Kinematic Design of a Two
Contact Points Haptic Interface
for the Thumb and Index Fingers
of the Hand

This paper presents an integrated approach to the kinematic design of a portable haptic
interface for the thumb and index fingers of the hand. The kinematics of the haptic
interface was selected on the basis of constructive reasons, design constraints, and us-
ability issues, and in order to guarantee the best level of performance with the lowest
encumbrance and weight over the workspace of the hand. The kinematic dimensioning
was the result of a multi-objective optimization of several performance parameters, such
as minimum required torque at actuators and maximum reachable workspace, with the
simultaneous fulfillment of design constraints, such as satisfactory mechanical stiffness at
the end effector, global kinematic isotropy over the workspace, and limited bulk of the
device. A geometric interpretation of singularities based on screw theory was formulated
to point out both hand postures and movements associated with weaker performance. The
results of the paper were used to build the prototype of a new portable haptic interface
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with two contact points, whose main design features are also specifically presented.
[DOL: 10.1115/1.2712219]

1 Introduction

In one class of haptic devices, robotic systems are employed to
physically grasp and manipulate digital objects in virtual environ-
ments. They are usually composed of several actuated mechanical
limbs that can track and independently apply a force to one or
more fingertips, in relation to the contact status of the simulation
[1].

According to studies conducted in biomechanics [2], the par-
ticular nature of the joints of the anatomical complex of human
hand and wrist can provide a huge mobility to the tip of each
finger. In fact as a distinctive trait of the human gender, the thumb
can work in opposition with each finger of the hand, allowing
dexter grasping and fine manipulation of objects. Psycho-
perceptual studies have confirmed that multiple points of contact
on the operator’s hand are necessary to simulate tasks such as
grasping or shape recognition of objects in virtual worlds [3-5].
However the design of mechanisms allowing a multipoint haptic
interaction still poses several design and technological challenges.

Light and stiff mechanisms with the same workspace and kine-
matic dexterity of human fingers have been investigated both in
the design of anthropomorphic robot hands [6-8], where several
interesting solutions have been proposed in terms of cable driven
actuation, and of hand exoskeletons. Hand exoskeletons, like the
LRP hand master [9], the PERCRO HFF [10], and other ones
[11-13], are a class of haptic devices for the hand characterized by
a dorsal structure, reproducing the kinematic chain of the finger
on which they are put, that can apply forces over several points of
the fingers. Remote centers of rotation or originally specifically
devised mechanisms are usually used in hand exoskeletons to
avoid mechanical interference with fingers.

Typically, as their main limitation, hand exoskeletons cannot
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apply forces with arbitrary direction at the level of the fingertip,
but only forces directed normally to each phalanx, so that only
simulations of grasping of objects are allowed.

This paper presents a new portable haptic interface for the
thumb and index fingers of the hand, that overcomes these limi-
tations. The results of the paper were used to build a prototype of
a portable haptic interface with two contact points [14], whose
main design features are presented. The kinematic design of the
serial mechanism of each limb composing the device was opti-
mized to track the motion of index and thumb fingertips, gener-
ated by the combined movements of the phalanx articulations of
each finger and the wrist joint of the human hand.

While the kinematics of the limb mechanism was selected on
the basis of constructive, design, and usability issues, the kine-
matic dimensions of the mechanism were optimized as the small-
est ones ensuring a significant performance all over the workspace
covered by the hand, that can be equivalently thought of as a
mechanism with a higher mobility. The final dimensions were
determined through multiobjective optimization of several perfor-
mance indexes, such as minimum required torque at the actuators
and maximum reachable workspace, with the fulfillment of design
constraints, such as satisfactory mechanical stiffness at the end
effector, global kinematic isotropy over the workspace, and lim-
ited bulk of the device.

The optimization procedure was formulated by taking into ac-
count the location of singularities of the mechanism within the
workspace and using a geometric interpretation based on screw
theory, to point out both critical hand postures and movements.

The rest of this paper is organized as follows. The main guide-
lines followed in the design of one limb mechanism are presented
in Sec. 2. A kinematic analysis of the mechanisms functional to
the performance and to the ergonomic evaluation is reported in
Sec. 3, including a kinematic model of the human wrist and hand
complex, while the optimization strategy followed in the kine-
matic dimensioning of the mechanism is reported in Sec. 4. Dis-
cussion on results of the optimization procedure and on main find-
ings are reported in Sec. 5, and finally conclusions of the study are
drawn in Sec. 6.
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thimble

Fig. 1 A general scheme of the mechanism

2 Mechanical Design of the Limb Mechanism

A scheme of the adopted kinematic solution is shown in Fig. 1.
The mechanism for each limb is chosen in order to satisfy the
following constraints [15]:

1. The link O is fixed on the forearm (either supported by an
actuated or passive device balancing only its weight);

2. It is composed of two serial limbs, herein after called the
finger mechanisms, each one with three actuated degree of

freedoms (DOFs) and four links, reaching the thumb and
index fingertips;

3. The two finger mechanisms can track any movement of the
thumb and index fingertips, including hand rotations gener-
ated by the wrist;

. The actuation of joints is implemented by means of a tendon
drive, and all motors are located on link 0;

5. All kinematic pairs are implemented through rotational
joints; and

. Only the first three joints J;,J,,J3 of each limb are actuated.

As to the first point of this list, in the typical configuration the
support for the weight of the device is provided through an actu-
ated force-feedback arm exoskeleton [16], used in combination
with this haptic interface for the hand, that can guarantee the full
mobility of the arm.

A thimble mounted on a spherical passive joint is placed at the
end of each finger mechanism to reach the user’s fingertip with
any orientation, where the force feedback is applied. In order to
decrease the weight of the moving masses and enhance the back-
drivability of the system, a bidirectional tendon driven [17] is
adopted to transmit the torques from each actuator to the actuated
joint, implementing a remote actuation scheme. The kinematics of
each finger is chosen to satisfy the constraints of the routing of the
tendon drive, requiring that driven and idle pulleys of two con-
secutive joint axes should lie in the same plane.

Figure 2 shows a side and a slanted view of each finger mecha-
nism, and the scheme of the tendon routing adopted for each
transmission [18]. The motor pulleys (1,2,3) are placed on link 0
and are directly connected to the motors (m1,m2,m3). Transmis-
sion 1 starts from motor axis 1 (al) and connects the motor pulley
(1) to the capstan (4) placed on joint 1 (j1), that is fixed to link 1.
Transmission 2 starts from the motor pulley (2) on the axis a2, it
is routed over the first joint through idle pulleys both in the for-
ward (5,6) and backward (5',6') direction and then reaches the
cable speed reducer (7,8) where the actuation torque is delivered
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Fig. 2 Side (top) and slanted (bottom) view of the tendon transmission [18]
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Fig. 3 The kinematics of each finger mechanism

to the capstan (8) fixed to link 1. Transmission 3 begins at axis a3,
and is routed through the first joint and the second joint respec-
tively by the group of idle pulleys (9,10,9’,10') and
(11,12,11’,12"). Then the cable runs inside the cover of link 2
and reaches the driven pulley (14) through the idle pulleys
(13,13") where the actuation torque is delivered to link 3.

3 Kinematic Analysis

The resulting kinematics of each finger mechanism, shown in
Fig. 3, is composed of three mutual orthogonal R joints.

Denavit-Hartenberg (DH) parameters d;,a;, a;, 6; [19] are used
to model the kinematics of the system and a reference frame
Ox;y;z; can be associated to each link according to the DH con-
vention, as shown in Fig. 3.

The offsets d;,d5,a; are kept to the smallest possible values
that satisfy the constructive constraints imposed by the mechani-
cal design of the transmission system. Their lengths are much
smaller than the link lengths a, and a3, so that their values can be
neglected for a first approximation kinematic analysis of the sys-
tem.

3.1 Kineto-Static Analysis of the Finger Mechanism. The
position of the two robotic fingers on the forearm is determined by
the kinematic parameters shown in Fig. 4. The parameters L;;,L,;
and Ly,,L,, set the position of the link O along the forearm, re-
spectively, for the index mechanism and for the thumb mecha-
nism, and hereinafter will be called L;,L, where they are not
referred to a particular finger. L, is the distance along the forearm
axis between the base coordinate system of a finger mechanism
and the base reference frame of the wrist.

The angles «;, a; represents the orientation of link 1 with re-
spect to the forearm axis in the reference configuration, respec-
tively, for the index and thumb finger.

The performance of the mechanism over its workspace can be
analyzed as a function of the reachable workspace by the human
hand. A kinematic model of the hand has been specifically devel-
oped for this purpose.

3.1.1 Kinematic Model of Human Hand. According to Buch-
holz et al. [2], the kinematic model of the hand is developed
assuming negligible compliance of both cartilages and tendons
and replacing the complex real kinematic pairs of human joints
with rotational joints. As shown in Fig. 5, the hand is composed of
a wrist articulation, modeled with 2 DOFs, from which two serial
open chains depart, respectively, with 6DOF and 4DOF, modeling
the thumb and index fingers. The hand kinematic model was used
to generate the exact position spanned by the index and thumb
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Fig. 4 Parameters used for describing the positioning of the
system on the forearm

fingertips for regular increases of each joint angle of fingers and
wrist. These positions were inputted to the inverse kinematic
model of each finger mechanism, in order to study their perfor-
mance in the workspace reachable by the hand.

The kinematic parameters for this model (number and arrange-
ment of the DOFs, limitation of joint angles, mean lengths of the
phalanxes, and relative proportion between them) were estimated
from hand anatomy, both through measurements taken by hand
photographs in different projections and through data existing in
the literature [20]. The design of the mechanism was optimized
for the largest likely dimensions of hand segments, according to
the anthropometric measurements reported in standardized tables
[21]. The lengths assumed for the optimization analysis are re-
ported in Tables 1-3, expressed as Denavit-Hartenberg param-
eters [19], measured in mm.

The geometric interpretation of the singularities and the results
of the kinematic optimization, presented in the next sections, has
allowed us to characterize the sensitivity of the design to hand
parameters: in particular larger values of the hand dimensions
reduce the extension—flexion wrist range ay, with a greater re-

Fig. 5 The kinematic model of the hand
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Table 1 DH nominal parameters of the thumb kinematic model

J a; d; a;
1, 10.6 0 2
2 326 0 0
3 0 0 — a2
Y 0 0 — a2
5 0 209 —m
6 23 0 0

striction of the thumb workspace, whose mobility is constrained
by the mechanism to a greater extent than the index.

3.2 A Geometric Interpretation of Kinematic Singularities.
The kinematic singularities of the mechanism, as moved by the
hand, represent the most limiting factor of performance for each
finger mechanism, that can be easily analyzed in a geometric way
by screw theory [22].

With reference to Fig. 3, the equations governing the kineto-
statics behavior of each finger are given by

q G
v=J| ¢, | =Jf (1)
q3 73

The vector v and f are, respectively, the velocity and the force
applied at the end effector O3, while g; and 7; represent, respec-
tively, position and torque of joint i. The geometric analysis is not
affected by the choice of the frame of reference, but for sake of
clarity all the vectors will be assumed to be represented in the
frame O;x3y;z3 (see Fig. 3), adopting the point O; as pole of
representation for all the screws represented in axial coordinates.

The general expression of the Jacobian of the system can be
expressed as a function of the screw $;_, associated to each joint

A )
e So.i - (011 = 03) A Ziy @

Since the spherical kinematic pair is centered at O3, only forces
f of arbitrary direction and magnitude centered at O3 can be trans-
mitted by each actuated finger mechanism and so can be repre-
sented by a wrench of zero pitch through O5

f
W= (0) ®)

At singular configurations, the mechanism looses its capacity of
controlling the actuation force f applied at the end point O3 along
one direction, and consequently the ability to simulate contacts
with a virtual wall with an arbitrary orientation in space. In these

Table 2 DH nominal parameters of the index kinematic model

J a; d; a;
1; 0 0 /2
2, 40.3 0 0
3, 233 0 0
4, 17.8 0 0
Table 3 DH nominal parameters of the wrist kinematic model
J a; d,' Q;
1, 0 0 /2
2 0 0 0
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Fig. 6 Geometric interpretation of singularities for the case
a; =0

configurations there exists a wrench W that belongs to the system
of wrenches WV satisfying the reciprocity condition expressed by
the dual product ® [22]

L®W=w,-si +w-shi=0 Vi=123 (4)

This wrench system WV can be found by means of line geometry
and in particular a straight geometric procedure can be devised in
the case that the first two joints J1 and J2 are incident, or equiva-
lently that a;=0, as shown in Fig. 6. This constitutes a close
approximation of the kinematics of the real system, in reason of
the small value of a;. In this case the system )V is generated by
the linear combination of three wrenches of zero pitch (pure
forces), belonging to a degenerate regulus of an hyperboloid,
made of two planar pencils with a common wrench [23].

Define the following datum points and planes

e Take the point Q; at the intersection of axes J; and J,

O JiNJg, (5)
* Take the plane II; through the axes J; and J,
HIZ PI(JI,JQ) (6)
e Take the point Q, at the intersection of axis J; with the
plane II,
O I NJ; (7)
* Take another point Q3 on the axis J3, different from Q,
032 el 70 (8)
e Take the plane II, through all the points Q;,i=1,2,3
I,: PI(Q,,05.03) )

The three generators W; of the reciprocal wrench system W can
then be defined as follows:

* W, is a wrench of zero pitch aligned along Q,0,;

e W, is a wrench of zero pitch through Q, and parallel to J»;
and

*  Wj is a wrench of zero pitch aligned along Q,Q5.
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Fig. 7 The CAD model of the system in a singularity condition

As shown in Fig. 6, the linear combination of these three gen-
erators W; form two planar pencils of wrenches of zero pitch with
a common generator, aligned along the direction Q;Q,, and lying
in the two planes I1;,II,. All the lines belonging to the two planar
pencils satisfy Eq. (4), since have the property of intersecting all
the joint axes J;.

After having found the two planes I1,,II, in an assigned con-
figuration for a given set of values of ¢;,¢,, we can observe that
there always exists a rotation angle g5 around $§ that brings the
end effector O; into one of the two planes, without changing the
geometry of the reciprocal system W.

When such a posture, as the one shown in Fig. 7, is assumed by
the mechanism, the 3 X3 Jacobian J of Eq. (1) becomes singular
and the mechanism looses the capability of actuating a force along
the wrench W e W through O3, since a force applied along such
a direction intersect all the joint axes $;_,.

This geometric representation provides a useful interpretation
of the kinematic configurations in which the mechanism is close
to singularities: for instance when a postures with the metacarpal
joint of the thumb extended and the wrist is flexed is reached, like
the one shown in Fig. 7, a remarkable reduction of the perfor-
mance of the finger mechanism is attained.

When a;#0, a nondegenerate regulus of wrenches of zero
pitch is formed, that for small values of a; can still be approxi-
mated by the two the two planar pencils through IT; and IT,.

A wood mockup of the system confirmed that the main critical
postures were produced by an excessive extension of the metac-
arpal joint of the thumb associated to a simultaneous flexion of the
wrist.

4 Kinematic Optimization and Analysis of Perfor-
mance

The optimal kinematic design of the mechanism is the one that
can guarantee the best performance over the workspace of the
hand with the lowest associated encumbrance and weight. While
the weight is highly related to the size of the adopted motors, the
encumbrance is related to the kinematic dimensioning of the
mechanism. On the other hand, the performance of the system is
characterized by the isotropy of behavior over the workspace and
capability of exerting forces and displaying mechanical stiffness

524 / Vol. 129, MAY 2007

at the end effector. Overall four parameters of performance were
selected as the most significant to characterize the performance of
the system:

*  WS=size of the reachable workspace;

*  GII=global kinematic isotropy, expressed by a global isot-
ropy index;

*  RT=maximum required torque at actuators; and

*  MS=mechanical stiffness displayed at the end effector.

The first two parameters WS and GII are clearly related with
the size of the mechanism, while the other two ones RT and MS
are inversely related. It is clear so that a multiobjective optimiza-
tion approach is required to formulate and correctly address the
design problem, and that the resultant optimal design will result in
a tradeoff between the different needs expressed by the above four
parameters of performance.

For each finger mechanism, a,, as, and L;, shown in Fig. 4,
constitute the kinematic parameters determining the performance
of the device. The optimization analysis assumed L, as the inde-
pendent parameter corresponding to different sizes of the device,
and searched for the optimal analytical relationship for the other
two performance parameters as a,(L;) and as(L;). As to the per-
formance parameters, the following definitions were adopted.

4.1 Size of the Reachable Workspace. The finger mecha-
nism should be capable of tracking at the best the movements of
the thumb and index fingers, including the ones generated by the
rotations of the wrist. The workspace generated by the human
hand can be described in terms of the motion generated by the
finger and wrist joints and computed through the analytical kine-
matic model of the wrist/hand complex.

The wrist motion was approximated by two rotations around
two orthogonal axes placed at the base of the kinematic chain of
the hand, respectively, in the frontal plane and in the sagittal
plane, associated to the abduction-adduction and flexion—
extension of the wrist. The flexion—extension of the wrist, shown
in Fig. 8, is characterized by a rotation of an angle «,,, and covers
a wider angular range than the abduction-adduction; it represents
a more critical motion to be tracked by the finger mechanisms,
since it brings the mechanism closer to singularity configurations,
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Fig. 8 The movement of flexion—-extension of the wrist associated to the angle «,,

i.e., moving the end point toward the plane II;.

While the wrist movements contribute to considerably increase
the workspace spanned by each finger, they influence to a lesser
extent the fingers ability of manipulating and grasping, that is
mainly determined by the movements generated by the finger
joints.

On the basis of the above considerations, the amount of allow-
able angular flexion—extension «,,, measured in degrees, was cho-
sen as the main variable to parameterize different sizes of the
workspace, since it represents at the same time the most critical
movement limiting the performance of the mechanism and deter-
mining the greatest variations of spanned workspace, without
changing the capability of dexterous manipulation. For each value
of «,,, the mechanisms included in the analysis were required to
fully cover the range of motion generated by the wrist abduction-
adduction and finger joints.

4.2 Global Kinematic Isotropy. The ability of the finger
mechanisms to follow the movement of the fingertips with good
kinematic properties was measured by means of a index of global
kinematic isotropy over the workspace. The global isotropy index
(GII) [24] is defined as the ratio between the maximum of the
largest semi-axes and the minimum of the smallest semi-axes of
the manipulability ellipsoids over the entire workspace

maXWh[Umax(JJT)]

=— (10)

manh[Umin(JJT)]
A GII of 1 is achieved when the manipulability ellipsoids are
spheres with equal radius in all the points of the workspace. Ac-
ceptable configurations were defined as the ones with GII not
exceeding the value of Glljge-

4.3 Maximum Torque at Actuators. The bulk and weight of
the actuators is strictly dependent on the maximum required
torques. Motor torques 7,,; are related to joint torques 7; by a

triangular transmission matrix 7 [17,25] depending on the radii of
the tendon drive pulleys, that can be expressed as

Journal of Mechanical Design

rin o T3
T= 0 ryn T3 TmZTTm
0 O 33

where the parameter r;; indicates the radius of a pulley at joint j
belonging to transmission i.

For each choice of the parameters a,, as, and L, that the maxi-
mum torque required 7,, (p) for each actuator to exert at point p a
force f of 1 N directed along an arbitrary direction can be
computed.

When the end-effector applied forces are constrained to lie on a
sphere of unit diameter, by the relationship

ff=1

(11)

(12)

the required actuator torques 7, ;(p) span the surface of an ellip-
soid. In fact, by using the second of Egs. (1) and defining the
matrix A=T7(J7J)~!T, the constraint Eq. (12) can be put in the
form

Tm(P)ATn(p) - 1=0 (13)

The extremal values of 7, (p)=7u(p)Tw;, where w;, (i

=1,2,3) are the main versors associated to the Cartesian frame of

reference adopted for the representation in R>, can be obtained by

maximizing the expression Eq. (13) with the constraint Eq. (12).

This optimization problem is equivalent to maximize the
Lagrange function £ at each point p

L(p) =70~ M7y A Ty — 1) (14)
where \ is a scalar Lagrange multiplier.
The solution to the above maximization problem is
— 1 .
Tm,i(P) = mA u; - Uy (15)

The maximum required torque at actuators can so be computed
as the maximum torque over all the points p € W, of the hand
workspace

MAY 2007, Vol. 129 / 525
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T_m = max [max a(p)] (16)

peW, i=1:3
Its value was evaluated through a numerical evaluation of a on
a grid of 8% control points covering the whole workspace W,

4.4 Mechanical Stiffness Displayed at the End Effector.
The mechanical stiffness perceived at the end point provides the
goodness of the device to simulate virtual walls [26].

Most of the mechanical compliance of the system can be con-
sidered as due to the elasticity of the adopted tendon transmission
system. For this reason the minimum stiffness was evaluated as
the inverse of the maximum compliance ¢ at the end effector, due
to the tendons elasticity, when subjected to a force generically
oriented and satisfying relation (12). This definition guarantees
that in every reachable point, the mechanism is able to simulate
the contact with a surface whose stiffness is at least equal to k
=1/c.

The stiffness matrix of the tendon transmission K (or its in-
verse, the compliance matrix C) allows to obtain the motors dis-
placements éq due to tendons stretching under load as a function
of applied torques 7

q=K'r=Cr (17)

where for a tendon transmission C is depending only on the length
[; and section A; of the cable branches for each transmission i and
by the equivalent Young modulus E, corresponding to the elastic
properties of the adopted steel cable

[
- 0 o
EA,
I
c=l 0o == o0 (18)
EA,
l
EA,

By using Egs. (17) and (1) and defining C=JCJT, Eq. (12)
becomes

XI(CCN'ox =1 (19)

where ox is the end-effector displacement due to the tendons
stretching under load, when the actuators are locked.
The maximum compliance is then given by

c= max{m_ax[\ Ui(ééT)]}

Wy, i

(20)

where O'i(é C7) is an eigenvalue of the core of the quadratic form
defined in Eq. (19).

4.4.1 The Optimization Procedure. Taking into account all the
above definitions, the multiobjective optimization procedure was
formulated as finding, for each different finger mechanism size
parameterized by L;, the optimal values of link lengths a, and a;
corresponding to the largest workspace size, measured in terms of
a,, achieving a performance of GII< Gl and respecting the
following constraints:

1. A minimum stiffness of 5 N/mm at the end effector;

2. A continuous force at the end effector of 2.5 N, with a single
stage gear-reduction unit and a maximum torque request of
30 N mm; and

3. L; <150 mm, in order to avoid the interference between the
device and the arm.

The above requirements correspond to performance values
commonly adopted in haptic literature to achieve a realistic ren-
dering of forces and confirmed by psychophysics studies [27]. The
constraint of a single stage gear-reduction unit was motivated by
the need for guaranteeing a high level of backdrivability of the
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system, while the limitation on the maximum torque for the ac-
tuators was motivated by the need for keeping a low value for the
total weight of the motorization group. Moreover the range of
variation of L; was limited by the average dimensions of the hu-
man forearm.

The optimization procedure was based on an iterative process.
For each finger mechanism and for each value of L;, the following
steps were followed:

1. Define a starting guess value for ayy;

2. Find the optimal dimensions of a, and a3, through a mini-
mization simplex algorithm, that produce the minimum
value for GII over the workspace spanned with the angle
ay; and

31If |GIImm—GIItarget|> €

* If Glly, is lower than Gl increase ayy;

* If Gll, is higher than Gl decrease ayy; and

* Update the value of ay with the current one and con-
tinue from Step 2,

else finish.

4.4.2 Results. As a final solution of this analysis, a series of
curves were obtained corresponding to different optimal kinematic
dimensioning of a,,as, expressed in terms of L.

The index GII determines the fidelity of the haptic device in
replicating forces and simulating arbitrary mechanical imped-
ances: In fact both static and dynamic properties, such as stiffness
and mass of the device, are mediated through the kinematic per-
formance. Moreover the simulation of collisions with virtual
walls, requiring high impulsive forces, may be distorted by the
saturation of actuators along bad-conditioned directions. Accord-
ing to the performance and previous designs already conducted
with this methodology [24,28], the reference values for GII have
been chosen in order to guarantee that the force performance
along different directions in different points of the workspace dif-
fer only by a multiplicative factor lower than 5 or 10.

The curve plotted in Fig. 9 shows the analytical relationship
expressing the size of the largest workspace with GII=Glljyrgers
parametrized through the maximum achievable wrist angular
range ay (v axis), that can be covered with mechanisms of dif-
ferent sizes, parametrized through the distance L; (x axis).
Equivalently the curves represent the maximum angular ranges
that can be achieved for GII=5 and GII=10, both for the index
and thumb mechanisms.

The results show that behavior of the thumb mechanism is more
critical then the index one, because the thumb finger for its greater
mobility can reach endpoint positions much closer to the singu-
larity datum plane II;. In particular it worths noting that, for the
thumb mechanism, ay,>0 is admitted only for L;,>80 mm with
GII=5 and L;,>56 mm with GII=10; for smaller distances the
mechanism is not able to track the fingertip workspace, maintain-
ing the required values of GII over the workspace. The thumb
mobility is always restricted to the range ay <25 deg with GII
=5 and to ay <50 deg with GII=10.

On the other side there are no particular constraints to the de-
sign of the index mechanism, since the full mobility of wrist
(ay=126 deg) can be reached for GII=10 and L;;= 120 mm.

Together with «,,, also the other two indexes of performance,
RT and MS, were computed for each value of L;.

Figures 10 and 11 show the values of the required torques at the
actuators and the mechanical stiffness at the end effector, respec-
tively, for the index and the thumb mechanisms. In this case,
regular increases of L; worsen the performance values.

As far as the size of actuators, the torque request to the actua-
tors is almost doubled when the mechanism is displaced along the
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Fig. 9 The workspace «y, as a function of L,; for thumb (gray line with triangle markers)
and index (black line with diamond markers) fingers for different values of Gll=5 (solid
line with filled markers) and Gll=10 (dashed line with unfilled markers)

forearm (increasing values of L;). The torque request on the
thumb mechanism is slightly lower than on the index one, because
the thumb mechanism is characterized by a smaller arm length
between the points where forces are applied and motors are posi-

tioned, due to the different lengths of human thumb and index
fingers, as it is shown in Fig. 8. This property applies as well for
values of mechanical stiffness.

From the analysis of torque values required to exert 1 N along
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Fig. 10 Stiffness (gray line with circle markers) and maximum torque (black line with
square markers) for the index finger for different values of Gll=5 (solid line with filled
markers) and Gli=10 (dashed line with unfilled markers)
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markers) and Gll=10 (dashed line with unfilled markers)

any arbitrary direction with the index and thumb fingers, reported
in Figs. 10 and 11, we can conclude that to reach the force speci-
fications at the end effector is sufficient to adopt a motor deliver-
ing a continuous torque up to 30 X 2.5 N mm, that can be easily
accomplished with a single stage reduction unit as by specifica-
tions. On the other side, stiffness performance is not critical and
can be guaranteed for all admissible dimensions.

5 Discussion

The selected optimal values for the two solutions are outlighted
in the plots of Figs. 9-11 by a bigger square marker encircling
them. For the limb mechanism of the thumb, the base link should
be positioned at the furthest admissible distance L; from the fin-
gertip, to guarantee at least a workspace of «,,=25 deg with GII
=5 and no singularities. As to the index mechanism, it can be
instead positioned at a closer distance L;. The optimal value for L;
was selected in order to achieve a performance of perceived stiff-
ness and required torque similar to the one of the thumb mecha-
nism, but achieving the largest possible workspace. From Fig. 9, it
can be easily seen how the optimal solution (L;=120 mm) is lo-
cated at the knee of the workspace curve for GII=10, where full
mobility of the hand is achieved, and bigger values of L; do not
gain additional workspace than required.

On the basis of the results of this analysis, the following pa-
rameters were chosen for the final configuration

02/613:2/3
L]iz— 120 mm
L;,=-150 mm (21)

The following performance are achieved at the level of the end
effector, that are well beyond the required minimum force:

¢ Continuous force: 4 N (index) and 4.4 N (thumb);
e Max force: 24.9 N (index) and 27.2 N (thumb);

528 / Vol. 129, MAY 2007

*  Workspace size a,, for GII=5: 85 deg (index) and 15 deg
(thumb); and

* Workspace size a, for GII=10: 128 deg (index) and
35 deg (thumb).

The prototype of the system is shown in Fig. 12, where it is
possible to observe the compactness of the adopted design solu-
tion and the optimal fit with the hand anthropometric dimensions.
The reachable workspace of each mechanism is 6319 cm?, with a
minimum mechanical stiffness in the worst case of 5.9 N/mm, an
average perceived mass at the end effector of 129 g, with a maxi-
mum of 508 g in the points closer to singularities. The function-

Fig. 12 The prototype of the system
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ality of the device in terms of mobility and level of performance
was confirmed by an evaluation of the device carried out in the
framework of a research project, where it was used for the inter-
action with digital reconstructions of sculptures [29].

6 Conclusions

This paper has presented the design and the kinematic study of
a new portable haptic interface for the thumb and index fingers of
the hand. The device is composed of two limbs, actuated through
a bilateral tendon transmission, whose main features have been
analyzed throughout the paper. An analytical characterization of
the performance of this system, in terms of minimum required
torque at actuators, maximum reachable workspace, and mechani-
cal stiffness at the end effector, global kinematic isotropy over the
workspace has also been presented, outlining the effect and the
role played by singularities in the performance of the device. A
geometric interpretation of singularities based on screw theory
was also introduced to interpret and explain how some hand pos-
tures and movements are associated more with a performance
worsening.

The paper pointed out how in this case study the combined
analysis of hand and mechanism kinematics is needed to com-
pletely evaluate the mechanism performance and to define the
optimal value of its kinematic parameters. A new original inte-
grated approach for the dimensioning of the system was presented
based on a multiobjective optimization.

The results of this paper were used to build a prototype of a
new portable haptic interface with two contact points. The final
system constitutes a highly innovative haptic interface with re-
spect to the existing state of art, since it allows to achieve a
natural two contact points interaction in virtual environments, in-
cluding two fingers shape exploration, precise manipulation, and
grasping of objects. The system has been already successfully
employed in a series of exhibitions in European museums, where
visitors where allowed to physically touch digital models of sculp-
tures [14], and a usability study conducted on the field confirmed
a positive judgment from the users [29]. As future usage, the
system remains particularly suitable for the study of sensory—
motor control mechanisms in human manipulation and occupa-
tional therapy in functional rehabilitation of patients with motor
impairments.
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