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Abstract— One of the new targets of wearable robots is not
to enhance the lift strength far above human capability by
wearing a bulky robot, but to support human capability within
its range by wearing lightweight and compact robots. A new
approach regarding robotic extra–fingers is presented here. In
particular, an object-based mapping algorithm is proposed to
control the robotic extra-fingers by interpreting the whole or a
part of the hand motion in grasping and manipulation tasks.
As a case study, the model and control of an additional robotic
finger is presented. The robotic finger has been placed on the
wrist opposite to the hand palm. This solution enlarges the
hand workspace, increasing the grasp capability of the user.
The proposed mapping algorithm do not require the human
operator to activate explicit commands. Rather, the motion of
the extra–fingers is connected to the human hand so that the
user can perceive the robotic fingers as an extension of his body.

I. I NTRODUCTION
Wearable robots are expected to work closely, to interact
and collaborate with people in an intelligent environment
[1]. By definition, a wearable robot is a mechatronic system
designed around the shape and function of the human body,
with segments and joints corresponding to those of the
person it is externally coupled with [2]. Such definition
was coined for exoskeletons, whose main purposes were
enhancing human body force and precision capabilities [3]
or helping in rehabilitation processes [4]. The progress in
miniaturization and efficiency of the mechanical and sensing
components has extended the field of wearable robotics
to new devices which can be seen as extra limbs. In [5]
for instance, two additional robotic arms worn through a
backpack-like harness are presented. However, finding a
trade-off between wearabilty, efficiency and usability of those
bulky extra–arms represents still an issue.
We recently started to investigate how to enhance the
capability of the human hand by means of wearable robots
[6]. The goal was to integrate the human hand with additional
robotic fingers as represented in Fig. 1 for the case of a sixth
finger. Adding wearable robotic fingers could give humans
the possibility to manipulate objects in a more efficient
way, enhancing our hand grasping dexterity/ability. Together
with the design issues related to portability and wearability
of the devices, another critical aspect is integrating the
motion of the extra–fingers with the human hand. In fact,
demonstration-based algorithms as that presented in [5] fail
in generality and adaptability to new tasks, while classical
techniques for exoskeleton controllers, based on the reading
of some bio-signal like EMG, limit the wearability [7].
1 Università degli Studi di Siena, Dipartimento di Ingegneria
dell’Informazione, Via Roma 56, 53100 Siena, Italy. {prattichizzo,

chinello, malvezzi}@dii.unisi.it
2 Department of Advanced Robotics, Istituto Italiano di Tecnologia, Via
Morego 30, 16163 Genoa, Italy. gionata.salvietti@iit.it

Fig. 1. The concept of extra–finger: the sixth robotic finger is fixed on the
wrist opposite to hand palm.

In this paper we present a mapping algorithm able to
transfer to the extra–fingers a part or the whole motion
of the human hand. The algorithm extends the method
proposed in [8] to the case of a human hand augmented
with robotic extra–fingers. The mapping algorithm is based
on the definition of a set of reference points on the so called
augmented hand which includes the human hand and the
robotic extra–fingers. A virtual sphere is defined as a function
of the reference points. When the human hand fingers are
moved, the virtual sphere is moved and deformed. The
robotic extra–fingers are then actuated so that the reference
points on them follow the virtual sphere transformation. The
mapping algorithm can be applied considering the whole
human hand in the definition and in the transformation of
the virtual sphere, but it is possible to adopt only a part
of it, for example three fingers. In this case the remaining
fingers, not involved in the mapping process, can be used
to perform another task. As an illustrative example, let us
consider the task of holding and opening a bottle. This task
can be difficultly performed with only one hand. If a robotic
extra finger is available, it can be used together with the
middle, ring and little finger to hold the bottle, while the
index and the thumb can unscrew the cap. As a case study,
we developed a modular finger that can be worn on the wrist
with the help a rubber band. The structure of the modules is
obtained using rapid prototyping techniques, while the active
degrees of freedom (DoFs) are realized with servomotors.
The main aim of the prototype described in this work is to
make human hand more symmetric, so that when the human
fingers close (when phalanges flex), the extra–finger reflects
exactly this motion. This extension is going to increase the
human hand workspace and its grasping abilities at the same
time.
The paper is organized as follows. In Section II the
mapping algorithm is described in detail. In Section III
some numerical simulations are reported, while Section IV

deals with grasping and manipulation examples with the real
prototype. Finally in Section V, conclusion and future work
are outlined.
II. T HE TASK - BASED MAPPING ALGORITHM
In this section we describe the general procedure proposed
to control the joints of the extra–fingers. The algorithm
can be extended to an arbitrary number of extra–fingers.We
define two different applications of the mapping algorithm
that can be used in grasping and in manipulation tasks.
In particular, the whole–hand mapping algorithm considers
all the human hand fingers to compute the motion of the
robotic devices. This algorithm is particularity suitable for
grasping tasks especially in the approaching phase. The other
application is the partial–hand mapping algorithm which
considers only some of the human fingers to compute the
motion of the robotic fingers. This last approach is useful in
manipulation tasks when a part of the hand collaborates with
the robotic device to hold an object, while the remaining
fingers perform a different operation, e.g. unscrew a cap
while holding a bottle.
A. The whole–hand mapping algorithm
Let us define a reference frame S0 on the hand. Its origin,
O is in the wrist center of rotation, the z axis is perpendicular
to hand palm plane, the x axis is the intersection between the
sagittal and the transverse plane, pointing towards the little
finger, the y axis is consequently defined [9]. Let us indicate
with phi ∈ <3 , i = 1, ..., nh the coordinates of reference
points on the reference human hand, expressed w.r.t. S0 . In
this paper we choose as reference points the five fingertips of
the human hand, therefore nh = 5. Note that, the mapping
algorithm proposed in [8] does not constraint the choice of
the reference point positions. However, the fingertips are a
preferable selection since they are at the end of the kinematic
chains represented by the fingers and, thus, their positions
contain information about all the joint values.
Let us assume that all the phi can be measured or evaluated,
for instance by means of an instrumented glove and direct
kinematic computation.
Let define as the augmented hand the system composed
by the hand with its five fingers and those artificial. On all
the robotic fingers, a reference point is placed at the tip. The
augmented hand is then characterized by a set of reference
points that is the union of the set of reference points on the
human fingers and the set of points on the artificial ones. The
reference points for the augmented hand are then pai ∈ <3 ,
i = 1, · · · , na , with na > nh . The first nh reference points
are the same of the human hand, i.e. phi = pai ∀i ≤ nh
while the remaining na − nh points are those relative to the
extra–fingers. Let us indicate with O the minimum volume
bounding sphere containing all the na reference points of
the augmented hand. Let oh indicate its center and let rh
be its radius. Let us define a reference frame S1 on the
virtual sphere, whose origin is in the sphere center and whose
axis are, in the reference starting position, parallel to S0
axis. The reference starting position is arbitrary and do not
affect the mapping procedure as detailed in [8]. Assume the
augmented hand in its starting position at time instant t = t0 .
Assume also that at time instant t = t0 + δt the reference

point coordinates phi change due to the motion of the human
hand. Let us indicate with ∆phi ∈ <3 , i = 1, · · · , nh a vector
containing such coordinate variations. This displacement
produces a transformation in the virtual sphere, that in this
paper we approximate as the combination of a rigid body
motion and an isotropic deformation. The rigid body motion
can be furthermore represented as the combination of a
translation ∆oh ∈ <3 and a rotation ∆Φ ∈ <3 . The rotation
term ∆Φ ∈ <3 is defined as
T

∆Φ = [∆φ, ∆θ, ∆ψ] ,
where ∆ψ represents the rotation w.r.t. x axis, ∆θ represents
the rotation w.r.t. y and ∆ψ represents the rotation w.r.t. z
axis. It is worth to recall that, even though the rotations
between reference frames are not commutative, and the
rotation order is therefore important, if the rotation angles
are small, the rotation order is not significant. The non rigid
isotropic deformation can be described by the parameter
∆s ∈ < defined as
∆r
∆s =
.
r
With these assumptions, we can express the displacement of
each reference point on the human hand as follows


∆phi = ∆oh + ∆Φ × phi − o + ∆s phi − o . (1)
In this paper we do not consider other types of transformations for the sake of simplicity, however the method can
be integrated to include a non–isotropic transformation, as
described in [10], and also shear deformations [11]. Eq. (1)
can be applied to all the reference points phi , leading to the
following linear system
∆ph = A∆ξ,
(2)
 hT

T
where ∆ph = ∆p1 , · · · , ∆phT
∈ <3nh is a vector
nh
collecting
all the reference point displacements, ∆ξ =
 T
T
∆o , ∆ΦT , ∆s
is a 7 × 1 vector containing the unknown parameters describing the sphere transformation, including the translation term ∆oh , the rotation term ∆Ψ and
isotropic deformation term ∆s, finally, A ∈ <3nh ×7 is the
linear system matrix, defined as


A1
A =  ··· ,
An h
in which each submatrix Ai ∈ <3×7 is defined as


Ai = I −s(phi − o) (phi − o) .

1

The linear system in eq. (2) can be solved, to find
∆ξ = A+ ∆ph + NA ψ

(3)

+

where A denotes a generic pseudo–inverse of A matrix,
while NA ∈ <7×h represents a basis of A matrix nullspace,
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whose dimension is h ≥ 0, and ψ is an arbitrary h–
dimensional vector parametrizing the homogeneous solution
of the system. When h > 0, the vector ψ can be defined to
optimize a cost function that can be defined on the basis of
the task, e.g. when a grasping task is performed, we would
need to assure grasp stability, maximizing ∆s magnitude,
while in object manipulation tasks, in which the contact
forces should be constant, we should maximize ∆o and
∆Φ and minimize ∆s. Once the sphere transformation
parameters have been evaluated we need to generate the
command signals for the extra–finger joints. What we impose
is that also the reference points of the extra–fingers move
according to the transformation parameters computed on the
virtual sphere. In particular, we consider that for all pai with
nh < i ≤ na ,
∆pai = ∆oh + ∆Φ × (pai − o) + ∆s (pai − o) ,

(a) The fingertips of the augmented hand are selected as reference points. The virtual sphere
is defined as the minimum volume sphere containing all the
reference points, t = t0 .

(4)

(b) The motion of the human
hand displaces the reference
points and thus deforms and
moves the virtual sphere. The
reference angle for the joints of
the extra–fingers are computed,
t = t0 .

where the parameter ∆o, ∆Φ and ∆s are those computed in
eq. (3). The joints of the robotic fingers are then controlled to
obtain on the fingertips the displacement evaluated in eq. (4).
Let nq indicate the number of joints of the artificial fingers
and let Ja ∈ <3(na −nh )×nq indicate the finger Jacobian
matrix, we can evaluate finger joint displacements as
∆qa = Ja+ ∆pai + NJ χ,

(5)

where Ja+ denotes a generic pseudoinverse of robotic finger
Jacobian matrix, NJ ∈ <nq ×nχ is a matrix whose columns
form a basis of Ja , nχ represents the dimension of robotic
finger redundancy space, nχ ≥ 0, and χ ∈ <nχ is a nχ –
dimensional parameter parametrizing the homogeneous part
of the solution, which represents the redundant motions of
the robotics fingers. Due to the computational time and
the dynamics of the robotic fingers, the joint displacements
∆qa computed at the time sample t = t0 is effectively
executed at time t = t0 +δt, where δt indicates the sampling
time. This delay does not affect the mapping procedure. The
mapping algorithm is pictorially represented in Fig. 2. Once
the robotic finger has been actuated, at the time t = t0 +δt the
virtual sphere is re-calculated and the procedure is repeated.
B. The partial–hand mapping algorithms
The human hand can perform complex tasks that involve
both grasping and manipulation. As an example, let us
consider the task of open a bottle. Depending on the size
of the bottle and on user ability, either the task can be
performed using only one hand (the bottle is held by the
middle, ring and little fingers and the hand palm, while the
thumb and the index are in charge of opening it), or the task
cannot be performed using only one hand, since the three
fingers and the palm are not sufficient to guarantee grasp
closure properties [12]. The extra–finger could be used in
this example to let the hand hold the bottle, while the thumb
and the index unscrew the cap. In such scenario, it would
be useful to relate the motion of the robotic fingers only to
some of the hand fingers, for instance the middle, ring and
pinkie fingers. This solution leaves the thumb and the index
able to act independently and does not affect grasp tightness.
Framing in the procedure previously described, we have
nh = 3 and na = 4. It is still possible to define a

(c) The extra-finger is moved according to the rigid body motion
and the deformation of the virtual sphere, t = t0 + δt.
Fig. 2.

The mapping algorithm.

sphere passing through the reference points, and A matrix
dimensions are 9 × 7, so the linear system defined in eq. (2)
can be solved to obtain the transformation parameters ∆o,
∆Φ and ∆s, that can be used to control the motion of the
robotic finger. From the theoretical point of view, it is then
possible to control the robotic extra–finger mapping only
three of the five human fingers.
More complex manipulation tasks could require the use of
three fingers, namely the thumb, index and middle, leaving
the remaining two and the robotic one to hold the object,
This yields nh = 2 and na = 3. The definition of the
sphere containing the three points is a priori not determined
(to define a sphere, four points are necessary). However,
among the infinite spheres that can be defined, we can
choose that with minimum radius, whose center is in the
geometric center of mass of the points and whose radius
is the distance between the reference points and the center.
The resulting A matrix has dimensions 6 × 7 and, thus, the
linear system in eq. (2) admits infinite solutions. We could
reformulate the problem approximating the transformation
that the human fingers apply to the virtual sphere with a
rigid body motion, neglecting the deformation. In this case,
the reference point displacements are related to the sphere
transformation parameters by
∆phi = ∆o + ∆Φ × (phi − o),

0.05

for i = 1, 2, that can be rewritten as
∆p = Arb ∆ξrb ,
∆ph2 ]T , ξrb = [∆o, ∆Φ]T and


I −s(ph1 − o)
=
∈ <6×6 .
I −s(ph2 − o)

in which ∆p =
Arb

[∆ph1 ,
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Matrix A is invertible, unless the reference points are coincident, and then we can estimate the sphere transformation
parameters as
ξrb = A−1 ∆ph .
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Such parameter are used to project the sphere transformation
onto the robotic extra–fingers, as previously detailed. It is
worth to observe that Arb matrix corresponds to the transpose
of the classical Grasp matrix, [13]. We furthermore observe
that, if the augmented hand is grasping an object with two
human and a robotic fingers, we impose to the robotic finger
to follow the human ones without changing the internal
contact forces [14].

Human hand
Augm. Hand
Augm., nh=3
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h

III. N UMERICAL SIMULATION
The performance of the proposed control algorithm has
been evaluated through a series of numerical simulations
using SynGrasp [15], a Matlab Toolbox that aims at simulating and analyze hand grasping. The toolbox includes
functions to define the hand kinematic structure and the contact points with a grasped object. New functions have been
added to describe a hand model where also extra–fingers
are considered. Concerning the human hand, in this work
we consider the 20 DoFs hand kinematic model detailed
in [16], [17]. The structure of the human hand has been
augmented with the robotic extra–finger prototype model,
which has 4 DoFs: one for the finger abduction/abduction
motion and three simulating the phalanges’ flexion/extension
motion. The resulting augmented hand structure has then
24 DoFs. To control the robotic extra–finger, the mapping
algorithm previously illustrated has been implemented. The
numerical simulations were devoted to evaluate the role of
the robotic extra–finger in grasping tasks. We considered the
grasping of simple shape objects, namely spheres, cubes, and
cylindrical pipes, with different sizes, varying from 40 mm
to 140 mm the radius/edge. We analyzed and compared
three configurations: (1) the human hand, (2) the complete
augmented hand, (3) the augmented hand in which the
robotic finger is controlled with only three fingers of the
human hand, namely the middle, ring and pinkie fingers.
For each grasp, we analyzed the values of one of the grasp
quality indexes, in this case the grasp isotropy index (GII)
discussed in [18], defined as the ratio between the minimum
σmin,G and maximum σmax,G singular value of the grasp
matrix G,
σmin,G
.
GII =
σmax,G
The index GII measures the contribution of the contact
forces to the total wrench exerted on the object, and varies
from 0 to 1. Its optimal value, i.e. i = 1, corresponds to
an isotropic grasp, in which the magnitudes of the internal
contact forces are similar. Further details on the definition
and evaluation of grasp matrix G are available in [13].

0.02
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0
40

Fig. 3. Grasp isotropy index, i.e. ratio between the minimum and maximum
singular value of grasp matrix G, obtained for different object shapes and
sizes, with the human, the augmented hand, and the augmented hand with
nh = 3.

The results, in terms of grasp quality matrix, are summarized in Figure 3, showing the GII index as a function
of the object size, for different grasping conditions and
different objects. The robotic extra–finger improves the grasp
quality index, in particular for large size objects. These
results confirm the intuitive observation that an additional
robotic finger improves grasp capabilities of the human
hand enlarging its workspace. We furthermore observe that
activating the robotic finger using the data from only three
fingers of the human hand we obtain grasps with a slightly
lower quality measure GII w.r.t. the complete augmented
hand, however such values are generally higher than those
obtained with the human hand, especially for larger objects.
Fig. 4 shows some examples of grasps realized with the
human and the augmented hand.
IV. E XPERIMENTS
In this section we present a case study and a set of possible
applications of a robotic extra–finger adopted in the wrist
center, as a second–thumb. We show a first prototype of the
robotic device along with the experimental setup necessary
to apply the mapping procedure described in the previous
section. The extra–finger has been tested in grasping and in
manipulation tasks.
A. Mechanical Design of the extra–finger
The first prototype of the extra–finger has been designed
and developed considering a modular structure. The modular
approach together with the rapid prototyping technique used
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Fig. 4. Example of grasps evaluated during the numerical simulations.
First row: grasping with the human hand; second row: grasping with the
augmented hand; third row: grasping with the augmented hand in which the
index and the thumb are not active. First column: grasping a sphere; second
column: grasping a cube; third column: grasping a cylindrical pipe.
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flexion/extension motion of the fingers. The device can be
worn on the wrist thanks to a special bracelet consisting
of a rubber band and a connection module. A fourth servo
motor in contained in the connection module to add the
abduction/adduction capability to the device. The complete
structure of the extra–finger is reported in the right side of
Fig. 5. The modules described here can be easily connected
through screws to obtain more complex kinematic structures
like the modular hand described in [10].
We report in Table I the Denavit–Hartenberg parameters
of the modular device. Concerning the servomotor controller,
we used an Arduino Uno board. All the servomotors are
PWM controlled.

y

x

Fig. 5.
The extra–finger module and structure. The blue part are the
servo motors, while the green and red parts form the module structure.
Three single–DoF modules are connected through a fourth servomotor to a
wrist rubber band. The fourth servomotor accounts for abduction/adduction
motion, while the three modules account for flexion/extension motion.

guarantee high versatility since the extra-finger can be disassembled and reassembled to form new morphologies suitable
for new tasks [19]. Modularity also offers robustness and
reliability considering that robot parts are interchangeable
and can be substituted in case of damage [20]. Each module
is obtained considering a servo motor and two 3D-printed
plastic connections which define the module structure. The
resulting module has one DoF and the following dimensions:
42×33×16mm. In left part of Fig. 5 the exploded and normal
view of the module are presented. The extra–finger device
presented in this paper is a four DoF modular structure.
Three DoF are obtained with a pitch–pitch connection of
three modules. Such connection is used to replicate the

B. Experimental Setup
The mapping algorithm proposed in Sec II assumes that
the position of the reference points can be measured during
the use of the extra–finger. To this aim, a dataglove, the
Cyberglove III System, was used to capture the motion of the
human hand. We considered as reference points the fingertips
of the human hand and the fingertip of the extra–finger.
The position of the reference points on the human hand are
computed using a direct kinematics algorithm starting from
the measures given by the glove. The reference point on the
robotic device was similarly evaluated from the measures of
module joint angles. Both the dataglove and the Arduino Uno
board are connected through serial ports with a PC where the
mapping algorithm runs.
C. Possible Applications
The first set of experiments tested the capability of the
second–thumb to enlarge hand workspace in grasping tasks.
We grasped objects with different sizes and shapes. We
considered reference points on all the five fingertips of
the human hand. The extra–finger was moved using the
mapping algorithm previously described. In Fig. 6 we show
the obtained grasp of two objects. Note that the box in
Fig. 6-a and the dice in Fig. 6-b were not graspable with
one hand using only the human fingers. In Fig. 7 we report
two possible applications involving a partial mapping of the
hand. In the first example (Fig. 7-a), the task was to open
a bottle using only one hand. In this case the middle, ring
and pinkie fingertips were used as reference points for the
mapping. The bottle was grasped by means of the extra–
finger and the middle, ring and pinkie fingers. The index and
the thumb fingers were left free to move without affecting
the grasp tightness. So that, it was possible to hold the bottle
and unscrew the cap at the same time. In the other example
reported in Fig. 7-b the task was to open the door using the
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