) Intermediate grasps; d) Final gr&sp.
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Fig. 11. Superellipsoid for Example 2: Initial gragp;, with its corre- Fig. 12. Regrasp trajectory for Example 2: Final grasp, with the finger
sponding ICRs. Each color represents points within a giveR. | trajectories on the object surface. Each color represéwmtstrajectory for
one finger.
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