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Abstract

A fundamental requirement for assistive robots is to
guarantee a safe and human-like way to perform their
tasks. In particular, the ability to realize smooth move-
ments and obtain a stable grasp is of primary impor-
tance. In this perspective, this paper aims at studying
human grasping and developing a bio-inspired method
for power-grip posture prediction and finger trajectory
planning for a robotic hand. The developed method is
based on neuroscientific assumptions and experimen-
tal evidence coming from the observation of the human
behavior during power grip. It is based on the mini-
mization of a suitably defined function to identify the
optimal grasp configuration and the choice of a loga-
rithmic spiral trajectory for moving the fingers. The
behavior of ten different subjects during the grasping
action has been analyzed with the CyberGlove motion
capture data glove. A common thumb posture has been
observed and has been introduced in the grasping algo-
rithm. The algorithm performance has been tested on
an anthropomorphic robotic hand by means of simula-
tion trials. The results demonstrate the effectiveness of
the approach and pave the way for the implementation
on a real robotic hand.

Keywords grasping - bio-inspired - preshaping -
robotic hand - Cyberglove

1 Introduction
Since the robots utilized in the field of assistive

robotics have to be designed for aiding humans in their
daily living tasks, a safe human-robot interaction is an

Address(es) of author(s) should be given

essential requirement. With special reference to the up-
per limb, it should be guaranteed that the robotic hand
is able to realize a successful grasp by approaching the
object with an optimal configuration. In other words,
grasping has to be stable and thus requires an optimal
control of both hand posture and motion.

Being the human hand a wonderful example of a
highly dexterous system, due to its complex mechan-
ical structure and versatility in multiple activities, a
bio-inspired approach has been pursued in this work.
Consequently, a thoroughly study of the human hand,
as regards the anatomy as well as the hand behavior
during grasping, has been carried out.

The performed analysis has led to useful information
for developing human-like grasping algorithms and im-
proving knowledge about hand kinematics. This could
potentially provides new insights into the design of an-
thropomorphic robotic hands endowed with high dex-
terity and innovative rehabilitation devices that guar-
antee a safe and natural human-robot interaction.

The pursued approach consists of searching the bet-
ter grasping configuration enabling a stable grasp, in
order to reduce complexity of the control. During the
pre-shaping phase, in fact, while approaching the ob-
ject, the hand assumes the most suitable configuration
for seizing [1], [2], [3] on the basis of the physical char-
acteristics of the object to be grasped, such as shape
and weight. During this phase, the contact points be-
tween the fingers and the object allowing a stable grasp
are also determined, and the trajectory to be followed
by the fingers is planned in order to grasp the object
in the determined points. A stable grasp is therefore
guaranteed by finding the most appropriate hand con-
figuration.

In order to identify the most common hand config-
urations, some grasp taxonomies have been introduced
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in the literature. By considering only the characteristics
of the object the hand interacts with, Schlesinger [4] di-
vided the human hand grasping configurations into six
different types of prehension. However, in this classifica-
tion the task to be performed is not considered, whilst
actually the choice of the grasping modality is mainly
dictated by the task to be accomplished. In [5], [6], [7],
[8], [9], [10] some taxonomies are proposed according to
the task. In particular, two principal classes of grasps
are distinguishable: power grasp, in which the whole
hand is involved, and precision grasp, where only fin-
gers are involved.

This paper is focused on the analysis of the power
grasp, since it is one of the five types of grasps mostly
used in daily life [11]. Further, among power grasps,
attention has mainly been focused on diagonal volar
grasp, the type of cylindrical power grasp, discussed
n [12], where the thumb is adducted lying along the
longest axis of the object (Fig. 1). In this case, in [12]
the hand configuration is predicted by modelling the
finger and object surface with ellipsoids and by applying
an optimization algorithm for determining the contact
points between ellipsoids. The principal drawback of
this approach is that the MetaCarpo-Phalangeal (MCP)
joint adduction/abduction angle is assumed to be equal
to zero and that the thumb adduction/abduction angles
are not estimated. The thumb behavior is neglected also
in [13], where a criterion for determining long fingers
optimal configuration for grasping cylindrical objects
with a diagonal volar grasp is presented.

Fig. 1 Diagonal volar grasp.

The majority of research studies about the identifi-
cation of an optimal grasp configuration are based on
the determination of the contact points by consider-
ing the contact forces [14], [15]. On the contrary, this
work starts proposing a kinematic approach —to be
potentially integrated with a further analysis on hand
dynamics— since it is aimed at preliminarily assessing
the role of the kinematic structure of the hand and of
the fingers in the design of an assistive device devoted
to interact with humans. To this purpose, the thumb

behavior is here also introduced by using the data ob-
tained with a data glove for motion analysis. The aim
of the preshaping optimization algorithm presented in
this paper is to find an optimal hand configuration for
grasping cylindrical objects with a diagonal volar grasp.
The proposed approach has a reduced computation cost
and is based on the minimization of a suitable objective
function and on the introduction of the constraints ob-
tained from the analysis of the human grasping action.

Once the hand configuration for an optimal grasp
has been defined, it is necessary to establish the trajec-
tory that the fingers should follow in order to get the fi-
nal grasp configuration. In order to overcome this prob-
lem, over the years the mechanical structure of robotic
hands has been considered along with algorithms for
improving grasping naturalness. For instance, in [16]
under-actuated prosthetic hands that try to reproduce
the gradual moulding of the hand on the object con-
tour by automatically adapting themselves to the ob-
ject shape are introduced. In [17] the minimum jerk ap-
proach is fitted to a prosthetic finger. The main draw-
back is that the approach is suited only for straight
movements in the zy-plane, while the fingers trajectory
of the human hand is curved. Two optimization-based
models are proposed in [18]. In the former approach,
the function to be minimized is analogous to the ki-
netic energy. It implies constant velocity and acceler-
ation, which are in contrast with the observed bound-
ary conditions in natural point-to-point movements of
zero joint velocity and acceleration at the start and
end of the movement. The latter approach, based on
minimum torque-change cost function, has the draw-
back that the curvature of the finger path is opposite
to that observed in experiments on human beings. In
a prosthetic hand driven by electromyographic signals
(EMG), for example, once the command given by the
patient has been interpreted, the prosthetic hand has
to move autonomously following a suitable trajectory.
In this paper, taking inspiration from [19], the fingertip
movement is modelled with a logarithmic spiral.

The paper is organized as follows: in Section 2 the
hand motion analysis, performed with the CyberGlove,
is described and the results are analyzed; in Section 3
the preshaping and the finger trajectory planning al-
gorithms are described; in Section 4 the validation of
the algorithm on a robotic hand model is presented.
Finally, conclusions and future developments are pre-
sented in Section 5.
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2 Analysis of human grasping action
2.1 Human hand kinematic model

In order to model the kinematic structure of the
human hand, each finger can be modelled by a kine-
matic chain and the wrist can be considered as the
origin of the reference frame. The type of joint uti-
lized in the model is chosen on the basis of the de-
grees of freedom (DOF's) associated with it. It is known
in [20] that the MCP joint has 2 DOFs; therefore, it is
convenient to model it as an ellipsoidal joint that en-
ables flexion/extension as well as limited lateral devia-
tion. Since Proximal Intra-Phalangeal (PIP) and Distal
Intra-Phalangeal (DIP) joints have 1 DOF each, they
can be modelled with hinge joints enabling movements
only in one direction. The thumb MCP joint is a saddle
joint that gives the thumb the ability to cross over the
palm of the hand (Fig. 2).

Ellipsoidal

Fig. 2 Human hand joints.

In order to find a valid kinematic model, different
kinematic models presented in the literature [21], [22],
(23], [24], [25] have been analyzed. For simplifying the
hand model, the most commonly used hand motion con-
straints [26], [27] have been considered. They regard
the range of motion of the finger joints due to the hand
structure, the abduction of the middle finger (an ap-
proximation of 0 degrees for this angle is commonly
adopted), and the correlation among the PIP and DIP
joints of the long fingers (0prp = %GP]P).

From the above considerations it has been decided
to represent the kinematic chain of the human fingers
as shown in Fig. 3, where (for the sake of clarity) only
the thumb and the index finger kinematic chain are
shown. Middle, ring and little fingers have the same
kinematic chain of the index finger. The modelling of
the hand joints has been made by merging information
about the joint axis of rotation taken from the litera-
ture [21], [22], [28] and the joint angle values given by
the Cyberglove (Virtual Technologies, Palo Alto, CA)
sensors used in the analysis of human hand motion in

Section 2.2. The MCP and Inter-Phalangeal (IP) joints
of the thumb and the PIP and DIP joints of the in-
dex have been modelled as a hinge joint with 1 DOF.
The TrapezioMetacarpal (TM) joint of the thumb and
the MCP joint of the index finger have been modelled
as ellipsoidal joints with perpendicular rotational axis
and 2 DOFs. The center of the root coordinate sys-
tem is the center of the wrist (Fig. 3). In the shown
kinematic model, the flexion/extension axis of the TM
joint has been considered perpendicular to the adduc-
tion/abduction axis. Although in the human hand these
two axes are inclined of about 73°, it has been chosen
to maintain them orthogonal for computational reasons
and for better matching the positions of the CyberGlove
sensors. In this kinematic model, it has been supposed
that the adduction/abduction movement of the thumb
is due essentially to the TM joint, and thus it has been
supposed that the MCP joint has only 1 DOF.

Fig. 3 Human hand kinematic model. The middle, ring and
little fingers have the same kinematic chain of the index fin-
ger.

The Denavit-Hartenberg parameters for the index
finger and for the thumb are shown in Tabs. 1 and 2,
respectively. The introduced kinematic model has been
used in the following section for analyzing the data ac-
quired with the CyberGlove.

Table 1 Denavit-Hartenberg parameters of the index finger.

Link # d 0 a[m) o
1 dlindex 01 Mec _%
2 0 02 0 5
3 0 b3 Pindpx 0
4 0 04 Mind(—\x 0
5 0 05 Dindm{ 0
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Table 2 Denavit-Hartenberg parameters of the thumb

Link # d 0 a[m] a
1 Lindex 01 Tm — %
2 d2ind¢3 02 0 %
3 0 03 Pihumb 0
4 0 04 | Mipumb 0
5 0 95 | Dihumb 0

2.2 Experiments on human subjects with CyberGlove

The CyberGlove™ [29] is a motion capture data
glove fully instrumented with 22 resistive bend sen-
sors that measure the five finger joint angles. In Fig. 4,
the positions of the Cyberglove sensors are indicated
with yellow circles. The data glove uses resistive bend-

Fig. 4 CyberGlove with joint sensor locations outlined by
yellow circles.

sensing technology to accurately transform hand and
finger motions into real-time digital joint-angle data.
The sampling frequency used by the CyberGlove is 30
Hz.

The grasping experiments involved ten human sub-
jects, 22.4 years old on average (with 1.5 Standard De-
viation), all men and right handed. Subjects have been
asked to wear the 22 sensorized CyberGlove with the
right hand, and to grasp a cylindrical object with the
diagonal volar grasp introduced before.

The participants have been seated in front of a table
on which the object has been located in a-priori known
position. The hand starting position and initial posture
have been the same for all the participants (Fig. 5). The
object has been positioned at a distance of 53 cm from
the sensor on the wrist and the starting hand configu-
ration has consisted of the four fingers fully extended
and the thumb adducted. The hand joint angles have

been recorded in this starting position and in the po-
sition in which the hand is completely closed around
the object. Before starting the test, the lengths of each

Fig. 5 Starting position of the subjects with respect to the
table on which the object has been located.

finger segment (distal, medial, proximal phalanx and
metacarpal phalanx of the thumb) of each subject have
been measured with a caliber. Lengths have been mea-
sured as the distances between the two extreme bones
of the link. These data have been used for constructing
the hand forward kinematics.

Every subject have been asked to grasp the object,
without lifting it, fifteen times, the first five of which
have been useful for learning the grasping action, there-
fore only the data about the last ten trials have been
acquired. The data acquisition of each trial has been
started with a voice command. After grasping the ob-
ject, the subject has remained in this grasping position
till an auditory signal announced the acquisition end.

Particular attention has been paid to the thumb be-
havior during grasping through a specific parameter ex-
tracted from the position values supplied by the sensors
placed on the thumb and the index finger, i.e. the open-
ing angle. It is computed as the angle between the link
connecting the MCP joint of the thumb and the wrist,
and the link connecting the MCP joint of the index
finger and the wrist. This parameter is useful for hav-
ing information about the position of the thumb during
grasping and can be evaluated once a kinematic model
of the hand has been defined. To this purpose, the hand
kinematic model introduced in Section 2.1 has been
used for determining the hand joint positions needed
for computing the opening angle.

In Tab. 3 the mean and standard deviation of the
hand opening angle for each subject during the 10 trials
are reported. From the table it is possible to note a quite
invariant behavior on each subject and among subjects
as regards the diagonal volar grasp. This consideration
has led us to formulate a general rule about the thumb
configuration during this type of grasp, which can be
used to extend to five fingers the grasping algorithm
we presented in [30]. This algorithm will be briefly ex-
plained in Sect. 3.1.
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Table 3 Mean and standard deviation of hand opening angle
in diagonal volar grasp.

Subject # Mean | SDV
1 48.63° | 0.77°
2 49.56° | 1.33°
3 50.40° | 1.51°
4 45.87° | 1.45°
5 45.42° | 1.21°
6 51.46° | 0.65°
7 52.57° | 1.18°
8 50.29° | 0.68°
9 45.83° | 0.82°
10 49.75° | 0.93°

3 Grasping algorithm
3.1 Optimization algorithm

The grasping algorithm presented in [30] resorts to
biomechanics results regarding the behavior of the four
long fingers (index, middle, ring and little) during a
diagonal volar grasp [13]. According to these results,
when a human subject grasps a cylinder with a diag-
onal volar power grasp, the best configuration is the
one that minimizes the distances between hand joints
and object surface. Starting from this assumption, we
implemented an algorithm that minimizes an objective
function given by the sum of the joint distances from
the object surface. The expression of the objective func-
tion is the following

4 3
F=Y" disti(z,a), (1)
i=1 j=1

where: i is the finger index, ranging from 1 (the in-
dex finger) to 4 (the little finger); j is the joint index,
ranging from 1 (the MCP joint) to 3 (the DIP joint);
dist§- is the distance of the joint j of the i-th finger
from the centre of rotation (COR) and dist; is a func-
tion of the parameters x and « which are, respectively,
the x-coordinate of the wrist joint (here called Car-
poMetaCarpal, CMC, joint) and the inclination angle
of the object rotation axis with respect to y-axis of a
reference frame centred in the hand CMC joint. It has
been supposed that the hand has a starting position
close to the object, corresponding to a reaching phase
almost finished (Fig. 6). The position of the object and
of the hand joints (MCP, PIP and DIP) are computed
with respect to this reference system. The object is lo-
cated in a given position on the xz plane: namely, the
object is at a distance of 9.5 cm on z-axis, along which
the hand moves longitudinally, and of 10 cm on z-axis,
along which the hand moves laterally. The x-coordinate

MCP

@ MCPiittie

2

x
eCMC
Reference
frame
z y

Fig. 6 Working scenario. The little MCP joint position is
outlined in red.

of the CMC joint that guarantees an optimal grasping
position of the hand is obtained by minimizing the ob-
jective function (1). In order to guarantee the stabil-
ity of the grasp, it is assumed that the y-coordinate of
CMC joint coincides with that of the object centre of
rotation (COR). This assumption is grounded on stud-
ies on human beings that have demonstrated as the
position of the contact points between the hand and
the object depends on the location of the object centre
of mass (CM) [31]. Thus, in our case, the vertical lo-
cation of the MCP joint of the middle finger is in the
middle of the object. The same consideration can be
applied to CMC joint, since the two joints are aligned;
accordingly, the CMC z-coordinate is set equal to that
of MCP joint.

Once determined the CMC joint position, the algo-
rithm provides a new hand configuration, expressed in
the reference frame, and corresponding to the optimal
grasp of a specific object able to ensure grasp stability.
The hand joint positions have been obtained by mini-
mizing the following distances

distyrop = \/ (xarop, = Tobj)? + (Tobj + to)? (2)

disth p = \/(al - \/(robj +disth )2 = (ropj + t1)2)2 + (rop; + t1)2(3)

dist’y p = \/<a2 - \/<v-nbj +distl, )2 = (rop; +t2)2)2 + (rop; +t2)2(4)

where a; is the finger length, ¢; is the finger thickness,
robj is the object radius,

start start start start
TyMep; =2+ (f”Mcpi - wJWCP4) + (yJMCPi - y]\/ICP4) *tana  (5)

is the z-coordinate of the MCP joint of the i-th finger
in the optimal configuration. Its value depends on the
z-coordinate of the initial configuration (i.e. xﬁ}%ﬂg).
The = coordinate of the little MCP joint is a reference
point of the optimization algorithm.

Note that what previously explained is valid when

fingers are orthogonal to the object rotation axis. This
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is an ideal assumption that has preliminarily been done
in order to simplify the problem. In order to adapt the
results to the real case where the fingers are inclined
with respect to the object rotation axis, it is necessary
to work on the projection plane. To be more specific,
in the human hand, MCP joints are inclined of a cer-
tain angle with respect to wrist CMC joint, and the
fingers (i.e. the link between the MCP joints and the
TIP) form a certain angle with respect to the corre-
sponding MCP joints. It is then necessary to modify
expressions (1)—(4) for considering those inclinations.
This is achieved by replacing parameters related to the
link lengths in (1)—(4), i.e. a; with their projections in
the plane perpendicular to the object rotation axis. In
fact, Equations (1)—(4) are still valid if they are used in
the plane perpendicular to the cylindrical object rota-

tion axis.
The link length projection value [; is determined in
the perpendicular plane using the following expression

1= /Ul 12 = ai e (np x o) 12) 8 (np & 1) 2+ [l 0 o (np X m0) 12(6)

where [; is the projection of link length a;, while n, xn,
and n, e n, are, respectively, the cross product and the
dot product between the unit normal vector n, of the
plane perpendicular to the object rotation axis and the
unit normal vector n, of the oblique plane where the
fingers lie. Therefore, Equations (1)—(4), modified with
these new length values, are the new set of equations
to apply in the case of inclined fingers.

By using the so obtained distance values, the joint
angles in the projection plane are determined. The re-
sults are brought back to the original plane, i.e. the in-
clined plane with respect to the cylinder rotation axis.
Joint Cartesian coordinates in the original plane are
given by the intersection of that plane with the straight-
line perpendicular to the original plane and passing
through the joint in the projection plane.

Joint angles are determined by means of inverse
kinematics, starting from joint Cartesian coordinates.
The constraint on the DIP and PIP flexion angles, ac-
cording to which Op;p = %prp, has been used for
coupling the two joints.

In addition to the illustrated results, detailed in [30],
the thumb behavior has been introduced in the model.
This was possible on the basis of the results exposed
in Sect. 2.2, showing that the opening angle is quite
invariant from subject to subject when a diagonal volar
grasp is performed. In particular, thumb configuration
in the space was established resorting to the following
considerations:

— The knowledge of the opening angle, together with
the minimization of the distances from the thumb
joints and the object surface by means of (2)—(5),

implies the possibility of determining MCP joint po-
sition with respect to CMC joint.

— The other thumb joints have the same y-coordinate
of MCP thumb joint. In order to determine the
thumb TIP optimal position, the IP flexion angle
measured with the CyberGlove is considered. It has
been observed that its value is similar among the
ten subject and is around 18°.

3.2 Trajectory planning algorithm

Once the optimal hand joint positions have been
determined, it is necessary to move the fingers from
the initial configuration to the final one given by the
preshaping optimization algorithm, by following a ref-
erence trajectory. On the basis of studies on human be-
ings [19], it is possible to say that the fingertip motion
during grasping follows a logarithmic spiral trajectory.
In the Cartesian space, the time-varying coordinates of
the TIPs can be expressed as
{ x(t) = rcos6(t) M)

y(t) = rsinf(t).

They correspond to a logarithmic spiral in polar coor-
dinates

r = ae” (8)
where r is the spiral radius, a is a coefficient that rotates
the spiral, b is a coefficient that controls the spiral pitch
and twins direction, and 6 is the angle between the
radius and the z-axis of the reference frame centred in
the MCP joint. It is evident that the radius of the spiral
depends on the spiral inclination angle 6 that fingers
sweep. Equations (7)—(8) allow determining the points
the fingertips will pass through when moving from the
initial position (open hand close to the object) to the
final position computed by the minimization algorithm
(Fig. 7).

The joint angles corresponding to the TIP positions
during grasping are obtained through the inverse kine-
matics. A proportional-derivative control in the joint
space is used to make the hand track the reference tra-
jectory of (8).

A schematic representation of how the two algo-
rithms work together is shown in Fig. 7: starting from
information about initial joint angles, the optimization
algorithm gives the joint positions that the hand should
assume at the end of the grasping action for a stable
grasp. The algorithm returns also CMC optimal po-
sition near the object. After the reaching phase, ini-
tial finger joint angles and optimal finger joint angles
are given in input at the planning algorithm producing
the trajectory that the fingers will follow for a natural
grasping action.
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Joint initial Optimization Trlaaisﬁzry
position algorithm ar‘i 9 orithr%

Joint position at
the end of the
grasping action

;Jx

Fig. 7 Finger position at the beginning and at the end of
the trajectory.

4 Simulation results

In order to test the effectiveness of the approach
simulation trials have been carried out. A virtual robotic
hand has been modelled with the same mechanical char-
acteristics of a real human hand (Fig. 3). In Tab. 4 the
geometric parameters of the hand and of the cylindrical
object to be grasped are reported. The Matlab func-

Table 4 Geometric parameters of the simulated hand and
object.

Symbol Link name value[m)|
ag CMC — MCP link length 0.075
a1 Proximal link length 0.045
as Medial link length 0.025
as Distal link length 0.023
to Palm thickness 0.025
t1 Proximal link thickness 0.010
to Medial link thickness 0.0075
t3 Distal link thickness 0.0025

Tobj Cylindrical object radius 0.0255

tion fminsearch(f,[initialcondition]) has been used
for minimizing the objective function f starting from
the conditions specified by [initialcondition]. The re-
sult of the minimization is the z-coordinate of CMC
joint that guarantees a stable grasp. The CMC opti-
mal position is completely given by adding its y and z-
coordinates determined as previously explained. Adapt-
ing (2)—(5) to the case of inclined fingers and consid-
ering the hand parameters given in Tab. 4, the coor-
dinates of MCP, PIP and DIP joints are determined.
Information about the thumb is also introduced as ex-
plained in Sect. 3.1.

Matlab simulation results are reported in Fig. 8.
Looking at the stick figure, the finger thickness should
be considered thus causing the contact with the object;
the represented points are finger joints and the sticks
represent the link length (without thickness). The joints
of each finger are outlined with different colors: the red
dot is the CMC joint, the green dots are the MCP, PIP
and DIP joints of the index finger, blue dots are MCP,

PIP and DIP joints of the middle finger, magenta dots
are MCP, PIP and DIP joints of the ring finger and
black dots are the MCP, PIP and DIP joints of the
little finger. As previously said, with respect to the ref-

o am
2

Fig. 8 Plot of the optimal hand configuration, given by the
preshaping algorithm, during a diagonal volar grasp.

erence frame centred in the CMC joint of the hand in
the starting configuration, the x and y-coordinates of
the object center are 9.5 cm and 10 cm, respectively.
The object height is 15 cm, therefore, as explained in
section 3.1, the y-coordinate of the CMC joint in the
optimal configuration is equal to 7.5 cm. The CMC z
and z-coordinates provided by the optimization algo-
rithm, are (z = 5.5 cm, y = 6.02 cm).

To reach the optimal final configuration, the hand
TIP is controlled in order to describe a spiral trajectory.
In the starting configuration of the trajectory planning,
the hand is close to the object with the MCP joints in
the optimal position given by the optimization algo-
rithm and is open with the fingers parallel to the z-axis
of the reference frame. Therefore, the TTP z-coordinates
given in input to the trajectory planner, are given by
the optimal MCP z-coordinates supplied by the opti-
mization algorithm, plus the length of the links from the
MCP joints to the corresponding TIP (obtained from
Tab. 4).

The spiral starting radius is given by the sum of the
MCP-TIP links of the fingers:

Tinit = a1 + a2 + ag 9)
while the starting angle 6 is 90°. The final radius is
given by the distance between the MCP and TIP joints

when the TIP joint is in the optimal final position given
by

Tfinal = \/(’”TIP —epop)?+ (wrrp —vmeop)? + zrrp — 2o p)?(10)

By using the values of the joint inclination angles in
the final position, obtained by inverse kinematics, the
final value of the angle 0 is computed. Figure 9 shows
the results obtained in simulation when (8) is applied
to a reference position for each finger.
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Fig. 9 Red lines show the logarithmic spiral trajectory fol-
lowed by TIPs when attempting to grasp the object. The
y-coordinate of the logarithmic spiral starting points are the
same of the corresponding MCP joints.

5 Conclusions

An approach for finding the optimal configuration
and finger trajectory of a virtual robotic hand when
grasping an object with a diagonal volar grasp has been
proposed. The approach is based on the hand kinematic
analysis and improves the approaches presented in the
literature with the introduction of the thumb behav-
ior. Focussing on the kinematic features related to pre-
shaping has allowed us to finding the optimal preshap-
ing configuration, implementing an algorithm with a
reduced computational cost. The algorithm developed
for finding the optimal hand configuration is grounded
on studies on human grasping carried out with the use
of the CyberGlove motion analysis data glove. Perfor-
mance of the grasp optimization algorithm and of the
finger trajectory planning have been tested on a vir-
tual anthropomorphic robotic hand. The simulation re-
sults have demonstrated the feasibility of the approach,
which seems to enable a human like type of grasping,
thus encouraging the experimental validation on a real
robotic hand. From a first analysis of the grasping ac-
tion, it seems possible to make the assumption to ex-
tend the approach, valid for the four fingers during a
diagonal volar grasp, to the transverse volar grasp (the
power grasp where the thumb is abducted). Further
work will concern the demonstration of the validity of
our assumption by computing some parameters such as
finger curvature rays and abduction angles.

Despite the promising results, the joint positions
obtained with the CyberGlove do not seem accurate
enough to reliably reconstruct the human hand behav-
ior and enable the control of a dexterous robot hand,
mainly because of the low acquisition frequency. There-
fore, future work will be devoted to (i) carry out exper-
iments with a different motion analysis system, such
as stereophotogrammetric systems, with higher perfor-
mance and data reliability; (ii) apply the algorithm to

a real grasping scenario; (iii) extend the approach to
transverse volar grasp.
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Table

Table 1 Denavit-Hartenberg parameters of the index finger.

Link # d 0 a [m] o
! index o1 Me —3
2 0 D) 0 5
3 0 03 | Pindex 0
4 0 01 | M, qex 0
2 0 05 | Dindex 0




Table

Table 2 Denavit-Hartenberg parameters of the thumb

Link # d 60 a [m] e
1 1 dex 61 Tm — %
2 d2index 02 0 %
3 0 03 Pthumb 0
4 0 04 | Mipumb 0
5 0 05 | Dihumb 0




Table

Table 3 Mean and standard deviation of hand opening angle in diagonal volar grasp.

Subject # Mean SDV
1 48.63° | 0.77°
2 49.56° | 1.33°¢
3 50.40° | 1.51°
4 45.87° | 1.45°
5 45.42¢ | 1.21°
6 51.46° | 0.65°
7 52.57° | 1.18°
8 50.29° | 0.68°
9 45.83° | 0.82¢
10 49.75° | 0.93°




Table

Table 4 Geometric parameters of the simulated hand and object.

Symbol Link name value[m]
ag CMC — MCP link length 0.075
aq Proximal link length 0.045
a9 Medial link length 0.025
as Distal link length 0.023
to Palm thickness 0.025
t1 Proximal link thickness 0.010
to Medial link thickness 0.0075
t3 Distal link thickness 0.0025
Tobj Cylindrical object radius 0.0255
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