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• We propose a new approach to quickly synthesize an optimal n-fingered grasp.
• Minimization of gravitational and inertial effects are ensured.
• Both 2D and 3D complex of any shape object can be considered.
• The proposed approach is useful for the manipulation of heavy objects.
• Several case studies and comparisons with other methods are presented.
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a b s t r a c t

The grasping and manipulation of objects, especially when they are heavy with respect to the hand
power capability, requires the synthesis of grasp configurations that explicitly take into account the
dynamic properties of the object. Specifically, suitable grasp configurations reducing gravitational and
inertial effects during object manipulation, and minimizing and equally distributing the grasping forces
among all the available fingers, must be computed. A new method for fast synthesis of multi-fingered
grasp configurations is proposed in this paper. In particular, to reduce the computational complexity,
all the regions of the object surface favoring the synthesis of minimal inertia grasps are evaluated first.
Then, a reduced number of discrete grasping regions are selected on the basis of the fingertip size, model
uncertainty, and surface curvature. Finally, an exhaustive search of the optimal grasp configurations with
respect to the grasp quality is performed. Several case studies and comparisons with other methods are
proposed to demonstrate the effectiveness of the proposed approach.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The manipulation of an object requires at least the capability of
the robotic hand to guarantee a firm grasp. The weight and inertia
of heavy objects may severely influence the stability [1] and the
disturbance resistance capability [2] of the grasp, as well as the
dexterity [3,4] during motion, in view of the joint torque limits of
the robotic hand [5,6]. An inadequate grasp configuration could
require to spend a large part of the available torques, thus limiting
the manipulability. Therefore, grasp synthesis must explicitly take
into account these factors.

Another relevant aspect in grasp synthesis is the desired task
that has to be executed after the grasp. In [7] optimal grasp points

✩ The research leading to these results has been supported by the ARCAS
Large-scale integrating project, which has received funding from the European
Community’s Seventh Framework Programme (FP7/2007-2013) under grant
agreement ICT-287617. The authors are solely responsible for its content. It does
not represent the opinion of the European Community and the Community is not
responsible for any use that might be made of the information contained therein.
∗ Corresponding author. Tel.: +39 0817683635.

E-mail addresses: vincenzo.lippiello@unina.it (V. Lippiello),
bruno.siciliano@unina.it (B. Siciliano), luigi.villani@unina.it (L. Villani).

0921-8890/$ – see front matter© 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.robot.2013.02.003
on an arbitrary-shaped grasped object using a required external
force set has been investigated. In detail, the required external
force set is given based on a task, and consists of the external
forces and moments, which must be balanced by virtue of contact
forces applied by a robotic hand. In [8] the intended task has
been employed as a discriminatory factor in the choice of the best
grasp configuration within a set of candidates provided by a large
database of human grasp observation.

Robot grasp synthesis algorithms have been reviewed in [9],
but since then important progress has beenmade toward applying
learning techniques to the grasping problem. An overview that
presents computational algorithms for generating 3D object grasps
with autonomousmulti-fingered robotic hands is proposed in [10],
with a focus on analytical as well as empirical grasp synthesis
approaches, and more in general in [11]. In [12] an approach
toward planning robot grasps across similar objects by part
correspondence is presented. The novelty of this method lies in
the topological decomposition of objects that enables high-level
semantic grasp planning. A method for the online grasp planning
of unknown objects with a multi-fingered robotic hand has been
presented in [13,14]. The algorithm is composed of a visual object-
surface reconstruction algorithm and a local grasp planner that
evolve in parallel.
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The off-line computation of a context-independent (only the
robot hand and the object to grasp are considered) and dense set
of grasps, instead of a small set of grasps regarded as optimal with
respect to a given criterion, are considered in [15]. This set is then
used on-line to let the robot quickly choose a grasp adapted to a
specific situation.

Many methods have been proposed so far for the synthesis of
optimal grasp configurations based on the combination of different
grasp quality indices. A wide collection of quality measures can
be found in [16], while a more general overview of grasping
is proposed in [17]. The problem of combining indices with
different physical meaning is addressed in [18,19], where several
non-dimensional performance indices are proposed. In [20] the
manipulation task that has to be executed is suitably modeled
and considered as a quality measure for the grasp synthesis using
dexterous hands.

Most of the proposed approaches make use of combinations of
different grasp quality indices to achieve a global quality measure
to rank all possible grasps either in a parallel or in a serialway. The
parallel approach combines different quality indices into a global
one. Considering that all of them have to be either maximized or
minimized, the algebraic (weighted) sum of the quality indices
can be considered [21]. With the serial approach, a significant
grasp quality measure (or a suitable combination) is employed to
generate candidate grasp configurations. Then, the best candidate
is chosen using a secondary quality measure (or a suitable
combination), resulting in a prioritized synthesis criterion [22].

Both these approaches have pros and cons. The results of the
parallel approach strongly depend on the weights assigned to
each index and the importance of the single measure is confused
into the resulting global measure. On the other hand, with the
serial approach, the synthesized grasps strongly depend on the
thresholds and on the priority order employed to discriminate
the grasp candidates, often resulting in unstable algorithms—
little changes in the shape of the object or in the threshold may
determine the choice of a completely different set of grasps.

Another significant aspect to consider is the computational
complexity of the optimal grasp search algorithms. From this point
of view, indeed, the case of polyhedral objects is one of the most
investigated. The reason is that the evaluation of the force-closure
regions can be reduced to a computationally efficient linear pro-
gramming problem [23,24], while the best grasp can be computed
by solving a nonlinear programming problem [25]. The problem is
further simplified if only planar grasps are considered [26].

For the most general case of grasp synthesis (not necessary
planar) for 3D objects with n-fingers, the complexity of most
of the available algorithms rapidly becomes untractable. For
those cases, often the object is locally approximated with
planar surfaces [21], sometimes holding additional aggregated
information on discretized regions, e.g. region curvature. In [27]
a geometrical approach to compute force closure grasps, with or
without friction and with any number of fingers, is presented. In
detail, the object’s surface is discretized in a cloud of points, and
thus the algorithm is applicable to objects of any arbitrary shape.

The synthesis ofmulti-fingered graspswith a realistic represen-
tation of the contact between the fingers of a robotic hand and an
object has been proposed in [28]. A patch contact model has been
employed to approximate the contact between a rigid object and a
deformable anthropomorphic finger as a set of Independent Con-
tact Regions (ICRs).

In this paper, an extension of the work presented in [29] is
proposed to quickly synthesize an optimal n-fingered grasp con-
figuration for 2D/3D complex objects ensuring the minimization
of gravitational and inertial effects. To reduce the complexity of
the problem, the discretization of the object surface is performed.
However, differently from the existing approaches, this process is
made under constraints derived from significant grasp measures,
resulting in a drastic reduction of the computational complexity. In
particular, the proposedmethod requires first the evaluation of ob-
ject surface regions that can generate graspswithminimal gravita-
tional and inertial effects. The resulting regions are further divided
on the basis of the local curvature, resulting in a set of regions with
a uniform curvature (e.g. concave regions, planar regions, convex
regions, and angular regions). This allows privileging the grasp on
concave regions, which are more stable [30]. The resulting regions
are further decomposed also considering the fingertip size and the
objectmodel uncertainty. Finally, a set of graspmeasures is applied
in a prioritized order to rank all the possible grasp configurations
according to a serial approach, which also takes into account the
computational complexity of the employed indices.

Several case studies and comparisons with other methods are
presented. In view of the choice of the first quality metric, the
proposed approach is useful especially for the manipulation of
heavy objects, compared to the hand capabilities.

2. Object surface discretization

Complex objects with curved surfaces that cannot be approxi-
mated with a polyhedral need to be discretized to reduce the com-
plexity of the optimal grasp search algorithm. A new approach
based on the direct use of grasp measures for the selection and the
discretization of the object surface into connected regions is pro-
posed in the following.

2.1. Minimal inertia regions

The first criterion for regions selection adopted in this work
is the minimization of the grasp forces required to compensate
for gravitational and inertial forces. Typically, this objective is
achieved by minimizing the distance between the center of mass
of the object and the center of grip [21,23], defined as the centroid
of the polyhedron with the contact points as vertices [31]. This
criterion, however, takes into account only the positions of the
contact points and not the orientation of the lines of action of the
contact forces.

It is easy to recognize that the ‘‘ideal’’ situation to cope with
gravity and inertial forces is fulfilled when the lines of action of the
contact forces have an isotropic angular distribution and intersect
in the object center of mass. In [21,32] these criteria are referred
as ‘‘Focus Centering’’ and ‘‘Force Arrangement’’, as a criteria for
the grasp assessment, and ‘‘Real Focus Centering’’, as a criteria for
the configuration assessment. Starting from these assumptions –
in the case of hard fingers and point contact with friction – if the
friction cones in the points of contact contain the object center of
mass, then the resulting center of grasp has to remain close to the
center of a favorable condition to obtain stable grips with respect
to wrenches generated by gravitational and inertial forces.

In view of the above considerations, the ‘‘minimal-inertia
regions’’ are defined as those parts of the object surface where,
for a given friction coefficient µ, the corresponding friction cone
contains the object center of mass cm.

Assuming that a representation of the object surface S is known
(e.g. extracted from a CAD model or constructed with a visual
system or a direct tactile inspection), a finite set of minimal-inertia
regions RI = {RI1, . . . , RIi} can be defined as the set of all the
connected subsets RIk of S such that

∀p ∈ RI , nT(p)c(p) ≤ cos(arctan(µ)), (1)
where n(p) is the inward unit vector normal to the object surface
at the contact point p and c(p) is the central vector, defined as the
unit vector pointing from p to cm (see Fig. 1).

Fig. 2 shows the 3D CAD model of a duck-toy (on the left)
and the corresponding minimal-inertia regions for a given friction
coefficient µ (in yellow on the right). The center of gravity of the
object is shown with a black sphere.
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Minimal-inertia region

Object surface

Friction cones

Fig. 1. Minimal-inertia regions (in yellow) for a piece of an object surface (in gray).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

a b

Fig. 2. A 3D duck-toy model (on the left) and the corresponding minimal-inertia
regions (in yellow on the right). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

By restricting the evaluation of the grasp configurations only
to the regions in RI , the gravitational and inertial effects will be
reduced. Moreover, having discarded pieces of the object surface,
the computational complexity of the grasp search algorithm will
be reduced, too. Notice that the decomposition RI depends on the
friction coefficient µ used for regions selection.

2.2. Uniform curvature regions

Each region of RI is further divided into smaller connected
regions with uniform curvature, resulting in a new set of regions
named uniform curvature regions RC = {RC1, . . . , RCu}.
Considering two unit vectors t(p) (known as the tangent unit
vector) and b(p) (known as the bi-normal unit vector), which are
orthogonal to each other and to the inward normal unit vector
n(p), the curvature matrix of the object surface at a point p is the
symmetric 2 × 2 matrix

K (p) =


∂2n(p)

∂2t
∂2n(p)
∂t∂b

∂2n(p)
∂b∂t

∂2n(p)
∂2b

 . (2)

The eigenvalues of this matrix are denoted as principal curvatures
and are real numbers due to the matrix symmetry.

By denoting with k(p) ∈ [−1, 1] the ratio between the mini-
mum andmaximum eigenvalue of K – taken positive if the surface
is locally on the same side of the osculating plane as n and negative
otherwise – the regions of RI are divided into smaller connected
regions on the basis of similar values of k. Notice that, k(p) repre-
sents a measure of the local curvature of the surface in the point
p, therefore low values of k correspond to almost planar surfaces,
Fig. 3. Uniform curvature regions represented on a piece of an object surface.

Fig. 4. Uniform curvature regions of the duck-toy shown in Fig. 2.

while high values corresponds to corners (angular regions). If a dis-
crete representation of the object surface is available, e.g., triangle
mesh, k(p) represents the maximum curvature among the surface
containingp and the adjacent ones. Hence, eachminimal inertia re-
gion can be split into a number of five types of regions: (1) planar
region, if |k| ≤ kp; (2) convex region, if kp < k < ka; (3) convex cor-
ner region, if k ≥ ka; (4) concave region, if−ka < k < −kp; (5) con-
cave corner region, if k ≤ −ka (see Fig. 3). A 3D example of uniform
curvature regions is shown in Fig. 4, which corresponds to the CAD
model of Fig. 2. The quantities kp and ka, with 0 < kp < ka < 1, are
the thresholds employed to distinguish planar from convex, con-
cave and corner regions, respectively. For example, by assuming
that ka = 0.8 (kp = 0.05) a region is considered a convex corner
(locally planar) if the difference in the curvature between the cur-
rent surface and the adjacent ones is higher or equal than 80% (in
absolute value less than 5%).

In [30] it was analytically demonstrated how concave regions
produce contacts that aremore stable than planar and convex ones.
Hence, each type of region is ranked differently on the basis of its
capability to produce stable contacts. The curvature ranking will
be employed during the grasp configuration search as a measure
of the contact stability. Specific considerations have to be done for
angular regions (regions with a high curvature). Convex angular
regions can produce unstable contacts, and thus they should be
avoided. On the other hand, convex angular regions can produce
stable contacts but the real contact between the fingertip and the
object are typically placed in different and unpredictable points,
also due to model inaccuracy, resulting in uncertain grasps. For
these reasons, angular regions are discarded if other regions are
available.

2.3. Grasp regions

The evaluation of the final set of grasp regions RG = {RG1, . . . ,
RGr} – the finite set of connected regions onwhich a safe and stable
contact can be achieved – is performed by extracting from each
region of RC a number of smaller regions, with a size adequate
to locate a fingertip, suitably distributed on it. In this paper, grasp
regions composed by pointswithmaximumdistance rg > 0 from a
central point are considered. The parameter rg can be chosen equal
to the mean tip radius.
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Fig. 5. Graphical representation of the grasp regions (green) and safety borders
(yellow) represented on a piece of an object surface discretized on the base of the
minimal-inertia anduniformcurvature criteria. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Grasp regions of the duck-toy shown in Fig. 2.

There are at least two factors influencing the grasp region ex-
traction: the finger size and the accuracy of themodel. Considering
only these factors, a practical solution may be a uniform distribu-
tion of the grasp regions in a way to maximize their number (see
Fig. 5). To ensure a safe tip positioning in the presence ofmodel un-
certainty, a safety border with a radial dimension λ > 0 is added
to each circular grasp region. Hence, the choice of λ strongly de-
pends on the model uncertainty, i.e. good object models are given
a smallerλ and vice versa, however aminimumsafety border equal
to the 5%–10% of rg should be considered.

A more effective decomposition can be obtained if a third
parameter is considered: the capability to generate normal forces
pointing toward the object center of mass cm. In particular, the
grasp region selection is performed with the iterative algorithm
described below:
1. If the setRC contains regions that have not yet been elaborated,

one of those regions is set as ‘‘processing’’ region Rp and the
process goes to step 2; otherwise, the process ends.

2. If the area of Rp is sufficient to instantiate a new grasp region,
the process continues with step 3; otherwise, Rp is discarded
and the process goes back to step 1.

3. The point pnc of Rp that minimizes the angle between the
normal vector n and the central vector c is identified, and the
minimum distance dmin between pnc and the region borders is
evaluated.

4. If dmin ≥ rg +λ, a new grasp region, centered at pnc , is added to
RG and cut from Rp. Otherwise, if dmin < rg + λ, a new grasp
region is chosen as close as possible to pnc .

5. The process goes back to step 2.
The final number of grasp regions in RG depends on the object

size with respect to the fingertip size and, obviously, on the object
shape. For typical cases, the number of regions may range from 20
to 50; this ensures a good trade-off between quality of the final
grasp and computation time. In any case, if required, the number of
regions can be reduced by increasing the safety border dimension
λ. A 3D example of grasp regions for the duck-toymodel of Fig. 2 is
shown in Fig. 6, where the color code employed in Fig. 3 has been
employed to discriminate the nature of the corresponding uniform
curvature region.
3. Optimal grasp evaluation

Once a finite number of grasp regions RG is available, the
best n-fingered grasp configuration has to be evaluated. This step
is performed by adopting different grasp measures in a hierar-
chical (serial) composition. To reduce the overall computational
complexity, the adopted quality indices have been split into two
groups. The first group is employed in a hierarchical manner to
rank all the possible grasp configurations which can be derived
from RG.

At the completion of the first massive grasp ranking, the second
group of measures – with higher computational complexity –
is applied, starting from the configuration with the best rank.
Hence, all the configurations which do not guarantee a suitable
level for properties such as force-closure, manipulability, and hand
kinematic constraints are discarded. A short description of the
adopted grasp measures and of the priority composition method
is presented in the following.

3.1. Angular distribution and minimal inertia index

Different authors have demonstrated that a uniform angular
distribution of the grasp points increases the capability of the grasp
to resist to external forces or disturbances [21,33]. In addition, if
the lines of action of the contact forces point toward the center
of mass of the object, also the gravitational and inertial effects
are reduced, resulting in a dynamically consistent isotropic grasp.
To this purpose, a new composed index to rank the solid-angular
distribution of a n-fingered grasp and the capability to reduce the
gravitational and inertial effects is defined as follows:

ID = (2π/n)n
n

i=1

min
j≠i

arccos

cTi cj


− arccos


nT
i ci

−1

, (3)

where ni is the inward unit vector normal to the object surface
at the i-th contact point and ci is the corresponding central unit
vector.

This index tends toward 1 when ni and ci are aligned and the
central vectors ci have a uniform (spatial) angular distributionwith
respect to cm.

3.2. Extension index

The capability of a grasp configuration to resist to external
moments increases with the volume of the polyhedron having the
grasp points as vertices [34,35]. Therefore, an ‘‘extension’’ index
IE that measures the volume of the polyhedron can be defined.
Obviously, in the case of planar grasps, the area of the grasp
polygon is considered.

3.3. Curvature index

The curvature index IC is an integer value evaluated by
summing a score assigned to each type of region composing the
considered grasp configuration. In particular, the following score
is adopted: 0 for concave region, 1 for planar region, 2 for convex
region, 5 for convex angular region, 10 for concave angular region.
In this way, grasps with an index close to zero have more stable
contacts.

3.4. Force-closure test

Force-closure is an essential property of any grasp configura-
tion, because it guarantees that the grasp can resist any external
force andmoment applied to the object [36]. Typically, grasps with
a good value of ID are more likely to be force-closure grasps. The
evaluation of this property is computationally expensive compared
to the quality indices presented before. In the proposed approach,



630 V. Lippiello et al. / Robotics and Autonomous Systems 61 (2013) 626–636
force closure is evaluated only for the grasp configurations selected
after the massive first step of ranking, and only for the configura-
tionswith the best rank. In this paper, themethod proposed in [37]
has been used as a force-closure test.

3.5. Grasp isotropy index

To achieve a precise position or force control when an object is
beingmanipulated bymulti-fingered hands any finger has to be far
from a singular position.

The grasp isotropy index is useful to measure this configura-
tion [16,18], with the aim to possibly obtain a uniform contribution
of the contact forces to the total force and moment applied to the
object. This is defined as:
IG = σmin(G)/σmax(G), (4)
where G is the grasp matrix of the considered configuration [36],
and σmin(G) and σmax(G) are theminimum andmaximum singular
values of G . This index is close to 1 when the grasp is isotropic, and
goes to zero when the grasp is close to a singular configuration.

3.6. Hand and task kinematic indices

The quality of a grasp also depends on the hand configuration
and on the compatibility with respect to the assigned task. In the
literature, many quality measures have been proposed, typically
based on the analysis of the Jacobian matrix of the system
composed by the hand and the object GĎTJh, where GĎ is the
generalized inverse of the graspmatrix, and Jh is the hand Jacobian.
Also, some other aspects, such as joint limits and environmental
constraints, can be considered [16]. In particular, in this paper a
weighted combination of a measure of the distance with respect
to a singular configuration and of the configuration manipulability
has been considered. In detail, the measure of the distance with
respect to a singularity is defined as follows:
Qs = σmin(Jh), (5)
that is the smallest singular value of the hand Jacobian matrix
(that becomes zero in correspondence of a singularity), while the
adopted measure of the manipulability is set as the volume of the
manipulability ellipsoid defined as:

Qm =


(det(JhJ Th )). (6)

The adoption of a convex sum of these indexes allows discriminat-
ing different configurations that have a similar smallest singular
value (e.g. when two or more singularities are approached).

Notice that the hand Jacobianmatrix depends on the hand joint
positions. If no redundancy is present in the hand kinematics, then
by imposing a grasp configuration also the joint positions are fixed
as well. On the other hand, in case of redundancy, infinite joint
configurations are compatible to the assigned grasp configuration.
However, in this case, it is always possible to choose the hand pose
that maximizes the adopted manipulability indices.

3.7. Grasp ranking and test method

The grasp ranking is performed into two steps. First, an exhaus-
tivemassive evaluation of all the feasible grasp configurations from
the setRG is performed by applying, in a hierarchical order, the an-
gular distribution and minimal inertia index, the extension index,
and the curvature index.

Thanks to the adopted dynamic-consistent approach, the
resulting number of grasp regions is typically a low number.
However, to further reduce the research space without to losing
significant grasp configurations, the kinematics of the adopted
hand/gripper is employed off-line to define linear constraints that
allow to cut off all the grasp regions which are infeasible. In detail,
these linear constraints define, in a conservative way, the volume
that contains the hand/gripper workspace for an assigned wrist
pose. The feasible grasp configurations set is defined by assigning
the first finger (for an anthropomorphic hand this is the thumb)
to all the computed grasp regions. Hence the defined volume is
moved in the space according to the position of the first finger
in such a way that the center of gravity of the object remains as
close as possible to the center of gravity of the hand workspace.
Typically the rotation about the straight line connecting the first
finger position with the center of mass of the object can be freely
chosen to fix the pose of the volume. In this case, a discrete
number of rotations are considered. Finally, by applying these
constraints to each grasp region, only a low number of feasible
grasp regions remain to be considered for the other fingers. The
above procedure allows to considerably speed-up the whole grasp
ranking procedure.

Then, this set of feasible n-fingered grasp configuration is
inserted into the current Grasp Ranking List (GRL) through the
following algorithm:
1. All grasp configurations already present in GRL with an index

ID close to the candidate one (e.g. differing less than 5%) are
selected, resulting in an ordered sublist GRLD ⊆ GRL; if none
is found, the candidate configuration is inserted into GRL using
ID as ordering criterion and the processing of the current grasp
candidate ends.

2. All grasp configurations of GRLD with an index IE close to the
candidate one (e.g. differing less that 10%) are selected, result-
ing in an ordered sublist GRLE ⊆ GRLD; if none is found, the
candidate configuration is inserted into GRLD using IE as order-
ing criterion and the processing of the current grasp candidate
ends.

3. The candidate configuration is inserted into GRLE using IC as or-
dering criterion.

At the end of the process, GRL contains an ordered list of the best
potential grasp configurations that have been ranked using ID as
main, but not rigid, ordering criteria. In fact, all the configurations
with similar value of ID turn out to be ordered with respect to the
index IE , while all the configurations with similar value of IE turn
out to be ordered with respect to the index IC .

Whenever required, to reduce the computation time, a
maximum number of the best grasp configurations to be held in
GRL, e.g. 20–50, can be imposed without losing accuracy in the
ranking criteria (only the number of best selected grasp candidates
is reduced).

After this first selection, starting from the best ranked grasp,
computationally expensive indices are evaluated only for a limited
number of grasp configurations. First of all, a force closure test is
applied: if the evaluated grasp is not force closure, the next grasp
of the list is considered, otherwise the grasp isotropy index IG is
evaluated and compared to a suitable acceptability threshold. If the
grasp does not present a good value of IG, the next grasp of the
list is considered, otherwise the hand and task kinematic indices
are evaluated to accept or discard the grasp. Finally, the reachable
tests of each selected grasp region, as well as for the whole hand,
are applied to the current best candidate until a good candidate is
found. A grasp configuration exceeding all the tests is classified as
the best feasible grasp and the process ends.

Notice that if, during the selection process, none of the n-
fingered grasp configurations is suitable, the number of fingers
can be reduced. This may happen when the object shape and
size do not allow a suitable grasp with n fingers or when the
grasp configurations resulting after the first step are discarded by
the final validation tests (i.e. when the force-closure test or the
reachable test fails, as well as when the grasp isotropy index is
lower than the chosen threshold).

4. Case studies

Different case studies in 2D and 3D have been considered to
evaluate the performance of the proposed algorithm. The proposed
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Fig. 7. Point at minimum distance form the action lines of the normal vectors at
the contact points.

algorithm is applied first to a variety of cases to demonstrate its
effectiveness. Then, a comparison with the results achieved with
other approaches is proposed.

Themain objective of this method is the synthesis of grasp con-
figurations which are isotropic with respect to the center of mass
of the object. In ideal conditions, the normal vectors at the contact
points should have a uniform angular distribution and point to the
center of mass of the object. In real cases, the angular distribution
is not uniform, the normal vectors do not necessarily intersect in a
common point and/or the intersection point is different from the
center of mass.

To check the uniformity of the angular distribution of the
normal vectors, the measure defined as ‘‘arrangement of force
directions’’ in [4] can be computed as

1ϕ =
1
n

n
i=1

θi − 2π
n

 , (7)

where θi is the angle between the normal vectors for two
successive points of the grasp polygon.

The off-centering of the system of forces can be evaluated as
cm − cf , where cf is the point at minimum distance from the action
lines of the normal vectors computed as

cf = min
p

n
i=1

d(p, ln(pci)), (8)

where d(p, ln(pci)) is the distance between the point p and the line
ln(pci), which is the line of action of the normal vector to the surface
in the contact point pci (see Fig. 7).

4.1. 2D case study

A 2D case is first considered on a variety of object shapes.
After the grasp regions extraction and the grasp synthesis, an
analysis of the grasp stability, the computational complexity, and
the comparison with other methods are proposed.

4.1.1. Grasp region evaluation
The object reported in Fig. 8 is considered, with a maximum

dimension of about 15 cm and a uniform mass distribution. The
object is represented with ordered sets of connected points of its
contours (for the shown example it has been employed about 1000
sampling points). On the top-right of the figure, theminimal inertia
regions RI are shown, assuming a friction coefficient µ = 0.4. The
red parts denote the selected regions while the regions in yellow
are minimal inertia regions discarded due to their insufficient size
with respect to the considered fingertip size, inaccessibility or
excessive curvature. The center of mass cm is represented with the
blue plus symbol. On the bottom-right of the figure, the resulting
grasp regions RG are shown using alternatively black and green
color to distinguish adjacent regions.
Fig. 8. Minimal inertial regions (top-right) and grasp regions (bottom-right) of the
object shown on the left.

Fig. 9. Best grasp configurations for the object of Fig. 8 in the cases of n = 2, . . . , 5
fingers.

4.1.2. Grasp synthesis
The best grasp configuration for the case of n fingers, with n =

2, . . . , 5, and the object of Fig. 8 are shown in Fig. 9. On the bottom-
right of each figure is reported themeasure1ϕ; also, the positions
of cm (blue plus symbol) and cf (red circle symbol) are reported.
Moreover, at each contact point, the normal vector (red line) and
the central vector (green line) are reported; when these vectors
are aligned, only the red vector is visible. Notice that the value of
1ϕ increases with n, as well as the distance between cm and cf ; in
fact, for the given number of grasp regions in RG, finding isotropic
configurations centered at cm becomes more difficult.

To evaluate the capability of the algorithm to ensure the
synthesis of grasp configurations that minimize the gravitational
and inertial effects, two differentmass distributions are considered
in Fig. 10 for a 3-fingered grasp. In both cases, two of the three
fingers tend to be close to the center of mass, favoring the
compensation of gravitational effects.

4.1.3. Stability analysis
To test the stability of the proposed algorithm – i.e., the

invariance of the solution with respect to minimal deformation of
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Fig. 10. Best 3-fingered grasp configurations for the object of Fig. 8 in the case of
two different mass distributions.

Fig. 11. Best grasp configurations for a deformed version of the object of Fig. 8.

the object – a deformed version of the object of Fig. 8 has been
processed. The results are reported in Fig. 11,where the substantial
invariance of the configurations with respect to those reported in
Fig. 9, can be appreciated.

4.1.4. Computational complexity
The required computation time for the proposed algorithm

depends of the shape and size of the object, and of the number of
desired fingertips. For all the objects considered here, using 1000
sample points for the object borders, the computation times using
a C++ code on a Pentium at 2.8 GHz is about 14 ms in the case of
2 fingers, 16 ms for 3 fingers, 19 ms for 4 fingers, and 24 ms for 5
fingers.

4.1.5. Comparison with other methods
An explicit comparison with the results of other methods

proposed in the literature has been carried out. In Fig. 12 the best
grasps for two objects considered in [23] are shown, using our
method (black filled half-circles) and the method in [23] (red filled
circles).

For the object on the left, the two best grasps computed with
our algorithm correspond to their two best ones, but in an inverted
order. The arrangement of force directions for the proposed
method is 1ϕ = 31.9°, while for the best grasp proposed in [23]
is 1ϕ = 41.6°, which corresponds to an improvement of 23.3%.
The ratio between the off-centering of the best grasp evaluated
in [23] and that achieved with our method is 3.7 corresponding to
a relative improvement of 73%.

For the object on the right, our best grasp does not correspond
to any of the best six ones shown in [23], but it is quite evident
that our grasp is quite natural and effective. In fact, the best grasp
computed in [23] requires that one finger acts a force outgoing
Fig. 12. Best 3-fingered grasp configurations for two objects considered in [23] (red
discs represent the best grasps evaluated with the method proposed in [23]). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 13. Best 3-fingered grasp configurations for two objects considered in [21] (red
discs represent the best grasps evaluated with the method proposed in [21]). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

with respect to the center of the object, and this can represent an
issue for many robotic hands. Moreover, the arrangement of force
directions are 1ϕ = 15.1° and 1ϕ = 14°, respectively. In this
case, the reduction is limited due to the geometrical conformation
of the object, which is quite constrained in the selection of the
applied force direction. On the other hand, the off-centering of the
proposed method is zero, while it is not so in [23].

In Fig. 13 the best grasps for two objects considered in [21] are
shown, using ourmethod (black filled half-circles) and themethod
in [21] (red filled circles). For the object on the left, the same
identical best grasp is achieved, while for the object on the right,
our best grasp does not correspond to those evaluated in [21], but
again our grasp seems to be natural and effective. In fact, though
1ϕ = 2.1° in [21] while 1ϕ = 8.7° for our method, which could
be considered both to be very good, the ratio between the off-
centerings is 24.3, which corresponds to a relative improvement
of 96%.

Notice that, since the methodology and the quality indices
adopted in the papers considered for the previous comparisons are
different from the ones adopted in this work, which are focused
on the dynamic consistency of the grasp, the achieved results
cannot surprise. Nevertheless, the authors consider this explicit
comparison worthy, for example to underline the fact that the
proposed dynamically consistent approach does not penalize other
important quality factors to achieve a stable and optimal grasp
configuration.

4.2. 3D case study

In this section three different CADmodels of a duck-toy, a wine
glass, and a shaped bottle are considered to demonstrate the fea-
sibility and the effectiveness of the proposed approach in several
conditions depending on the model resolution as well as on the
number of employed fingers. An anthropomorphic 5-fingeredhand
is considered for the hand kinematic constraints test and for the
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Fig. 14. From the left: the CADmodels of the objects employed in the 3D case studies and the correspondingminimal inertia regions (yellow), the uniform curvature regions
(planar regions in gray, convex regions in orange, concave regions in violet, convex corner regions in red, and concave corner regions in blue), and the grasp regions (discs
with the fingertips size and the same color convention adopted for the uniform curvature regions). The black sphere indicates the center of gravity. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
a b c

Fig. 15. Number of the minimal inertial regions (a), of the uniform curvature regions (b), and of the grasp regions (c) extracted from the CADmodels of the duck-toy (blue),
of the wine glass (green), and of the shaped bottle (red) with three different resolution (triangle mesh with 1000, 2500, and 5000 faces, respectively). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
hand kinematic grasp quality index. The size of the hand is the hu-
man one, with a maximum grasp extension between the thumb
and the other fingers limited to 12 cm. The friction coefficient and
all the other main parameters are similar to the 2D case for all the
objects.

Triangle meshes with three different resolutions for each single
object have been used, i.e. 1000, 2500, and 5000 faces, respectively.
These last values are apparently too large with respect to the
dimensions of the employed fingers and objects. However, one of
the purposes of this section is the evaluation of the performance
of the proposed approach, hence such large values clearly allow
drawing the trend in the computation time and complexity of the
algorithm.

4.2.1. Grasp regions evaluation
The CAD models of the employed object (a duck-toy, a wine

glass, and a shaped bottle) are shown in Fig. 14 together with
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Fig. 16. Best-ranked grasp configurations for the objects of Fig. 14 with n = 2, . . . , 5 fingers (from the left to the right). The black sphere indicates the center of gravity.
the corresponding minimal inertia regions, the uniform curvature
regions, and the grasp regions. In particular, the duck-toy is 10 cm
high, the wine glass is 18 cm high, and the shaped bottle is 18 cm
high.

Fig. 15 shows the number of minimal inertial regions, of the
uniform curvature regions, and of the grasp regions extracted from
the CAD models of the employed objects by using triangle meshes
with three different resolutions (1000, 2500, and 5000 faces). The
dimension of RI increases almost linearly with the resolution of
the meshes (see Fig. 15(a)), as it was expected. On the other hand,
the dimensions of RC and of RG increase with a sublinear rate
(see Fig. 15(b) and (c)). This last behavior is expected because, by
increasing the mesh resolution, the dimensions of RC and of RG
(being fixed the fingertip dimension) have to become constant.

4.2.2. Grasp synthesis
The best-ranked grasp configurations for the objects of Fig. 14

are shown in Fig. 16 for the cases of n = 2, . . . , 5. It is worth
noticing how, depending on the dimension and shape of the
object, the best grasp configurations by changing the number
of fingers employed for the grasp are very similar. This result
is a demonstration of the numerical stability of the proposed
algorithm.

The minimization of the gravitational effects has been tested
by considering the cases of an half-filled bottle, i.e. by modifying
the position of the center of gravity of the bottle with respect
to the case shown before. The corresponding best-ranked grasp
configurations are shown in Fig. 17 for n = 2, . . . , 5. In all cases,
the off-centering of the line of action of the applied fingertips forces
is negligible, and then the compensation of gravitational effects is
maximized.

4.2.3. Computational complexity
The computational complexity of the proposed approach in the

3D case has been evaluated by measuring the time needed for the
grasp synthesis of the best grasp configuration for the objects of
Fig. 14 with different triangle-mesh resolution. An Intel Pentium
processor at 2.8 GHz with a C++ code has been employed.

First, the computation time required for the extraction of the
minimal inertial regions, uniform curvature regions, and grasp
regions are shown in Fig. 18. A linear increasing trend with respect
to the object model resolution is clearly evidenced for this step,
as it was expected. In any case, the required time intervals are
reasonably low and widely compatible with on-line computation.

On the other hand, the total computation times required for the
optimal grasp synthesis with respect to the number of employed
fingers are shown in Fig. 19. For all the employed objects (a
duck-toy, a wine glass, and a shaped bottle), the computation
time increase with respect to the number of fingers with a
sublinear rate. The worst case corresponds to the wine glass object
(Fig. 19(b)). The reasons for these results are at least two: (1)
the number of grasp regions is higher than in the other cases;
(2) many of the best-ranked grasp regions for n = 3, 4 turn out
to be unsuitable after the post elaboration tests (mainly due to
the whole-hand reachability test that fails for size and dimension
of the object) that are applied in sequence, until a suitable grasp
configuration is found. This last case represents also the most
significant drawback of the proposed approach, i.e. when several
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Fig. 17. Best-ranked grasp configurations for the half-filled shaped bottle, i.e. when an offset is applied to the center of gravity.
a b c

Fig. 18. Computation times required for the selection of the minimal inertial regions (blue), for the uniform curvature regions (green), and for the grasp regions (red) from
the CAD models of the duck-toy (a), of the wine glass (b), and of the shaped bottle (c) with three different resolutions (triangle mesh with 1000, 2500, and 5000 faces,
respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
a b c

Fig. 19. Total computation times required for the evaluation of the best grasp configurations with a number of fingers n = 2, . . . , 5 and for different CADmodel resolutions
(1000 faces in blue, 2500 faces in green, and 5000 faces in red). Three different objects are considered: (a) duck-toy, (b) wine glass, and (c) shaped bottle. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
best-ranked grasp configurations are discarded before a suitable
grasp is found. This kind of test being time consuming, the total
computation time then increases. However, also in this case,
the required computational time makes the proposed technique
applicable for on-line computation of grasps.
5. Conclusion

In this paper the problem of finding grasp configurations which
reduce the gravitational and inertial effects of the object on the
handhas been addressed. A newmethod for fast synthesis ofmulti-
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fingered grasp configurations has been proposed. A number of case
studies both in 2D and in 3D, as well as comparisons with other
methods have been presented showing the effectiveness of the
proposed approach. In particular, in all the considered examples,
the proposed method allows either computing the same grasps as
those of other approaches that are far more computational expen-
sive, or to achieve alternative grasps which are suitable for manip-
ulating heavy objects.
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