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Abstract— This paper presents a novel methodology for plan-
ning the movements of a robotic hand when a precision grasp
wants to be performed. This approach is based on the standard
Fast Marching Square (FM2) path planning method recently
introduced for robot formations. A three-finger kinematic chain
is consider as a robot formation to perform simulations. In
order to achieve a precision grasp, the task is divided into two
phases. In the first one, the hand has to move towards the
object to be grasped and stops at a position from which the
grasping points can be reached by the fingers of the hand. In the
second one, given the contact points for a precision grasp, the
movements of the fingers must be planned so that those points
are reached by the corresponding fingertips. In both cases, the
path planning method used is FM2, so smooth and fast paths
are ensured due to the characteristics of FM2. In each phase,
different control strategies for robot formations are used. The
changes in the geometry of the formations are based on the
velocities map calculated in FM2, ensuring collision avoidance
and speeding up the grasping phase. Simulation results show
the usefulness of this novel application of the method thanks
to a good performance of the chosen planning strategy.

I. INTRODUCTION

Grasp planning is an essential problem in robot manipu-
lation and at the same time is a very complex one, since
it involves the combination of open and close kinematic
chains, nonholomonic constraints and redundant degrees of
freedom. While humans can grasp and manipulate objects
very easily, robotic hands developed for research, such as
Gifu Hand III [1], Shadow Hand [2] or HIT/DLR [3] often
have a large number of degrees of freedom (DOF), which
increments the planning and control complexity because, for
example, a wide variety of joint configurations are possible
to be reached.

The grasping problem can be defined as, given an object
in an environment determine how to approach to this obejct,
find a stable way to grasp it and perform the chosen grasping
strategy to hold or manipulate it. According to Cutkosky [4],
we can make a simple classification of grasping techniques:
power grasps that ensure security and stability, or precision
grasps that emphasise on dexterity and sensitivity. Besides,
moving along his taxonomy, one can choose among different
kind of grasps depending on the purpose of the manipulation
and the size of the objects. Furthermore, in general terms it
can be said that while increasing the power of the grasping,
there is a loss in the manipulability and dexterity, and the
same applies if the relationship is inverted.

In the case of precision grasps, the problem is mainly
defined as where and how to place the fingers so that the

object is firmly held [5]. The main characteristic of this kind
of grasp is that only the fingertips are in contact with the
object. When performing a precision grasp, we have to take
into account basically two types of contraints. First, dynamic
ones, since forces created between the hand and the object
to be grasped must be compensated. This can be satisfied
by force- or form closures, depending on wheter the object
is fully constrained by the fingers forces or by the finger
positions, respectively [6]. Second, the plan needs to meet
kinematic contraints since, obviously, the contact points to
be reached must be in the workspace of the fingers of the
hand and at the same time collisions between the different
parts of the hand must be avoided [7].

In this paper a new methodology for planning the nec-
cessary movements to perform a precision grasp of a three-
finger robotic hand is presented. For achieving this goal, the
grasping task has been divided into two phases: approaching
to the object and reaching the given contact points. A three-
finger hand is treated as a mobile robot formation with
the leader-followers architecture, in which the geometry of
the formation is updated by changing the position of the
followers based on an artificial potential field. Two different
situations are considered during the grasping proccess, in all
cases the planning strategy is based on Fast Marching Square
(FM2) and its application to control of robot formations.

The rest of the paper is organized as follows. Section II is
a formal description of the Fast Marching Square technique
and its application to path planning, in section III the control
of robot formation and its application to the grasping problem
is presented. In section IV conclusions and future work are
addressed.

II. FAST MARCHING AND PATH PLANNING

In this paper, the Fast Marching (FM) method has been
chosen as path planner. At the beginning, this method sug-
gested by J. Sethian in 1996 was proposed to approximate
the solution of the Eikonal equation [8]. Let us assume
that a wave starts propagating at time 7' = 0 with velocity
F' always non-negative. The Eikonal equation allows us to
update the time of arrival of the wave 1" for each position x
according to:

IVT(x)|F(x) =1 (1

Discretizing the gradient V1" according to [9] it is possible
to solve the Eikonal equation at each point p(z;,y;), which



corresponds to the row ¢ and column j of a grid map as
follows:
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The Fast Marching method consists on solving T; ; for
every point of the map starting at the source point of the
wave (or waves) where T}, ;, = 0. Once it has finished, the
algorithm outputs a distances map as shown in figure 1.

FM can be directly used as a path planner algorithm. By
applying gradient descent from any point of the distance
map, a path will be obtained with the source of the wave
as a goal point. This is valid only if one wave has been
employed to generate the distances map. Otherwise, local
minima will appear. The main advantage of this method is
that the path obtained is optimal in distance. An example of
a path provided by Fast Marching is shown in figure 1.

A. Fast Marching Square Method

Although the paths provided by the FM method are opti-
mal in distance terms, they do not accomplish the smoothness
and safety constraints that most robotic applications require.
These paths run too close to obstacles and walls and they
have sharp curves. In view of these drawbacks, it turns out
that the FM algorithm is not a good solution in most cases.
However, the Fast Marching Square algorithm [10] solves
these two main disadvantages.

The FM2 method is based on creating velocities (or
slowness) maps depending on the environment map in which
the velocity of the expanding wave varies depending on the
distance to the closest obstacle. The FM method is applied
in order to obtain these velocities maps. In this case, all the
obstacles and walls are labeled as wave sources. The result
is a distances map in which those cells in the grid that are
farther from the obstacles have a higher value (figure 2 a)).

Fig. 1: Example of a path obtained with Fast Marching. The
left side shows the original map and the path calculated by
FM. In the right there is the distances map calculated in the
first step of FM.

Once this distance map is computed, it is normalized in
order to have values between 0 and 1 (which mean stopped
or full propagation speed correspondingly). The FM method
is then applied with the goal point as wave source. During
the expansion, the wave will propagate with the velocities
indicated in the map generated previously. The resulting
distances map will be similar to the one obtained with the
standard FM method, but with slight differences which make
the paths very smooth when gradient descent is applied
(figure 2 b)).

The effect the velocities map has over the expanding wave
is exactly the same than the one the refraction index of a
medium has over a light wave propagation. According to
the Fermat’s principle (least time principle): the path taken
between two points by a ray of light is the path that can be
traversed in the least time.

Apart from the smoothness and safety, FM2 has other
properties worth to mention:

e Absence of local minima. As long as only one wave
is employed to generate the distances map, FM ensures
that there will only be one global minimum at the source
point of the wave (goal of the path).

e Completeness. The method will find a path if it exists.
It will point out also if there is not a possible path.

o Fast response. The velocities map has to be calculated
only once and the FM method has complexity order
of O(n) [13]. Besides, the simplicity with which the
environment is modelled avoids complex calculations
or costly sensory treatment.

Fig. 2: a) Velocities map obtained from the map on the
left side of figure 2 b). b) Left: original map and path
calculated with FM2. Right: distances map after applying
Fast Marching over the velocities map.



B. 3-Dimensional Fast Marching Square

Since the FM2 algorithm is based on the standard FM
method, it is extensible to more than 2 dimensions. Due to
the fact that a grasping task is carried out in a 3 dimensional
space, 3D FM2 algorithm is going to be applied. The
algorithm is exactly the same as explained before. In this
case, the frontwave becomes a spatial curve.

All the properties of the FM2, such as smoothness or
safeness, remain in a n-dimensional environment. This is the
main fact that lead us to use this algorithm as path planner.
In figure 3 it is shown an example of a path obtained in 3
dimensions for a given environment using FM2.

ITII. PATH PLANNING FOR THE HAND AS A
ROBOT FORMATION TOWARDS PRECISION
GRASP

Grasping an object can be considered as a two-phases
action. In the first one, the goal is to approach to the object
using a smooth path. This step finishes when the robotic
hand is situated at a distance from which the grasping can
be executed. Thus, at this point the hand configuration has
to allow the necessary movements to be able to perform
the selected grasping method. In the second phase the hand
configuration evolves until the contact points between the
robotic hand and the object are reached. In this paper an
algorithm for each of these phases is presented, both of them
based on FM2 and its application to the control of a robot
formation in a 3D environment.

A. Geometry of the hand as a robot formation

A three-finger kinematic chain is considered as a robot
formation in order to perform simulations of this method-
ology. The geometry proposed for the formation is based
on the dimensions of the fingers of the Gifu Hand III [1]
and is shown in figure 4. The leader of the robot fomation
is located at the centre of the palm of the hand, while the
followers are situated at each joint of the fingers, and both the
leader and the followers are considered as mobile robots. In
this structure, the lengths of the links between different joints
(palm, finger separation and proximal/inter/distal phalanges)
are constant, while the angles between these links («, 8
and ) are variable. These angles are limited by software

Fig. 3: Result of the FM2 algorithm applied in 3 dimensions.

Fig. 4: Description of the geometry of the robot formation
that simulates the hand.

following the specifications of the Gifu Hand IIT [1]. It
is important to notice that, as in human hand, the fourth
joint angle of each finger engages with the third joint angle
linearly [14].

B. Approaching to the object to be grasped

As stated before, the first phase is the approaching one. In
order to perform this approximation movement, the concept
of robot formation planning based on FM2 [11], [12] is used
to model the strucuture of the robotic hand. Thus, the three-
finger hand is created using the leader-followers architecture,
where the position that the followers adopt in the formation is
deformable. The evolution of these positions depends on the
location of the leader in the environmet and the value of the
velocities map calculated in FM2. In our case, the geometry
of the formation will be modified by introducing changes in
the angles described in figure 4, so that we control when the
hand is opening or closing. These changes are generated in
a very similar way to the algorithm proposed in [11].

As an initialization step of the algorithm, both the hand
and the object are located in a binary three-dimensional
environment in which free space is represented by zeros
and objects or obstacles are represented by ones. In order
to introduce some stochasticity, the start position for the
hand and the location of the object to be grasped have some
random terms, so that every time the path towards this object
is different. The start position is defined by the centre of the
palm of the hand, where the leader of the formation is placed.
The angles defined in figure 4 are also initialised randomly,
but always within certain limits that result in a configuration
of the hand where it is partialy closed. The goal position
for the centre of the palm in the approaching phase is set in
front of the object to be grasped in a way that ensures that
the orientation of the palm of the robotic hand makes the
grasping task possible. The selection of this points is out of
the scope of this paper.

Once the environment is initialised FM2 is applied to
obtain the path for the leader of the formation. Thanks to
the characteristics of FM2 path planning algorithm we can
assure that the resulting path is very safe and smooth. This



path is covered in an iterative loop in which, for each step,
the angles describing the formation are updated and therefore
the configuration of the hand changes. The final goal of this
phase is to locate the hand in a position from which the
precision grasp can be done, meaning that the grasping points
are located in the working space of each finger. While the
hand is covering the path, the algorithm is divided into two
different phases.

o The first phase of the path occurs when the gradient of
the grey level in the velocities map is positive o null.
This means the leader is moving towards the object but
it is still far from it. Figure 5 shows a two-dimensional
projection of the path on the centre slice of the velocities
map parallel to the YZ plane. The left part of the path
surrounded by the blue ellipse of this figure corresponds
with this phase. In this state the objective of the hand
is to reach an open configuration since this ensures
that afterwards the grasping can be performed. The
limits of the open configuration are imposed by software
(@j,maz = 0, Bjmaz = 90 and v maz = £10, where
j indicates the finger and all of them are expressed
in degrees) which imitate the mechanical limits of the
system. Figure 6 shows the evolution of these angles
when the hand is opening while approaching to the
object, which occurs following equations (4) and (5).

o, j = min(a_1 4, (1 — grey-leader)o; maz) (4)

Bi,; = max(Bi—1,;, grey-leader; maz) %)

where j indicates the finger, ¢ corresponds to the
iteration and the grey level of the leader is the value of
the velocities map in the position where the leader is
located in the environment.

o The second phase starts when the hand is getting close
to the object and, therefore, the sign of the gradient
of the velocities map becomes negative. This happens

Fig. 5: Slice of the three-dimensional greymap located in the
centre of the width of the environment.

Fig. 6: The hand evolves towards an open configuration.
The blue and red lines correspond to remaining and covered
path respectively. The small black dots are follower robots in
the formation located in the joints of the hand. Green lines
simulate he links of the hand. The dark grey cube is the
object to be grasped.

because the velocities in the map become smaller when
we approach to any obstacle, in this case, the objetct to
be grasped. This part of the path is shown in figure 5
surrounded by a green ellipse located in the centre of the
figure. In this phase we try to close the fingers so that
the position of each fingertip gets as close as possible
to its local maximum in the grey level map, which are
indicated by the top and bottom red ellipses in figure 5.
This way, we ensure that the position of the fingertips
is safe, and at the same time make the grasping phase
shorter since a part of the movement is already done. To
know when the local maximum has been reached, the
gradient of grey level of the fingertips in the velocities
map is checked. Figure 7 shows the evoluion of the
geometry in this phase. The change of the angles of the
joints follows equations (6) and (7).

o5 = a1, — Kigrad_gray_level (6)

Bij = Bi—1,; + Kagrad_gray_level 7

where K7 and K5 are constants that definde the speed
of the closing movement.

This first part of the algorithm ends when the leader of the
formation reaches a position from which the grasping phase
can be performed, in other words, every desired contact point



of the precision grasp forms part of the workspace of the
corresponding finger. The stop distance is determined by an
off-line analysis of the workspaces of the fingers and it is
detected using the velocities map aforementioned, since a
low grey level in this map means we are close to the object.

C. Planning the movements of a precision grasp

The last part of the algorithm consists on performing a
given precision grasp. The grasp points are chosen so that
they form a triangle whose centre of masses, also known
as barycentre, is located at the same point of the centre of
masses of the object to be grasped. Although the calculation
of the contact points is not an objective of this paper, we
expect the selected ones cause the forces applied by the
robotic hand to compensate among them and we get a stable
grasp. This triangle can be seen in figure 8 painted with green
lines. From this moment the leader of the formation changes,
instead of having one leader located at the palm, we have
three leaders, one for each fingertip. The new formations are
formed by the proximal, intermediate and distal phalanges of
each finger, which have a fixed value. Again, the variables
that change their value while performing the grasping are the
joints of the fingers. For these set of leaders, we perform the
following grasping algorithm in which the pose of the palm
is never changed:

1) First, a path for each fingertip is calculated using FM2.
These paths start in the position where the fingertips
were located in the last iteration of the approaching
phase and end in their corresponding contact point
with the object. To ensure that the points in the paths
calculated with FM2 are reachable by the fingers, three
subspaces delimiting the workspace of each finger are
placed in the environment so that these paths can
never go out of their corresponding workspace. These
matrixes act like walls, this way the FM algorithm
never explores positions out of the workspace of the
fingers. Since the environment has changed, the two
phases of FM algorithm must be performed. This
means, first we calculate the new velocities map for
each leader, and then obtain the new paths, again they
are smooth and safe paths thanks to the characteristics
of FM2. Figure 8 shows the environment around the
object to be grasped after these subspaces are added.

2) After the grasping paths have been calculated, the new
leaders start covering them in an iterative loop. For

Fig. 7: Second phase of the approaching step.

Fig. 8: Environment matrix with the addition of the
workspaces of the fingers.

each position of the fingertips in the path, the inverse
kinematics of each finger is calculated so that we
obtain the new values for the angles in the geometry,
defined in figure 4, and the position of the followers in
the formation is updated. For the purpose of this algor-
tihm, any method for computing the inverse kinematics
(analytical, numerical, optimization algorithms, etc.) is
valid.

3) Finally, for each leader, we check if the grasping point
has been reached. This is done looking at the grey
level of the velocities map since, as explained before,
it can be used to determine distances. If the goal point
has not been reached, the algorithm continues with the
next point in the path.

Figure 9 shows several iterations of the algorithm while the
fingertips are covering the paths towards the precision grasp
points. The little dots painted in different colours correspond
to previous positions of the members of the formation.
Finally, figure 10 shows the final position of the grasping
algorithm from a different point of view. The submatrixes
added between the two phases of the algorithm are not shown
for easier understanding of these figures.

IV. CONCLUSIONS AND FUTURE WORK

This paper presents a novel application of the standard
FM2 path planning method recently introduced for robot
formations. In this application a robotic hand is cosidered as
a robot formation with a geometry described by the forward
kinematics of a three-figer hand. Although the considered
hand model is a simple one, the simulations, carried out with
Matlab, show that it is possible to consider a robotic hand as
a robot formation in order to plan the necessary path to get
close to an object and, meanwhile, set the control points of
the position of the fingers of the hand while the path is being
covered. It is also shown that this method can be applied for
planning the neccessary movements to perform a precision
grasp once the pre-grasp position has been reached. It is also
important to point out that this methodology can be easily
extended to a five-finger robotic hand.



Fig. 9: Evolution of the precision grasp phase. The fingertips
cover the calculated path towards the contacts points with the
object.

Fig. 10: End position of the fingertips in the grasping
algorithm.

Due to the characteristics of FM2, we can assure that the
paths obtained for the palm of the hand in the approaching
step and for the fingertips in the grasping phase are smooth,
safe and fast.

Also it is important to point out that, since we consider
the hand as a robot formation, the complexity of the path
planning phase decreases because we do not plan the path
for all the degrees of freedom in the hand.

The future work related to this paper focuses on expanding
its application to a five-finger robotic hand, using a more
complex formation, and extending the experimentation to
more complex environments.
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